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ABSTRACT

EFFECTS OF THE ADDITION OF BORON NITRIDE NANOPLATELETS TO

HYDROXYAPATITE: PROCESSING, TESTING, AND CHARACTERIZATION

Bioceramics range in biocompatibility from inert oxides that do not react with the body to the
other extreme of materials that completely absorbed by the human body, but are prone to failure
by fracture. Limited fracture toughnessdKand flexural strength (crs) are major factors

limiting wider scale application as structural implant materiaks akd ors of ceramics can be
improved through grain size refinement and through the addition of various reinforcement
materials. The bioceramic hydroxyapatite (HA), the primary inorganic component of bone, has
excellent osteoconductivity which offers a suitable surface for new bone growth and integration

but suffers from low Ik.

To improve the k of HA we used boron nitride nanoplatelets (BNNPs), a strong and
biocompatible material, making them excellent candidate for use in the human body. However,
these materials have been shown to cause embrittlement of the material they are incorporated in;
thus, it becomes important to understand the effect of BNNPs through analysis of the failure

statistics of tested samples.

Using spark plasma sintering to create these materials BIRNP composites with 0.5, 1.0 and

2.0 wt% BNNPs were fabricated. Sample grain sizes were measured to evaluate the effect the
BNNPs had on the microstructure and the flexural strength, fracture toughness, and hardness
were tested to observe the effect BNNP had on the mechanical properties of HA and as well as

the failure statistics. To analyze the failure statistics of the HA BNNP composites the Weibull



Distribution was used because studies have shown that the Normal Distribution does not

accurately report the failure statistics of brittle materials.

This work summarizes the effect of the addition of BNNPs to spark plasma sintered HA. The
results of this study show that BNNPs are capable of increasing flexural strength and fracture
toughness through grain size refinement but BNNPs lead to a measurable decrease in the
reliability of the material, which is indicative of the predictability of measured material property

value and yields information about the flaw distributions in these materials.
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CHAPTER 1: OVERVIEW OF STUDY

1.1. Significance

Due to the inability to manufacture hierarchical structures similar to natural materials and
consequently match their mechanical properties it is necessary to design and manufacture new
materials in an attempt to mimic these properties. The intrinsic fracture toughness of human
cortical bone is 2.38 MRAn [2], of human cancellous bone (depending on relative density) is
between 0.05 1 MPa/m [3], and for pure hydroxyapatite is 1.0 MPa [4]. This difference in
fracture toughness is due to the hierarchical structure of the bone. In order to match these
properties new measures must be taken. This research investigated the effects of adding boron
nitride nanoplatelets to hydroxyapatite. Though research on the effects of adding boron nitride
nanotubes to various materials, including hydroxyapatite, exist in the literature there has been no
research into adding boron nitride nanoplatelets. Therefore, thisistindyfirst to investigate

the toughening effect of boron nitride nanoplatelets. Due to low intrinsic fracture toughness of
HA the proposed research serves to create a suitable implant material for non-loading bearing
maxillofacial and cranial bones by toughening hydroxyapatite and mimicking the fracture

toughness of the native bone.



1.2. Introduction

1.2.1. Background

Ceramics, specifically biocerami¢ctiave been used in the medical industry for various

purposes. Bioceramics range in biocompatibility from ceramic oxides, which do not react with
the chemistry of the human body to the other extreme of resorbable materials, which are
eventually replaced by the materials which they are used to repair. A primary medical procedure
where bioceramics are used is in implants. However, ceramics are inherently brittle due to the
nature of their bonding and susceptible to failure by fracture. Studies to improve the mechanical
properties of ceramics, specifically of the bioceramic hydroxyapatite (HA), the addition different
materials have been investigated various scientists. These materials include alumina and titania,

graphene, carbon nanotubes, boron nitride nanotubes, and moredL,4,6

Materials possess low fracture toughness relative to their theoretical capacity because most
materials deform plastically at much lower stress levels and eventually fail by an accumulation

of this irreversible damage. In addition, engineering materials may contain defects that are
microstructural in origin or introduced during manufacture. These defects include porosity,
shrinkage cavities, quench cracks, grinding and stamping marks, seams, and weld related cracks.
Other constituents, such as inclusions, brittle second phase patrticles, and grain-boundary films,
can lead to crack formation if the applied stress level exceeds some critical value [10]. Therefore,
it becomes crucial to understand how the material will behave before, at, and after the critical

stress level to cause crack propagation in the presence of defects.

1 Bioceramics are ceramic materials that are biocompatible [5].



Ceramics are inherently prone to failure by fracture [10,11] However, the mechanical properties
of ceramics can be extrinsically improved through the addition of other materials1[g]12

Carbon nanotubes (CNTs) when added to HA can improve the fracture toughness of the
composite through crack bridging, crack deflection, pull-out, and grain bridging [6] and provide
nucleation sites for micro-cracks ahead of the main crack [15]. All the listed benefits in one way
or another provide a form of energy dissipation that would have otherwise gone into crack
extension or provide a means of increasing the energy needed to cause crack extension. Crack
bridging improves the toughness by creating a “bridge” between the crack faces, increasing the

energy needed to extend the crack further (i.e. cause the bridged surfaces to become further
apart). Crack deflection increases the tortudsifithe crack path and thus the energy needed to
cause crack extension. Pull-out like crack bridging increases the energy needed for crack
extension by dissipating energy to the matrix before the element (grain, fiber, whisker, or sheet)
is pulled out of the matrix. Pull-out has higher effect on improving the toughness strong bond
(mechanical or chemical) exists between the constituent and the matrix, which results in a higher
interfacial shear stress needed before the element can be pulled out [14]. Grain bridging works
through the added element (fiber, whisker, or sheet) distributing an applied load across several
grains thus increasing the load (energy) needed to cause fracture to propagate through a single
grain [17]. Micro-cracks are small cracks that form ahead of the main crack tip and dissipate
energy through the creation of new crack surfaces and cause a volume expansion which tries to

close the crack through induced compressive stresses.

2 Tortuosity is a property of a curve being tortuous (twisted; having many turns) [16].



However, these toughening mechanisms are not unique to CNTs. The effects seen are because
of the introduction of an outside material to the HA matrix. CNTs have been reported as
cytotoxic and non-cytotoxic while at the same time being reported in promoting bone growth
[1,12,13]. This difference in reporting leaves the debate open about using CNTs in bioceramic
implants [1]. As mentioned before, even though several biomedical applications of CNTs have
already been proposed, the use of BNNPs in this field has been unexplored [18]. BNNPs has
been proven to be non-cytotoxic [19,9] have high strength comparable to CNT, and are capable

of providing the same extrinsic toughening mechanisms as CNTSs.

1.2.2. Literaturereview

The bioactivity and osteoconductivity of hydroxyapatite offers a suitable surface for new bone
growth and integration [1]. HA has the hexagonal crystal structure is ionically bonded. This
combination leads to brittle behavior because of the lack of close packed planes to accommodate
dislocation motion and for dislocation motion to occur similarly charged atoms would have to
slide past each other. Attempts have been made to improve the mechanical properties of HA
through various methods. Aminzare, et al., created two different composites of HA reinforced
with alumina and titania, respectively [4]. It was discovered the addition of these oxides
improved densification and mechanical behavior of HA and postponed the decomposition of HA
to tricalcium phosphate (TCP) from 1250 °C to 1300 °C and 1400 °C, respectively, and also
increased flexural strength and hardness. These improvements originate from the formation of

calcium aluminates and calcium titanates [4].

Tubular structures have been shown to strengthen the matrix they are added to. CNTs have been
shown to strengthen HA. CNTSs, an allotrope of carbon, can be envisioned as sheets of graphite

rolled into tubes with hemispherical fullerene caps on the ends [20]. A single sheet of graphite,



known as graphene, can be rolled in different directions to produce nanotubes with different
configurations. Graphene is known to have a tensile strength of 130 GPa and an elastic modulus
of 0.5—- 1 TPa. In the studies of Zhang et al graphene nanosheets (GNSs) we added to HA, where
GNSs can be thought of as a single walled CNT that has been cut down the middle and unrolled
and exhibits the same mechanical properties as CNT. It was discovered that GNSs), when added
to HA powder and solidified via sparkplasma- sintering (SPS), wrapped around HA grains,

which enhances mechanical interlocking and thus increases load transfer from the sheet to the
matrix. The study also yielded an ~80% increase in fracture toughness through crack bridging,
crack deflection, pull-out, and grain bridging due to the GNSs [6]. Ramirez at al. have reported
135% increasing using GNS reinforcement isNgiceramics, due to nucleation of micro-cracks

in the nanosheet direction [21]. These results show that the addition of a sheet-like structure can
increase the fracture toughness of a composite. Nieto et al. [22] have shown an increased
toughness due to the incorporation of graphene nanoplatelets (GNPs) into an alumina matrix

with varying volume fractions. Where GNPs are stacks of GNSs.

Boron nitride nanotubes (BNNTSs) have also been shown to improve the mechanical properties of
a matrix. Boron nitride is an inorganic compound with chemical formula BN. BNNTs can be
thought of as a CNT, but with boron and nitrogen replacing the carbon atoms, in a similar lattice.
It is known that BNNTs are equally as mechanically robust as CNTs where sudies have indicated
that BNNT exhibit excellent elastic properties and the mechanical stiffness of BNNT challenge
the stiffness of CNT and have been reported with an elastic modulus of 1.3 TPa [23]. They have
been reported as having an elastic modulus of 1.5 TPa. In one study, Lahiri et. al have reported a
polylactide-polycaprolactone copolymer (PLC) reinforced with 2 and 5 wt. % BNNTSs for an

orthopedic scaffold application [19]. The elastic modulus of the 5 wt% composites showed a



1370% increase, while the tensile strength showed 109% increase, without any adverse effect on
the ductility, which was reported as 240% elongation. Even though PLC is polymer, and is
outside the scope of this project, this shows that the addition of BNNTS can greatly improve the
mechanical properties of a composite. Several other studies have investigated the addition of
BNNT to different ceramics such asi$i, Al20s, SiOz, andHA [24-28] and it has been shown

that the mechanical properties of the composite were higher than the monolithic material. In one
study, Lahiri et al. reported 120% increase to elastic modulus, 129%r,hevd 86% greater

fracture toughness in a 5 wt% BNNF$1A composite as compared to the similarly prepared

pure HA samples [9]. The BNNTs was found to have a sufficient lattice match with the HA,
therefore strong interfacial bonding caused the increase in modulus. The fracture toughness was

improved crack bridging due to the BNNTS.

Boron nitride nanoplates (BNNP) are-30 layer stacks of hexagonal boron nitride and are
structurally analogous 8NP and to the author’s knowledge; there are no discussions or

research investigating the addition of BNNP to HA. It is important to investigate the properties

of sheets versus tubes because it has been shown via finite element models that the efficiency of
load transfer to the matrix decreases with increasing number of layers in multi-walled carbon
nanotubes, due to poor interfacial bonding between layers caused by low strength van der Waal’s
interactions [29,30]. BNNT and CNT, when synthesized are often multi-layered and suffer from
this problem and plates suffer less from this problem. Since it has been shown that plate like
structure can increase mechanical properties BNNPs serve as a novel method for increasing the

mechanical properties of HA.



1.2.3. Cytotoxicity

HA-CNT composite systems are intended for orthopedic application in a living body. Therefore,
it is extremely important to assess their biocompatibility. The biocompatibility of CNT is still
under debate due to contradictory reports [1,8]. For example, Cherukuri et al. reported that CNT
can be ingested by macrophages without producing any toxic effect [12], whereas Cheng et al.
have reported incomplete consumption of CNT in macrophages, causing irreparable tissue
damage and thus, cell death [31]. However, there have been multiple reports of CNT being able
to promote accelerated bone growth due to the porous CNT matrix [7,32,33]. Comprehensive
reviews on this issue have agreed that the reported cytotoxic response of a CNT is mostly not
due to CNT itself, but is associated transition metal catalyst particles, degree of agglomeration,
and surface defects [338]. However, the debate is still open. BNNTs seem to be non-toxic,
making them favorable candidates for biomedical applications. Although several biomedical
applications of CNTs have already been proposed, the use of BNNTs in this field has largely
been unexplored [18]. Although, BNNTSs interactions with osteoblasts and macrophages prove
them to be non-cytotoxic (biocompatible) [19]. Because BNNPs are unrolled BNNTs it is

assumed the biological response will be the same, though this still needs to be fully investigated.

1.2.4. Fabrication

It has been shown that high heating rates are readily able to produce nanogranular materials via
SPS[39]. Therefore, SPS is the best method for obtaining nanogranular materials. It is well
known that grain size strengthening is an effective method for toughening metals due to
increased impedance to dislocation motion due to an increased amount of grain boundaries [20].
This method also applies to ceramics; however impeded dislocation motion is not the mechanism

by which toughening occurs. Grain boundaries represent areas of atomic disorder (mismatch),



which act as barriers and thus increase crack path tortuosity and increase the fracture toughness.
An important thing to note is that this is only observed in nanogranular ceramics. Grain size
independence of the fracture toughness has been shown in alumina for grain sizes in 3@ 0.5
micrometer range [40] and a decrease for hydroxyapatite in the rangé.4 &om [41] .

However, it has been shown decreasing grain size leads to increased fracture toughness in
FeMoSiB [42] in the 1% 25 nanometer range as well as in hydroxyapatite for grain sizes

smaller than 141 nanometers [43].

In conclusion, it has been shown that plate-like structure can lead to increases in fracture
toughness. This coupled with mixed cytotoxicity reports of CNTs and the non-cytotoxic response
of BNNTSs it can be concluded that BNNPs are great candidates to increase fracture toughness,
while maintaining cytocompatibility. It has also been shown that decreasing grain size increases
fracture toughness. Therefore, ultrafine grai@edl um) HA with added BNNPs are an ideal

candidate for a suitable and tough implant material.

1.3. Scope

1.3.1. Project Principal

To investigate the effects of adding boron nitride nanoplates to spark plasma sintered HA to
toughen the composite for applications in the human body.

1.3.2. Hypothesis

Due to the high stiffness of boron nitride the addition of boron nitride nanoplates to

hydroxyapatite will increase the fracture toughness and flexural strength of the composite.



1.3.3. Aimof research

Nanometric (~ 40 nm) hydroxyapatite powders were consolidated using spark-plasma sintering.
Boron nitride nanoplates were added to the hydroxyapatite matrix in predetermined weight
fractions of 0.5, 1.0, and 2.0 %, respectively. For mechanical testing, pure hydroxyapatite and
composite samples, rectangular sections that are 3 x 3wf@ere cut and polished for

fracture toughness testing via Vickers indentation and by the single edge V-notch (BEVNB
method. Both indentation and the SEVNB methods can verify the hardness and fracture
toughness through empirically derived relations. Due to the stochastic nature of ceramics, data
reliability will be assessed via the Weibull distribution, where a large Weibull modulus indicates

high reliability and conversely a low Weibull modulus indicates low reliability.



CHAPTER 2: THEORY

1.4. Fracture Mechanics and Testing

1.4.1. Griffith Crack Theory

Alan Griffith noted that whea crack is introduced to a stressed plate of elastic material, a

balance must be struck between the decrease in potential energy, which is related to the release

of stored elastic energy and work done by the external load, and the increase in surface energy

resulting from the presence of the crack. Likewise, an existing crack would grow by some
increment if the necessary additional sutfagergy were supplied by the system. This “surface
energy” arises from the fact that there is a non-equilibrium configuration of nearest neighbor
atoms at any surface in a solid [10]. Using the model of a full-thickness crack through a large
plate he postulated that the change in the potential energy of the plate associated with the

introduction of a crack may be given by Equation 1:

2,2
U= U= —"="=+4atys (1)

Where, U is the potential energy of the cracked bodys the potential energy of the un-
cracked bodysg is the applied stress, a is the crack half-width, t is the thickness, E is the modulus
of elasticity, and ys is the specific surface energy [10]. With some simplifications and

assumptions Griffith came to Equation 2 for computing the stress at the crack tip.

o= |=L @)

wa

However, this equation does not take into consideration the radius of curvature of the crack tip

and is therefore not a sufficient method for calculating the failure stress.

10



Building on this result Egon Orowan developed Equation 3.

o= 3@ =35 G @

Where ais the equilibrium atomic separation, cais the applied stress for fracture, and p is the

radius of curvature at the tip of the crack. It can now be seen if the radiusaficup is

equivalent t(B% then Equation 2 reduces to 3, meaning that the Griffith equation (Equation 2)

is valid for p less than 8 %

At the same time Orowan modified the Griffith equation Georgaloensidered an approach to
fracture in materials that could deform plastically. He developed an approach that considered the
energy that would initiate a crack (source) instead of the energy need to continue crack

propagation (sink) [10] (Eqg. 4).

o= |= (4)

mwa
Where'Y is the elastic strain energy release rate which is the crack driving force.

1.4.2. Testing

Due to the contributions of Griffith, Orowan, and Irwin it became possible to perform and

interpret fracture toughness tests. Before these concepts engineers would conduct tests with
laboratory-sized samples under testing conditions that would simulate field failures. However,
these tests often suppressed the capacity of the material to deform plastically such as low testing
temperatures, high strain rates, and multi-axial stress states caused by the presence of a notch or
defect in a sample and plastic deformation which are of importance in some metals. For

example, body-centered-cubic (BCC) metals, such as ferritic steel alloys, are far more sensitive

11



to temperature and strain rate than are face-centered-cubic (FCC) metals such as copper, nickel,

and aluminum [10].

One test that can be performed due the contributions of Griffith, Orowan, and Irwin is the

Charpy Impact Test. A notched sample is loaded at very high strain rates by forcing the material
to absorb impact from a falling pendulum (Figure 1, [44]). The energy absorbed during impact
can be calculated by measuring the initial and final heights of the pendulum. These tests can be
performed at various temperatures to directly see the effect of temperature on fracture toughness.
It can be shown that there is a decrease in absorbed energy as temperature decreases due to a
transition from ductile failure to brittle failure. This has lead engineers to design components to
have operating temperatures higher the than temperature at which brittle failure of the

component would occur [10].

|| {
IITTTTTTTTT 7777777 77777 777777777,

Figure 1: Diagram showing impact hammer W dropping from height h1, impacting sample
C and rising to maximum final height h2.

These tests ultimately lead to the development of new theories and other tests for determining

fracture toughness.

12



1.5. Fracture Toughness

It is important to note here that fracture toughness is a material property. Values of fracture
toughness vary between classes of materials (metals, ceramics, polymers, woods, composites,
etc.), vary inside the class of materials (steel, copper, nickel) and even vary within the alloy

(1080, 1015, 304S steels). Fracture toughness of a given material is dependent on its intrinsic and

extrinsic toughness.

1.5.1. Intrinsic and Extrinsic Toughness

Intrinsic toughness is defined as the aspects of a materials structure that have fundamental
influence on fracture resistance. Atomic bonding provides the bases for the great differences in
toughness among the different classes of materials. In general, it is seen that the more rigid the
bond (ionic or covalent) the more brittle the material is likely to be. Covalent bonding involves
the sharing of valence electrons between atoms and their nearest neighbors and tends to be
brittle. lonic bonds involve donating an electron to another atom and which are less restrictive
bonds, therefore less brittle than covalently bonded materials. Furthermore, great ductility is seen
in monovalent ionic materials as compared to multivalent ionic materials. Ductility in these
materials is also dependent on the number of independent slip systems. This causes a tendency
for brittle behavior because during deformation similarly charged ions may be forced to slide
past each other, thus resisting the deformation. Materials with ionic, covalent, or mixed type
bonds (glasses and ceramics) tend to have low intrinsic toughness and little improvement is
available by alterations of the chemical composition. Metallic bonding, on the other hand,
provides the least restriction of valence electron movement because all valence electrons are
shared by all atoms in the solid. Metals generally have the greatest deformation capability and

the greatest intrinsic toughness [10].

13



Intrinsic toughness is also related to the atomic arrangement of the material crystal structure.
Brittle behavior is more prevalent in materials of low crystal symmetry due to the difficulty for
slip to occur and conversely, considerable ductility is seen in close-packed metals with high
crystal symmetry. BCC metals have more slip systems than do FCC metals and consequently

show higher intrinsic toughness, because of the ability to accommodate more slip.

Extrinsic toughness is defined as the aspects of a material that reduce the crack driving force
rather than dissipating the crack energy. The first mechanism of extrinsic toughness is crack
deflection. Deflection can be accomplished either by interaction of the crack with particles or
with weak planes in the materials. When hard discrete particles in brittle matrices act to
temporarily pin the advancing crack energy is dissipated because of the decrease in the crack
propagation rate. This forces the crack to move around both sides of the particle before linking
back together and continuing behind the particle. A second, mechanism of enhancing extrinsic
toughness is the transformation of unstable phases to more stable phases. This volume
expansion/contraction leads to dissipation of energy and in the case of volume contraction leads
to favorable compressive forces. A third mechanism is referred to as contact shielding. Contact
shielding is the physical contact of fracture surfaces behind the crack. Contact shielding may also

be seen in the form of unbroken fibers “bridging” the gap between fracture surfaces [10].

1.6. Fractures: Metal, Ceramics, Porous materials, and Modes

1.6.1. Metals

Metals are often thought of as solids composed of atoms held together by a matrix of electrons,
which are free to move anywhere in the crystal. When crystalline solids are subjected to loads,
on the atomic scale, there is a tendency to pull the atoms apart. If the bonds between the atoms

are very strong, there is a tendency to cleave the crystals apart. In metals, the interatomic bonds
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are such that rather than causing cleavage, loading can cause atomic slip through dislocation
motion. A dislocation is a crystal imperfection characterized by regions atomic disorder where
neighboring atoms do not properly surround the site where the dislocation is, which in turn is a
site where an atom once was. When metals are deformed, the atoms making up the crystalline
structure of the metal rearrange to accommodate the deformation, where dislocation motion is
the primary mechanism. Dislocations can be produced by crystal mismatch during solidification,
can be introduced by plastic deformation, can occur by phase transformations that cause atomic
mismatch, or can be caused by alloying elements that cause atomic mismatch. Deformation by
dislocation motion is one of the characteristics that make metals useful engineering materials.
Many metals can tolerate significant plastic deformation before failing; the same cannot be said

for ceramics [44].

Metals have the greatest potential for high fracture toughness of any material class, which is the
primary reason that metals are so widely used for structural applications [10]. Metals can prevent
dislocations and blunt crack tips via one or more of the following: work hardening, solution
hardening, precipitation hardening, grain boundary strengthening, and transformation hardening.
Solution hardening and precipitation hardening can serve to blunt crack tips when the crack
encounters a material of larger atomic size than that of the parent material. The same methods
also serve in preventing dislocation motion. However, this decreases ductility which decreases
the fracture toughness of a material. Therefore, there is trade off by which you can improve the

fracture toughness of a metal, while improving other mechanical properties.

Metals that are capable of plastic deformation tend to fail by a process called microvoid
coalescence (MVC). This fracture mechanism, observed in most metallic alloys, takes place by

the nucleation of microvoids, followed by their growth and eventual coalescence into a crack.
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These mechanically induced micropores should not be confused with preexisting microporosity
sometimes present because of a casting or sintering process. Depending on the nature of the
loading, the MVC on the surface will appear differently (Figure 2,)[10] addition to MVC,

two other fracture micro-mechanisms can occur in metals: intergranular fracture and cleavage

fracture [10].

PN oy W‘*J
Figure 2: (A) SEM image of MVC under tensile loading ("equiaxed dimple" morphology).
(B) SEM image of MVC under shear loading ("elongated dimple" morphology) [10]

Intergranular failure is characterized by crack growth primarily along grain boundaries. It leaves
behind a fracture plane with exposed grain boundary surfaces and a distinctly faceted
morphology (Figure 3, [10]). Intergranular fracture can result from a number of processes.

These include microvoid nucleation and coalescence at inclusions or second-phase patrticles
located along grain boundaries; grain-boundary crack and cavity formations associated with
elevated temperature stress rupture conditions, decohesion between contiguous grains due to the
presence of impurity elements at grain boundaries and in association with aggressive

atmospheres such as gaseous hydrogen and chemical dissolution along grain boundaries. If the
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material has an insufficient number of independent slip systems to accommodate plastic

deformation between contiguous grains, grain boundary separation may occur [10].

Figure 3: Intergranular fracture in steel: (a) TEM; (b) SEM [10]

The process of metal cleavage (Figure 4, [10]) involves transgranular fracture along specific
crystallographic planes. This mechanism is commonly observed in certain BCC and HCP metals,
but can also occur in FCC metals when they are subjected to severe environmental conditions
such as extremely high strain rates or very low temperatures. A relatively flat fracture surface
with small converging ridges known as river patterns within many of the grains is indicative of

cleavage fracture. [10].
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Figure 4: TEM image of cleavage fracture in a low-carbon steel [10]

1.6.2. Ceramics

A ceramic can be defined as a combination of one or more metals with a nonmetallic element.
What distinguishes ceramics from other engineering materials is the nature of the interatomic
bonds. As opposed to the lorgge “sea of electrons” in metals, ceramic materials usually have

very rigid covalent or ionic bonds. Both ionic and covalent bonds involve very strong bonds
between neighboring atoms where electrons are shared or donated, respectively. Because of these
charged bonds it makes it difficult to move dislocations because atoms would have to relocate to

a site with same charge before making to a site with opposite charge. Thus, crystalline ceramics
with these types of bonds tend to be very brittle, where tensile loading tends to result in crystal

cleavage [44].

In ceramics the occurrence of intergranular fracture (FigUd} is indicative of a number of
processes typically associated with slow crack growth. The fracture often proceeds along grain

boundaries where the material is weakest. When the crack grows to a critical size it will
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transition to adstfracture mode. As it does a considerable amount of transgranular fracture may

develop [10].

Transgranular (or transcrystalline) (Figure 5, [10]) fracture occurs along specific crystallographic
planes just as it does in metals. This cleavage process results in a morphology that is typically
flat. Although within individual grains it may appear as a parallel plateau and ledge morphology.
Often these cleavage steps appear as river patterns wherein fine steps are seen to merge

progressively into larger ones [10].

.E

Figure 5: (a) ZrO2 intergranular fracture at high temperature and (b) transgranular
fracture at room temperature [10]

1.6.3. Porous materials

The random distribution of pores in location, size, and shape makes the fracture of porous
materials a very difficult problem and there is not much literature available to help with the

issue. Assuming the pore size is small, compared to the component, a fracture criterion involving
both toughness and tensile strength has allowed the study of the competition between the crack
blunting due to the pores and resulting in toughness enhancement and the weakening effect
caused by the increased volume of pores. [1]. This study dealt with fracture in ceramics and

therefore is most useful in context of this discussion and the author’s research area. Through
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experimentation Leguillon and Piat discovered that if the distance between porel$ thsma

crack has enough energy‘famp” from one pore to the next leading to an apparent weakening
effect. Conversely for larger distances between pores and low crack initiation energy (low
applied stresshe crack cannot make the “jump” to the next pore to initiate further cracking and

thus leads to an apparent strengthening effect (Figure 6, [45]). However, this did not stop the
crack, it merely stops from “jumping” to the next pore, crack growth still occurs toward the

next pore. It is important to note that there is always a weakening effect due to the presence of
the pores. In their study, Letdion and Piat, define p as the crack length and { as the distance

between pores [45].

Figure 6: Two pores and the expected crack path (a) mixed criterion where p <, (b) p> ¢
[45]

In a different study, discrete-element-method (DEM) numerical simulations were performed to
compute the effective strengths of porous microstructures in tension as function of porosity. The
DEM simulations were performed on microstructures typical of partially sintered ceramics in
investigate the fracture behavior. A first approach consisted in recording the fracture stress of

homogeneous samples that did not contain defects larger than the characteristic length scale of
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the sample microstructure. However, brittle fracture of ceramics is known to initiate at surface
defects created during the manufacturing process that produced the ceramic. Their DEM
simulation usedefect free “samples”, because it would require much larger “sample” sizes for

samples with defects. Therefore, they believed that the obtained fracture stresses overestimated
experimental values. However, after experimentation the fracture toughness values obtained by
the simulation over a large density range agreed with experimental data, thus validating their

approach [46].

1.6.4. Modes of fracture

The Griffith, Orowan, and Irwin approaches (above) provide important conceptual and practical
ways to inform design decisions but their limitations leave considerable uncertainty for assessing
the likelihood of component failure due to fracture. A more sophisticated approach to the
fracture of flawed components is available through a stress analyses based on the elastic theory
[10]. There are three modes of loading that cause crack propagation, i.e., fracture. A graphical

depiction of each failure mode can be seen in Figure 7, [10].

1. Mode 1- Opening or tensile mode, where the crack surfaces move directly apart.

2. Mode 2- Sliding or in-plane shear mode, where the crack surfaces slide over one another
in a direction perpendicular to the leading edge of the crack.

3. Mode 3- Tearing or anti-plane shear mode, where the crack surfaces move relative to

one another parallel to the leading edge of the crack.
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Mode | Mode I Mode Il

Figure 7: Mode 1, 2, and 3 fracture [10]

Mode 1 loading is encountered in the majority of actual engineering situations involving cracked
components. Mode 2 happens less frequently in structural components, but is useful when
analyzing the failure of adhesive joints. Mode 3 can be regarded as a pure shear problem, such as
during torsion testing. Since Mode 1 is the dominant form of loading in engineering applications,
and most applicable to ceramics, much research and testing has been performed to understand
ard quantify fracture due to this loading mode to help prevent failure and drive design decisions

[10]. To help understand how this can drive design decisions it is useful to define:

K = oYma (%)

Where K is the stress field parameter that describes the intensity of the stress concenisation,

the applied stressy is a geometry parameter of the system, and ‘a’ is the crack half-width.

It can be seen that for a known crack size (through experimental design or NDT detection) and a

fixed value of K, one can design for a valuesdéss than the ratio of KY3/ma [10].
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1.7. Strengthening mechanisms: Metals and Ceramics

1.7.1. Metals

The are several methods by which a metal can be strengthened to resist dislocation movement,
which in turn have a negative effect on the metals ability to resist fracture (i.e., causes a decrease

in ductility and therefore a decrease in fracture toughness)

e Solid solution strengtheningimpurity atoms (alloying elements) are added to a pure
metal [44].

e Precipitation hardening a strengthening mechanism that relies on a sequence of solid-
sate transformations in generating a dispersion of ultra-fine particles of a second phase
[47].

e Dispersion strengtheningincreasing the strength of a material by forming more than
one phase [47].

e Grain size strengtheningincreasing the number of grains or reducing the grain size to
cause surface imperfections which block dislocation movement [47].

e Strain-hardening strengthening of a material by increasing the number of dislocations
by deformation (also called cold-working or work hardening) [47].

e Fiber reinforcement the addition of a fiber, of a material different from the parent

material, to improve the mechanical properties of a composite [47].

1.7.2. Ceramics

The same mechanisms for strengthening metals, as mentioned above, are available to ceramics;
however, their effect is limited due to the atomic bonding of ceramics, or will not work at all.

Most ceramics are crystalline but, unlike metals, they do not have close packed planes on which

dislocation motion can readily occur. However, there are micro-mechanisms that lead to
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improved fracture resistance in modern ceramics such has micro-crack toughening,
transformation toughening, ductile phase toughening, fiber toughening, and whisker toughening

[48].

e Micro-crack toughening the formation of small cracks that allow the release of strain
energy which results in an increase in compliance [47].

e Transformation tougheningenergy dissipation through a stress-induced martensitic
transformation that results in shear deformation and volume change [48].

e Ductile phase tougheningalloying a ceramic with ductile materials. The ductile
materials can experience plastic deformation, which dissipates crack energy and causes
crack blunting[48].

¢ Fiber and whisker tougheningfor ceramics, a brittle ceramic fiber (whisker) is added to
another brittle ceramic to improve toughness. The secret to the high toughness of ceramic

composites lies in the bond between the matrix and the fibers (whiskers). [48].
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CHAPTER 3: METHODS

1.8. Spark Plasma Sintering

1.8.1. Theory

Spark plasma sintering (SPS) also known as pulsed electric current sintering (PECS) or electric
field assisted sintering (EFAS) is a sintering process by which DC electric current is passed
through a graphite die and punch (Figure 8) causing resistive (Joule) heating that provides the
energy for sintering to occur. Pressure is applied to the graphite plungers which aids in the
densification process. Joule heating has been found to play a dominant role in the densification
of powder compacts, which results in achieving near theoretical density at lower temperatures as
compared to conventional sintering techniques. SPS occurs in a vacuum, a chemically inert
environment, which prevents chemical reactions with the atmosphere which can alter
experimental results. However, since graphite tooling is typically used, it is also a reducing

environment, which can be of major concern for sintering oxide ceramics and metals.

Hressure

Pyrometer

as|n

dojelaua

Vacuum
Chamber

Figure 8: SPS process
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The heat generation is internal, in contrast to the conventional hot pressing, where the heat is
provided by external heating elements. This facilitates a very high heating or cooling rate (up to
1000 K/min) hence the sintering process generally is very fast (within a few minutes). The
general speed of the process ensures it has the potential of densifying powders with nanometric
sized features while avoiding coarsening which accompanies standard densification through
various diffusion mechanisms [49] (Figure 9). The fast heating rates of SPS have been shown to
be an excellent method for preparing ceramics with enhanced piezoelectric [50], thermoelectric

[51], optical [52], or biomedical [41] properties.

Stage 1

.%..

Diffusion, GB diffusion GB and
Plastic flow, or Lattice diffusion lattice
Ewvap/Cond Plastic flow diffusion

Figure 9: Particle sintering and diffusion

SPS utilizes applied pressure to assist in densification. Densification is enhanced by the
application of pressure due to: increase initial particle packing, increase plastic flow of particles

at elevated temperature, and creep of the porous compact. Another key factor for the enhanced
densification is stress amplification at pores. Compressed particles have increased stress intensity
at the point of contact, when the contacts are small the effective stress at these contacts is very
high. The effective pressure increases with decreasing particle size and decreases to the applied
pressure at full density [53]. Pressure assisted sintering is particularly important during the

manufacture of ceramic matrix composites where the reinforcing phase can severely limit the
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sintering of the powder matrix [54]. For the reasons mentioned above SPS is ideal for creating

nanometric HA ceramic matrix composites.

1.8.2. Tooling

All powders are densified using a Dr. Sinter spark plasma sintering machine manufactured by the
Sumitomo Coal Mining Company. All samples are densified using graphite dies, plungers, a
graphite- foil sleeve, and graphitefoil plunger faces (Figure 10). The graphitéil was used

asa lubricating and buffer layer between the plunger and inner die wall as well as the plunger
faces to prolong the life of the die and plunger. A hole for a Type K thermocouple was drilled

radially into the dies 3 mm away from the sample.

Punch Graphite
foil sleeve

Die\

=Graphite
foil punch

ja ce

Powder

Thermocouple

hole Punch

Figure 10: Standard SPS tooling geometry for this study

HA powder tooling geometry:

e Dies: 50 mm tall, 50 mm outer diameter, 20 mm inner diameter.
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e Punches: 30 mm tall, and 19.8 mm diameter.

HABNNP tooling geometry:
e Dies: 50 mm tall, 50 mm outer diameter, 20.2mm inner diameter.

e Punches: 30 mm tall, and 19.8 mm diameter.

1.9. Powder Preparation

HA powders (40 nm, 98% purity, Skyspring Nanomaterials, Houston, Texas) were calcined in
air at 500 °C for 1 hour, furnace cooled, and desiccated before use. BNNP (100 nm, 99.5%
purity, Skyspring Nanomaterials, Houston, Texas) were dispersed in lab grade ethanol using an
ultrasonication wand (MSK USP- 3N, MTI Corporation, Richmond, California) with a 33%

duty cycle at 50% power for 30 minutes before mixing in the appropriate amount of HA powders
to obtain the appropriate mass fraction. The mixture was then mixed using the same
ultrasonication wand for an additional 60 minutes using the same duty cycle. The composite
powders were dried at 70 °C, to prevent boiling, one a hot plate for several days. A magnetic stir
bar was used and set to 350 rpm to prevent the mixture from settling and/or separating. After
drying the composite powders were calcined and desiccated similar to the neat HA powders.
Powders were densified using a Dr. Sinter spark plasma sintering machine (SPS, 8000A system,
Sumitomo Coal Mining Company Ltd, Tokyo, Japan) using graphite tooling (AR14, Ohio

Carbon Blank, Willoughby, Ohio).

1.10. Densification Parameters

HA powders were densified under the following conditions and can be seen below in Figure 11.
1. 0-200 °Cin 5 minutes
2. 200 °C hold for 2 minutes to allow outgassing of powders

3. 200-900 °C in 7 minutes (100 °C/min)
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4. 900 °C hold for 15 minutes

5. 8 kN load (25.5 MPa) was applied throughout entirety of experiment.
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Figure 11: HA sintering parameters

Composite powders were densified under the following conditions and can be seen below in

Figure 12.
1. 0-200 °C in 5 minutes
2. 200 °C hold for 2 minutes to allow outgassing of powders
3. 200-900 °C in 7 minutes (~100 °C/min)
4. 900 °C hold for varying times
5. 8 kN load (25.5 MPa) during 200 °C isothermal hold and increased 24.6 kN (80 MPa) at

600 °C and released at 800 °c during cool down.
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Figure 12: HA BNNP sintering parameters

Sintering parameters for composite powders were obtained using the Taguchi Design of

Experiments Method and are discussed below.

1.11. Sample preparation for mechanical testing

For mechanical testing samples wereintd rectangular sections (3 x 3 x 18 mm) using a low
diamond content slow speed (Isomet, Buehler, Lake Bluff, lllinois) wafering blade (5" x 0.015" x
1/2" Medium grit, high conc. DIAMAT Wafering Blade, Pace Technologies, Tucson, Arizona).
The slow speed avoids microstructural changes due to heat produced at fast speeds. Samples
were sectioned by adhering the cylindrical puck to a sacrificial graphite backing and mounted

into the chuck of the Isomet saw (Figure 13).
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Figure 13: A) Sample mounted to sacrificial graphite backing, B) Sacrificial graphite
backing mounted in chuck of Isomet during sample sectioning procedure
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The sintered samples were made as 19.8 mm pucks and sectioned into two beam samples and
two hardness samples. Figure 14 shows the geometry for cutting samples, where R is the radius
of the sample, r is the height to the chord length a from the center of the sample, h is the distance
between the chord length a and the edge of the specimen, and s is the arc length that extends
between the intersections of R and a. Prior to cutting r was determined by equating the chord
length a to 18, which maximizes the cross sectional area of the tested beam, while producing a

specimen whose round edges are outside of the 16mm span of ihebénd tester.

1

-_— 3

Figure 14: Sample cutting geometry

Samples were ground using 200, 400, 800, grit silicoarbide abrasive papers (Pace
Technologies, Tuscon, Arizona) and then polished using 6, 3, and 1 micron polishing media
(DIAMAT PC High Viscosity Diamond Suspension, Pace Technologies, Tuscon, Arizona) to
remove surface defects from cutting/processing that could dominate mechanical behavior during

testing.
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1.12. Mechanical Testing

1.12.1. Sngle Edge V Notch Testing (SEVNB)

The fracture toughness in flexure was calculated per the method detailed in ASTM STP 1409

[55] using Eqns. 6 and 7.

F $-5, 2Ja N
BYW w 2(1—a)1-5Y (6)

Kic =

Y* = 1.9887 — 1.326a — (3.49 — 0.68a + 1.35a®)a(1— a)(1 + a)~?
(7)

Where F is the load at fracture, S1 is the outer span length, S2 is the inner span length, B is the
specimen width, W is the specimen height, a is the notch depth, a is a/W, and Y* is the stress

intensity shape factor.

Cracks were prepared per STP1409 as demonstrated in Figure 15 [55]. The notch was initially
made using a diamond blade and sharpened by dipping a razor blade in 1-micron diamond
polishing media (Pace Technologies, DIAMAT PC High Viscosity Diamond Suspension,

Tuscon, Arizona). The notch was made using an in-house jig (Figure 16).

2]
sl
S

" J
> D i
/
a=08-12mm; b=0.5-0.6mm
¢ 2 width of razor blade
a-b=c; S=V-notch width

B ~ 30°, or as small as possible
(a) (b)
Figure 15: (a) notch geometry criteria and (b) notch tip sharpening [55]

33



Hole to mount to arm of slow speed saw

I

Springs to accommodate bolt backlash
when adjusting cut depth of sample in
sample mount

Bolt and nut (not shown) to adjust cut

depth
0.
*
Pins allow sample mount to be gravity fed
into saw blade to ensure a straight notch is
Notch for centering cut
jig along blade cutting
axis and for :
sharpening notch Sample mount |
after saw cut

Figure 16: Saw mounted notch jig for SEVNB testing

1.12.2. Vickers Hardness Testing

Samples tested using the indentation hardness method will be tested using a standard Vickers
indenter per ASTM C1421-10 [56] . Vickers indentation is the standard hardness testing
procedure for hard or brittle materials. The applied load was 1 kilo - grams-force with a 15
second dwell time. The hardness can be used to compute the fracture toughness through
empirically derived equations presented in [56]. Hardness measurements were taken using an
HV - 1000Z Microhardness Tester (Pace Technologies, Tuscon, Arizona) with a standard

Vickers Tip. Hardness was computed using Equation 8.
P
Hy = 1.8544— (9)

Where P is the applied load in kilogram&rce and D is the diagonal length in millimeters as

shown in Figure 17.
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Figure 17: Crack measurement from Vickers indentation

Samples were polished on both sides and placed on an epoxy puck that had been ground flat on

both sides (Figure 18) during indentation.
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Figure 18: Sample mounted on an epoxy puck during hardness test

1.12.3. Vickers Indentation Fracture (VIF)

The fracture toughness measured by the VIF method was computed using the equations derived

by Anstis et al [57] in EqQ. 9.

1/2
KlC=O.016( ) 2 (9)

E
HV
Where E is the Young’s modulus of the matrix material, HV is the Vickers hardness, P is the

applied load, and C is the length of the crack induced by the tip of the indenter, shown

schematically in Figure 17. VIF cracks were imaged using optical microscopy (OM) with a 12
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wt% level 1 dye penetrant (SKLSP2, Zoro Industrial Supplies) diluted in acetone to enhance
crack contrast, similar to the method developed at AIST Japan [58]. VIF cracks were also
imaged using SEM in backscatter electron detection mode where crack contrast was greatly

enhanced as compared to secondary electron detection mode.

1.12.4. Flexural Testing

Flexural strength in 4 point bending was computed per ASTM C1161 [56] using Eq. 10.

3PL

s =2
bd?

(10)

Where S is the flexural strength of the composite, P is the force at rupture, L is the distance
between outer supports, b is the specimen width, and d is the specimen thickness. Flexural tests

were performed on in house made bend tester and precision alignment tool (Fjgure 19

-« + ¥ o |
Figure 19: A) Hybrid 3-4-point bend tester with calibration beam, B) precision alignment
tool, C) precision alignment tool shown aligning beam. The distance between the botton
two pins in A is 16mm, while the distance between the top two pins is 8mm.
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1.13. Grain Size Analysis
Polished samples were thermally etched in air at 700 °C for 4 hours, coated with 5 nm of gold,
observed in SEM, and the grain size was computed using Abram’s 3 — circle method as outlined

in ASTM E— 112 [59].

1.14. Experimental Shortcomings

The SEVNB method only allows one recording of the fracture toughness per test. This allows

one average grain size to be compared to the recorded fracture toughness. The indentation
fracture toughness method allows several hardness measurements to be taken, an average
computed, then related to the fracture toughness as a function of grain size via standard

equations. This allows more information about the material to be extracted through a single set of
tests. However, the indentation fracture toughness has been scrutinized because it creates a three-
dimensional network of cracks that are stopped after short distances as opposed to rapid crack

propagation as seen in the SCF method [60].

1.15. Taguchi Design of Experiments

To determine optimum sintering parameters for the HA BNNP composite powders the Taguchi
Design of Experiments (DOE) was combined with SPS sintering. The Taguchi method was used
chosen over full and fractional factorial methods because it is economical approach that requires
fewer experiments than full and fractional factorial methods and the results can be associated
with a statistical level of confidence. Hence, this method is more flexible and more versatile than
classical DOE techniques. In a SPS parameter optimization study [61], density, hardness, and
fracture toughness were used as the response factors to find optimize sintering hold temperature,
hold pressure, hold time, and heating rate. Here we used density as our response factor, because

decreasing density has been shown to lead to degradation in mechanical properties [62], to
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optimize our sintering heating rate, hold temperature, hold time, and hold pressure. Shown below
in Table 1 are levels over which the chosen parameters were varied using a standard L9 array.
Experimental order was randomized to avoid self-selection and avoid unknown systematic

effects that may have affected the final density of sintered specimens.

Table 1: Taguchi DOE of experiments parameters

Independent Variables
Experiment Pressure | Temperature Heating Hold time
i (MPa) (°C) _Rate (min)
(°C/min)

9 70 850 50 0
1 70 900 100 10
3 70 950 200 20
6 80 850 100 20
7 80 900 200 0
5 80 950 50 10
4 90 850 200 10
8 90 900 50 20
2 90 950 100 0

1.16. Weibull Analysis

Experience has shown that a normal (Gaussian) distribution of property values for a ductile
material yields a reasonably accurate characterization of material behavior; the same cannot be
said for the case of brittle materials. Instead, other statistical theories, such as the Weibull
analysis, are necessary to account for the variability of strength and the probability of survival of

a particular component as a function of its volume and the applied stress [10].

Fracture toughness, flexural strength, and hardness data were analyzed using the Weibull

probability density function [63] with Eq. 11.

foo = £(2) 6 (11)

a
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Where x is the property of interest (fracture toughness, flexural strength, hardness, etc), B is the
Weibull Shape factor or Weibull Modulus, and a is the Weibull scale parameter. Figure 20

shows a typical Weibull probability distribution function with decreasing values of . High

values of B indicate high reliability and therefore predictable values for the mechanical property

of interest, with the acceptedt off for reliability of p = 2, with higher values being preferred.

The scale parameter, o, is a representation of how far on the x-axis the sample will last, where

this x axis can be flexural strength, fracture toughness, hardness, etc. Larger scale factors
indicate higher strength, fracture toughness, or hardness for this study. This parameter is the

value where 63% of sample failures have occurred before this point.

R=4 WEIBULL SHAPE
FACTOR

Figure 20: Weibull distribution with decreasing shape factor [64]
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The Weibull Cumulative Distribution Function (Eq. 12, Figure 21) was also used to analyze the
failure data and to visualize the probability of failure based on the applied stress. In Figure 21,
the y-axis represents probability of failure givanx value, where x is flexural strength, fracture

toughness, hardness, etc.
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Figure 21 Weibull Cumulative Distribution Function with varying values of alpha[65]

CDF

1.17. Characterization

Powders and sintered samples were characterized using X-Ray Diffraction (XRD) and scanning
electron microscopy. SEM was used to image fracture surfaces and analyze the grain size of
thermally etched samples. Imaged surfaces were evaluated for grain size, porosity, fracture
mechanism (transgranular or intergranular), fiber pull-out, and evidence of crack brKigdg.

was used to evaluate the chemical composition of the various samples and provide information

about the unit cell.
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1.18. American Society for Testing and Materials (ASTM) specifications
The following ASTM specifications will be used to test for the listed properties:

e (C1421- 10- Standard Test Methods for Determination of Fracture Toughness of

Advanced Ceramics at Ambient Temperature

e (C1161- 13- Standard Test Method for Flexural Strength of Advanced Ceramics at

Ambient Temperature

e E112- 13- Standard Test Methods for Determining Average Grain Size

42



CHAPTER 4: RESULTS

1.19. Taguchi Design of Experiments

In Figure 22 the vertical axis for these main effects plots shows the average sample density and
the data point for each factor was created by averaging the density for each sample sintered at
that particular condition and the horizontal axes correspond to heating rate, hold time, hold
pressure, and hold temperature for the four plots. As an example, the samples sintered at 50 °C/
min had an average density of 95.72%, the samples sintered at 100 °C/min had an average
density of 97.1%, and samples sintered at 200 °C/min had an average density of 91.75%. From
Figure 22 the 100 °C/min, O-minute hold time, 80 MPa hold pressure, and 900 °C hold
temperature produced samples with the highest average density for the HA + 0.5wt% BNNP
samples. These results were then used to densify the HA and HA + 0.5wt% BNNP samples. For
the 1.0 wt% and 2.0 wt% samples the hold time was increased to achieve to full density, due to

thermal stability of BNNP causing them to inhibit densification during sintering.

e Heating Rate (*C/min) Hold Time (min] Hold pressure (MPa) |Hold Temperature [°C)

“
I

50 100 200 0.00  10.00 20,00 70 80 50 850 900 950

=
io
wn

Mean Relative Density (%)
=
5

=
e
o

Figure 22: Density Main Effects Plot for heating rate, hold time, hold pressure, and hold
temperature
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1.20. Characterization

Transparent hydroxyapatite was sintered at 900 °C Figure 23. XRD analysis-opusted
samples and calcined powders show that significant decomposition did not occur during
experimentation Figure 24 and Figure 25. Slight peaking shifting occurred due to hydroxylation

but this can be expected [66].

Figure 23: Translucent HA sintered at 900 °C. Sample is 1mm thick and 20 mm in
diameter.
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Figure 25: XRD spectra of HA BNNP sintered samples.
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1.21. Grain Size and Fracture Surfaces

The grain sizes of HA and HA BNNP composites were evaluated using the Abrams 3 circle
method. Grain size and fracture surfaces are shown below in Figure 26 and summarized in Table
2. For these figures and all following figures HA + 0.0 wt% BNNP denotes pure HA sintered at

the same conditions as the HA BNNP powders.

Fracture surfaces Grain size

HA (low

pressure

HA +
0.0Wt%
BNNP

HA +
0.5wt%
BNNP
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HA +
1.0wt%
BNNP

300 nm g8
o

HA +
2.0wt%
BNNP

500 nm " P2 =300 nm

Ly

Figure 26: Fracture surfaces and grain size of HA BNNP composites.

Table 2 HA and HA BNNP Grain sizes

Sample Grain size (nm) | Primary Fracture Mechanism
HA (low pressure) 1031 Intergranular
HA + 0.0wt% BNNP 630 Transgranular
HA + 0.5wt% BNNP 356 Transgranular
HA + 1.0wt% BNNP 290 Transgranular
HA + 2.0wt% BNNP 261 Transgranular

1.22. Flexural testing: Average and Weibull Distribution
Table 3 summarizes the measured flexural strength of this study and Figure 27 shows the

average flexural strength and Weibull distribution for the samples of this study.
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Table 3: Average HA and HA BNNPgrs and literature comparison

. Avg. ors | Avg. dy | Testing Pressure | Temp.
Ref. | Material (MPa) (nm) | method Method (MPa) °C)
HA + 0.0
Pres. Wi% BNNP 70.96 630 4PB SPS 80 900
HA 0.5
Pres. Wi% BNNP 71.19 356 4PB SPS 80 900
HA 1.0
Pres. Wi% BNNP 79.79 290 4PB SPS 80 900
HA 2.0
Pres. Wi% BNNP 60.64 261 4PB SPS 80 900
Pres. HA 80.14 1031 4PB SPS 25.5 900
671 | HA 123 | - 3PB | Furnace 10(%'0;;50 1100
HA + 2.5 100 or 150
[67] W% hBN 22.55 3PB Furnace (CIP¥) 1100
HA + 5.0 100 or 150
[67] Wt% hBN 30.86 3PB Furnace (CIP¥) 1100
671 | MA+T1001 o550 | 3PB | Furnace | T00.0r 150 1100
wit% hBN (CIP¥)
[68] HA 69.57 BAF* HIpP*** 400 950
[69] HA 61 3PB NIS** 250 1250
[4] HA 61.89 3PB NIS** 150 1250

* Cold isostatic pressing, ** Non-isothermal sintering, *** Hot isostatic pressSiBigxial

flexure
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Figure 27: Average flexural strength vs literature and Weibull distribution
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1.23. Vickers Hardness testing: Average and Weibull Distribution
Table 4 summarizes the measured Vickers Hardness of this study and Figure 28 shows the

average Vickers Hardness and Weibull distribution for the samples of this study.

Table 4: Average HA and HA BNNP HV and literature comparison

Avg.
Ref. Material Hy | AYO: dy Method Pressure T%mp.
(MPa) (nm) (MPa) °C)

HA + 0.0

Pres. W% BNNP 5.20 630 SPS 80 900
HA + 0.5

Pres. W% BNNP 4.40 356 SPS 80 900
HA + 1.0

Pres. W% BNNP 4,90 290 SPS 80 900
HA + 2.0

Pres. W% BNNP 3.90 261 SPS 80 900

Pres. HA 4.54 1031 SPS 25.5 900

[33] HA 3.16 HIp*** 160 1150
HA + 0.5 -

[33] Wi% GO 3.56 HIP 160 1150

HA +
[33] 1.0wt% 4.17 HIPp*** 160 1150
rGO

HA+ 1.5 . Kokk

[33] Wi% rGO 3.74 HIP 160 1150

[70] HA 7.00 600 SPS 60 100
HA +4.0

[70] W% CNT 9.00 600 SPS 60 1100

[28] HA 6.00 610 SPS 70 1100
HA + 4.0

[28] W% BNNT 12.00 170 SPS 70 1100

[71] HA 3.65 1200 SPS 40 900
HA + 2.0

[71] W% hBN 4.00 500 SPS 40 900
HA + 4.0

[71] Wt% hBN 4.37 200 SPS 40 900
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Figure 28: Average Vickers Hardness vs literature and Weibull distribution
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1.24. Fracture toughness: Average and Weibull Distribution
Table 5 summarizes the measured fracture toughness and literature comparison. Figure 29 shows

average VIF and SEVNB fracture toughness and Figure 30 shows BNNP spanning a VIF crack.

Table 5: Average HA and HA BNNP K¢ and literature comparison

Avg. Kic | Avg. .
Ref. Material (MPa dg inﬂgg Method g’r(‘f\j;‘;; T((irg)p '
m'?) (nm)

0,

Pres.| A ;I\?NOP"‘“/" 230 | 632 | SEVNB | SPS | 80 | 900
0,

Pres.| A EN(I)NSPM/() 152 | 356 | SEVNB | SPS | 80 | 900

Pres. HA 1.06 | 1031 | SEVNB | SPS | 255 | 900
0,

Pres.| A ;,\?NOP‘M/" 0.84 | 632 |VIF,SEM| SPs | 80 | 900
0,

Pres.| A ;,\?Nsp‘”t/" 079 | 356 |VIF,SEM| SPS | 80 | 900
0,

Pres.| A ;,\}NOP‘M/" 062 | 290 |VIF,SEM| SPs | 80 | 900
0,

Pres.| A ;I\ZINOP"‘“/" 085 | 261 |VIF,SEM| SPS | 80 | 900

Pres. HA 0.87 | 1031 | VIF, SEM| SPS | 255 | 900

Pres. HA 12 | 1031 | VI,OM | SPS | 255 | 900

[33] HA 081 | -— |VIF,SEM| HIP 160 | 1150
0,

(33 | HA +rgg W% | 995 | - | VIF,SEM| HIP 160 | 1150
0,

33 | HA +ré8 W% 1 131 | - |VIF,SEM| HIP 160 | 1150
0,

33 | HA "}éé W% | 151 | - |VIF,SEM| HIP 160 | 1150

[70] HA 125 | 170 | VIF,SEM| SPS | 60 | 100

7o] | HA+A0W6 |5 45 | 1200 | VIE, SEM| SPS 60 | 1100

CNT
28] HA 0.85 | 1500 | VIF, SEM| SPs | 70 | 1100
0,

e | AW | 160 | 200 |VIF,SEM| SPS | 70 | 1100

[32] HA 1.28 | 2000 | VIF,SEM| SPS | 30 | 950
0,

(321 | HA +rc(-).é W% |\ 194 | 200 |VIF,SEM| sps | 30 | 950
0,

321 | HA +rC158 W% | 390 | 100 |VIF,SEM| sSPs | 30 | 950
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Figure 29 : Average fracture toughness versus literature and Weibull distributions of
SEVNB and VIF K1*NOTE: For the SEVNB fracture toughness samples the 1.0 wt% anc
2.0wt% BNNP samples were extremely brittle and did live through the notch sharpening
process.

Figure 30: BNNP spanning VIF crack
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1.25. Summary of Nanoplatelet effect on Weibull Distribution
Figure 31 shows the effect on the Weibull Modulus with increasing BNNP content for all
mechanical tests of this study and the Weibull Scale Parameter is compared to the averages in

Table 6.

14 = —a— Flexural Strength
—o— Vickers Hardness
12 —e— SEVNB Fracture Toughness
= —a—VIF Fracture Toughness
8 104
g .
O 84
= |
S 61
2
1 *
2
0 il LJ o LJ o ) ot ] ! 1
0.0 0.5 1.0 1.5 2.0 25

% BNNP
Figure 31: Change in Weibull Modulus versus BNNP content
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Table 6. HA and HA BNNP Scale Factor and Average Comparison

Scale|Avg. VIF| Scale Avg. Scale
Avg. | Scale | Avg.
factor, Kic | factor,a ] SEVNB | factor, a
Material | oFS |[factor,af HV
o (MPa (MPa | Kic(MPa| (MPa
(MPa)| (MPa) |(GPa)
HA + 0.0
wit% 70.96( 77.72] 5.20| 5.36 0.84 0.89 2.30 3.27
BNNP
HA + 0.5
wit% 71.19| 62.2 | 440 | 4.62 0.79 0.75 1.52 1.31
BNNP
HA + 1.0
wit% 79.79 79.52 ] 490 | 5.18 0.62 0.60 NA NA
BNNP
HA + 2.0
wit% 60.64| 68.84 ] 3.90| 3.82 0.85 0.80 NA NA
BNNP
HA 80.14 62.21 | 4.54| 4.85 0.87 0.97 1.06 1.07
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CHAPTER 5: DISCUSSION

1.26. Effect of tooling

During densification of the HA BNNP powders it was discovered that the use of two graphite
foil layers aided in removal of samples from the die. To accommodate, the addition of a second
layer of foil the die ID had to be expanded. The ID was initially expanded using abrasive paper
attached to stiff rod and rolled, as opposed to using the appropriate size tooling to create a
uniform ID. It was later noticed that this method caused inconsistencies in experimentation.
Upon further analysis, it was rationalized that there were several reasons that these

inconsistencies could have occurred.

1.26.1. Potential 1ssues
During ID expansion, uneven pressure or a slight angle could lead to conical shape as

demonstrated in Figure 32 and Figure 33, respectively.

Figure 32: Die bore expansion. This image can be viewed as: A) top view where the rod
angled in the x - plane or B) a side view where uneven pressure is applied to the ends of
rod resulting in the rod being angled in the x- plane.
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Figure 33: Conical die interior

This would result in a loaded die configuration shown in Figure 34.

Figure 34: Cross section of plungers, graphite foil, powder, and die with conical interior
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This configuration could lead to several issues such as minimal contact between the punch,
graphite foil, and the die, torn graphite foil, or the punch becoming cockeyed in the die Figure
35. All of which would lead to decreased conductive pathways and therefore an increase in local

temperature.

Figure 35: A) Minimal contact, B) cock— eyed punch.

From this it was learned that die geometry is the most critical factor for maintaining consistent

heating and pressure during sintering.

59



1.27. Thermal stability

It is been shown that at temperatures equal to or greater than 1,000 °C, hydroxyapatite
dehydroxylates which leads to volume expansion and the creation of pores [72], decomposes to
oxyapatite, and then to tricalcium phosphate [73] leading to degradation of mechanical properties
[74,75]. Therefore, the most reliable material is made at temperatures below 1,000 °C. Figure 24
shows that decomposition did not occur. Figure 24 shows that decomposition to tricalcium
phosphate did not occur during calcination or sintering for all powders. Slight peak shift in
sintered specimens in XRD is expected and has been previously observed for slightly
dehydroxylated HA [66]. Calculation of the full-width at half-maximum shows no grain

distortion during calcination. It can also be seen from Figure 24 that there is an increase in the
intensity of the (211) peak, first with pressure, and then continues to increase with increasing
BNNP content. This behavior has been seen in other HA composites and is explained by the HA
(211) plane forming a 68° angle with CNT and BN walls coupled with the angle between the HA
(211) and (001) forming a 65° angle, so there is increased probability of the HA basal planes
being parallel to the CNT and BN surface resulting in minimized lattice mismatch increasing the

likelihood of epitaxial growth of the HA (211) plane off of the surface of our BNNPs [28,70].

1.28. Densification

When densifying neat HA powders, it was learned the heating rate and isothermal hold
temperature played the largest role in creating fully dense samples. It is been shown that at
temperatures at and above 1000 °C and in a vacuum dehydroxylation (Figure 36) of
hydroxyapatite occurs which leads to volume expansion and the creation of pores [72] and
decomposes to hydroxyoxyapatite and then to tricalcium phosphate [73], and leads to

degradation of the mechanical properties [74,75]. Therefore, for spark plasma sintering the most
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reliable material is made at temperatures below 1,000 °C. Figure 23 shows optically opaque

hydroxyapatite prepared using SPS.

HA matrix

Dehydroxylated HA ‘ - A

h

¥ N 5

Figure 36: Fracture surface of smple shwing dehydroxy‘IéTion at grin boundaries

Therefore, a highly-controlled heating rate is key for attaining the isothermal hold without
overshooting to a temperature where dehydroxylation will occur. Furthermore, the applied load
also plays a role in the densification. As mentioned before dehydroxylation of HA becomes
favorable at temperatures above 1000 °C. During dehydroxylation a water group is released. The
produced water can be trapped inside the sample during pore collapse or when pore channels are
no longer connected and thus cause desintering at elevated temperatures due to the expansion of
the trapped gas. Therefore, it is important that the load be such that it causes plastic collapse of
pores but allows the pores to remain open enough to remove all water before stage Il sintering

(Figure 37, [76).
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Stage I: before sintering Stage Ii: formation of necks Stage llI: evolution of necks and GBs Stage IV: isolation of pores
and elimination of pores

Figure 37: Sintering stages

The above considerations also apply to densifying the composite powders but have one further
consideration which is that the nanoplates act as diffusion barriers{22,2%3] and thus hinder
densification. To overcome this, the isothermal hold temperature and applied load were increased
while the hold time was decreased. This however, did not produce samples with densities
between 97 and 100%. The Taguchi Design of Experiments method was used in conjunction
with SPS parameters to determine sintering parameters that produced samples with the highest
density for the HA + 0.5wt% BNNP powders. From here, it was discovered that pressure and
hold time played a larger role here than with pure HA. From Figure 22, it can be seen that for the
HA + 0.5wt% BNNP samples that the average sample density was highest at 80 MPa. The
samples sintered with 70 MPa applied prestidedy didn’t experience enough plastic flow to

eliminate pores and create a fully dense structure. The samples sintered with 90 MPa hold
pressure had lower densities than samples with 80 MPa hold pressure and experienced more
plastic flow likely closing off pore channels and trapping water in the isolated pores prior to

stage Il sintering and experience pore expansion due to the trapped water vapor.
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1.29. Grain size effect on mechanical properties
Using the shear lag model (Figu88) to compute the critical length that BNNPs would have to

be to experience maximum loading during applied stress can tell us the effect of the BNNPs.

(a) Before Deformation

(b) After Deformation

Figure 38: Shear lag model

For the shear lag model [78] it is assumed: that

1. There exists a perfect bond between fiber and matrix, i.e. there is no sliding between
the two.

2. Poisson’s ratios of the fiber and the matrix are equal, which implies an absence of
transverse stresses when the load is applied along the fiber direction.

3. All load transfer occurs via shear in the matrix and at the fiber/matrix interface. This

shear stress is assumed to be constant and there is no direct loading of the fibers.

63



4. Stress concentrations at the fiber ends are ignored.

This shear stress can be computed using Equations 13, 14, 15, and 16.

2 RHA
Epnnp ABNNP WBNNP /ln(—)
TBNNP

Where f is the load transfer parameter, GHa is the shear modulus of the matrix, in our case

B= j o (13)

hydroxyapatite, Enne is the elastic modulus of the fiber, BNNEngb is the fiber thickness,
wannp IS the fiber width, and R is the thickness of the radius surrounding the fiber which is

assumed to be the grain size, a;dis is half the thickness of the fiber.

Gua = —H4 (14)

T (1+vha)

The shear modulus is computed using Equation 13, wheresBhe elastic modulus of the

hydroxyapatiteand vha is the Poissons ratio of the matrix.

: IBNNP_ IBNNP
_ TBNNPO'applied.B Smh(ﬁ[ 2 a4 ])

i 2 Cosh(ﬁlBl\;NP)

(15)

Where cappliediS the stress applied to the matrix, here the maximum or failure stress was used to

for this parameter.

__ Ouyltimate BNNP
| = Cutmatesnar g (16)

Where cuiimate BNNPIS the ultimate strength of the fiber analiek is the diameter of the fiber.

With Ena = 120 GPa, vha = 0.27,6 uitimate BNnP= 83 MPa, Bnne = 1 TPa, gnne = 262 nm, and
dsnne = WennP= 75 nm, using these equations to generate Taibleds found that the length of

the BNNPs (262 nm) used in this study were all shorter than the critical length based on grain
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size and applied stress and therefore did not contribute to the increases in strength or fracture

toughness.

Table 7: Shear lag analysis of BNNP critical lengths

sample | Average Failure|  Grain | Critical length of
stress (MPa) | size (nm) BNNP (um)
HAENONSSW% 71.19 356 2.89
HAE;erNOI;Nt% 79.79 290 251
HA;NZNOSV o 60.64 261 3.25

The critical length of the reinforcement is displayed below in Figure 39, which shows the effect
of the critical length of a reinforcing fiber as a function of applied stress and consequently the

stress the fiber experiences via shear.

i@ ~ [N [

(Ud)< (ld ) (Ud)=(l/d ) (I/d)>(ld)e

Pl

Figure 39: Graphical depiction of fiber critical length versus applied stress and shear stres
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These increases in strength and fracture toughness can be attributed to the grain size refinement
caused by the BNNP because the BNNP of this study are all shorter than the critical length to
experience maximum loading in the HA matrix. The Hall-Petch relationship which equates the
increase in yield strength to the decrease in grain size [20], has been claimed for ceramics
[4,40,43], though this is inaccurate assessment of the mechanism by which the toughness or
strength increases with decreased grain size. The Hall-Petch relationship implies dislocation
motion and increased dislocation pile-up due to the increased amount of grain boundaries.
Because of the ionic or covalent bond type of ceramics dislocation motion is difficult because
similar charges would have to slide past each other to accommodate a new bond to form. Instead,
the increase in fracture toughness with fracture toughness can be attributed to the grain
boundaries themselves. Grain boundaries are regions of atomic disorder and lattice mismatch.
This increases the difficulty for crack propagation through a previously intact grain. From

Figure 26 we see that that there is transition from intergranular fracture to transgranular fracture

first with increasing pressure and then with increasing BNNP content.

1.30. Mechanical Testing

1.30.1. Flexural Testing

Because of differences in testing method and differences in the reported material properties it
critical that the method used be the most appropriate method. Materials tend to fail at the region
of highest stress intensity and ceramics especially are sensitive to porosity and cracks in a tested
sample. During 3 point bending, the region of highest stress is the-nsigan of the beam

(Figure 40). This constrains to sample to fail in the middle. Duringdint bending a region of

constant moment and therefore a region of constant stress (Figure 40).
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(3} (b}

Figure 40: a) 3- point bending and b) 4- point bending, schematic, shear, and momen
diagrams.

Consider the simple scenario shown below in Figure 41, where two cracks of unequal length are
present in a beam; a short crack at the middle of the beam and a long crack located at one

guarter the length of the beam.

Figure 41: Cracked beam with crack at middle of beam and crack at quarter length of
the beam.
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One would reason that since the crack at site A is longer than at site B that the sample would like
have higher stress and fail at that site. However, it can be shown that the stress intensity (K) is

higher at site B. Consider the following analysis where K is defined as:
K=Yoia (17)

Where,o is the applied stress, a is the length of the crack and the geometry factor, Y, is defined
as Y’3/m [10] and is assumed be the same for both cracks in this analysis. Durpwir3

bending the stress at site A and B, respectively are:

Ky =Y a,Ya, (18)
Kg =Y o5 Vap (19)

For 3— point bending the stress at site A will be:
O-A = _O'B (20)
For the stress intensity factor to be larger at site B to occur:
Yogifag >Y %O‘B Va, (21)
Dividing by common terms and solving for the crack length at site B yields:
1
ap > ZaA (22)

Therefore, for crack lengths at site B thag greater than 25% the length of the crack at site A
the stress intensity factor will be higher at site B ingint bending. Now consider a crack at
site A that is 1% longer than the above criterion in Equation 22. The ratio of stress intensity

factors is:
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K5 _ 98302664 _ 5 /G5 1,02 (23)

1
Ka EO-B \/aA

For very small changes in crack length the stress intensity factor at site B is 2% higher than the
critical value above. Though this small change in crack length and ultimately the stress intensity
factor may or may not be significant for this test, if we consider the same beanpoint

bending where:
O-A = O—B =0 (24)

With the 1% longer crack at site B the ratio of stress intensity factors becomes

—=‘”°26“A V0.26 ~ 0.509 (25)

Ka o %
Solving for Ka from Equation 25 yields:

For a crack 1% longer than the critical value above produces a stress intensity factor that is
nearly double that of the stress intensity factor at site B. From the analysis of the beam in 3

point bending it is possible that larger flaws exist closer to the end of the sample but might not

fail because of the lower stress that region of the beam is experiencing. This leads to a situation
where higher flexural strength is computed for the beam. This possibility also appliepoind
bending but that chance of missing the large defect size is decreased due to the wider region of
stress. It has been shown that for brittle materials there is a detectable difference in Weibull
modulus [79] and in flexural strength [80,81] in 3 vs 4 point bending, with the results for 3 point
bending being consistently higher. These differences can be attributed to dependence on fracture

toughness, flaw populations, and applied stress state [82,83].
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Though 3-point bending is less sensitive to pin eccentricity it becomes easy to reject samples
that do not fail at the center loading pin, working under the assumption that the sample was
damaged during preparation/handling, thus ensuring only the best samples are analyzed and

inflating any reported value.

1.30.2. Vickers Hardness

Figure 28 shows that average hardness slightly decreases and then increases with increasing
BNNP content, which is a different finding from other researchers who have shown increasing
hardness with increasing reinforcement in HA composites [28,33,70,71] for samples of varying
density and in some cases hardness of composite samples was significantly higher than that of
pure HA. However, other studies have shown steady decreases in hardness with increasing
reinforcement content in Al203 [22,84] and in Si3N4 [21,85,86] for samples with similar

densities. The latter authors attribute the decrease in hardness to the reinforcing material being
softer than the matrix material and thus causing the decrease in hardness. These results show that
hardness is nearly unaffected by increased BNNP content for fully dense samples sintered under

different conditions with varying grain sizes.

1.30.3. Fracture Toughness

As previously mentioned fracture toughness is a material property that describes the ability of a
crack containing material to resist fracture. It is related to the critical energy release rate of the
material. To cause crack propagation a tensile stress must be applied to the crack. During flexure,
the applied bending stress is translated into energy cause crack extension, of an existing crack, in
the natural direction of the crack. In the case of computing fracture toughness through

indentation there are several factors that are different. During indentation, the energy of the
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applied load is used to cause plastic/elastic deformation in the sample and as well as creating

many new cracks in the material (Figure 42).

l
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/ \ ' a
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Radial Cracks- Vickers Median_cracks Lateral cracks

Figure 42: Comparison of geometries of radial, median, and lateral crack around a
Vickers indentation [87]

With VIF it is crucial that cracks are accurately visualized. In this study and the studies of

Miyzaki [58] cracks were imaged using contrast enhancing techniques. Miyazaki performed VIF
tests on silicon carbide using a test load of ~ 20 kgf and enhanced crack contrast using varnish
diluted with paint thinner. This method seems to be acceptable for measuring crack lengths
greater lian ~708 um produced from higher indentation loads. In this study, using lower loads,

VIF cracks were measured using a similar method where an oil based dye was diluted to 12 wt%
in acetone and imaged using optical microscopy (Figure 43). Other samples sintered and tested at
the same conditions were imaged in SEM using backscatter mode (Figure 44) and produced

significantly different results.
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VIF crack contrast
enhanced using
dye.

Figure 43: Optial images of VIF cracks. a) Image of whole indent and b) zoomed in imag
of crack from a.

72



50 pm ‘

Figure 4: SEM imag of HA VIF indent iged in back cter mode

For samples sintered and tested at the same conditions produced significantly different results.
This demonstrates the dependence on crack imaging technique and it can also be concluded that
enhancing crack contrast in this manner may not be appropriate for small crack@76 163-
Furthermore, with VIF, it is important that an accurate calibration constant be used in Equation 3
to obtain reliable results [87]. The calibration constant is especially important for materials with
low fracture toughness because slight changes in the calibration constant can have a large effect
on the computed fracture toughness. For brittle materials with low fracture toughness during
Vickers indentation the material tends to suffer from spalling of the surface. Without accounting
for the energy that was dissipated in spalling the sample, using the calibration constant, this can

lead to inflated values of fracture toughness due to the dissipated energy not causing crack
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extension. An example of surface spalling during indentation is shown in Figure 45. For these
reasons in conjunction with our experimental findings, it can be concluded that the VIF

technique may be inappropriate for brittle materiad #etermination [60].

|
50 pm

Spalling

Figure 45: Flawed Vickers indentation

In Figure 29 SEVNB fracture toughness was evaluated against VIF indentation fracture
toughness and shows that the fracture toughness measured using VIF is lower than measured by
SEVNB. HA BNNP 1.0 and 2.0 wt. % samples were very brittle and were not able to be notched
and sharpened with breaking prior to testing and consequently were not able to be tested. The
SEVNB results being higher than that of VIF is opposite of what would be expected due to the

lengthy sample preparation process [55] as compared to VIF samples [88]. Figure 29 also shows
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increased HA fracture toughness for the 0.0 and 0.5 wt% samples using the SEVNB technique
and for the VIF that fracture toughness initially decreases and then increases with increasing
BNNP content at full density. This study shows decreasing VIF fracture toughness with
increasing BNNP content, where other studies show increasing VIF fracture toughness with
varying density and in sontasescomposite density higher than that of the neat samples.
Analyses of the VIF cracks shows increasing crack length with increasing BNNP content and
analysis of the indents show that there is less surface spalling with increasing BNNP content.
Despite all of this, it has been shown that VIF technique may not be appropriate for large
volumes of brittle materials [60]. For the HA + 0.0wt% BNNP samples the fracture toughness
was measured as 2.3 MP#%na 130% over the previously published vale of 1.0 MP3 fFhis
increase can be attributed to the change from intragranular fracture to transgranular fracture due

to the grain size refinement of the BNNPs.
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1.31. Statistical Effects of BNNP Addition to Hydroxyapatite

As seen in Figure 31 there is a steady decrease in the measured Weibull Modulus for all samples
and all mechanical tests of this study and from Table 6 we coincidentally see good agreement
between the scale factor and the average. For the Normal Distribution, the average represents the
point at which 50% of the sample population is toward the left tail of the distribution and for the
Weibull distribution the scale factor represents the point at which 63% of the sample population

is toward the left tail of the distribution. Figu4é shows a comparison between the Weibull and
Normal Probability Density Functions (PDF) for the HA + 1.0wt% BNNP flexural strength

samples.
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Figure 46: Weibull and Normal Probability Density Functions for HA + 1.0wt% BNNP
flexural strength
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From Figure 46 we can see that the agreement between the scale factor and average is due to the
similarity in the shape of each distribution, where the dashed lines indicated the scale parameter,
and average for the Weibull and Normal Distributions, respectively. The similarity between the
Weibull and Normal distributions has previously been seen in construction materials [89]. As
previously mentioned, studibsve shown that a Normal Distribution of property values for a

ductile material yields a reasonably accurate characterization of material behavior; the same
cannot be said for the case of brittle materials. Instead the Weibull distrilsutiecessary to

account for the variability of strength and the probability of survival of a particular component as

a function of its volume and the applied stress [10].
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Figure 47: Weibull and Normal Cumulative Distribution Functions for HA + 1.0wt%
BNNP flexural strength
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Despite the similarities between the Normal and Weibull PDFs. Analysis of the Cumulative
Distribution Functions (CDF), shown in Figure 47, shows that that the probability of failure at

any given stress is higher for the Weibull distribution. The difference between the average
strength and the strength scale factor is 0.34%, but this leads to a difference of 14% of the failure
probability at 80 MPa, demonstrating the importance of using the correct statistical model to

analyze the data.

1.32. Statistically Designed Loading of Materials
Using Figure 48 and Figure 49 the cumulative distribution functions for the flexural strength and
SEVNB fracture toughness, respectively, can be used to compute the probability of failure for

the composite.
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Figure 48: Flexural strength Cumulative Distribution Function
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Figure 49: SEVNB Fracture Toughness Cumulative Distribution Function
Since the goal of this project is to design a suitable implant material for use in the humén body
is important to interpret these results with respect to the intended application. If it is assumed
that: the maximum force a human jaw can apply while biting is NL[3®], the jaw can be
modeled as a rectangular beam with 12.00 mm base, 19.00 mm height, and 160 mm length , and
that the jaw bone is loaded in 4 point bending, the stress the jaw bone would experience is 30.72
MPa. Using this stress to compute the probability of failure using Eq.12, there is less than 5%
chance of failure for all compositions, except the 2.0wt% BNNP samples (Tjable 8

Table 8 Flexural Strength Probability of Failure

, Scale factor, a Shape
Material (MPa) paramefer, B CDF
HA + 0.0 wt% BNNP 77.72 451 1.51%
HA + 0.5 wt% BNNP 62.2 4.42 4.33%
HA + 1.0 wt% BNNP 79.52 4 2.20%
HA + 2.0 wt% BNNP 68.84 2.37 13.73%
HA 62.21 9.95 0.09%
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CHAPTER 6: CONCLUSIONS

Due to the application of pressure, fast heating rates, and inert environment that SPS can

be used to prepare fully dense hydroxyapatite and boron nitride nanoplatelet composites.

This study demonstrates the utility of the Taguchi design of experiments method for
obtaining optimum sintering parameters for ceramic matrix composites prepared using spark
plasma sintering. These results are only applicable for this material system but this technique

serves as a material independent approach of determining sintering parameters.

From the results of this study it is seen that increasing BNNP content leads to a steady
decrease in reliability for all composites and all mechanical tests. From Figure 27, Figure 28, &
Figure 29 increased strength, minimal change in hardness, and decreasing fracture toughness
with increasing BNNP content is reported. Despite the trend downward with increased BNNP
content increased fracture toughness over the published value of 1.0%Ra the 0.0 and 0.5
wt% BNNP hydroxyapatite composites and increased flexural strength for all composites over
published values and high reliability for the low pressure sintered hydroxyapatite is observed.
The importance of using the SEVNB technique to measure fracture toughness is demonstrated,
because the HA + 1.0 wt% and 2.0wt% BNNP samples were too brittle to test using this method
indicating that these compositions may be unsuitable for use in the human body. Further
demonstration of the importance of the SEVNB technigue to measure fracture toughness and
measuring flexural strength in 4 point bending for ceramics matrix composites is important
because of the area of constant stress created with this testing geornatrgldd be can be
concluded that Weibull analysis is extremely important for ceramics because of decreasing

reliability with increasing BNNP content, especially for biomedical ceramics designed for

80



implantation in the human body. From these results, it can be concludéddliegtter to report

the scale parameter and shape factor for ceramics mechanical properties. These values give more
information than averages and standard deviations for material properties. The shape factor

yields information about the flaw distribution of the tested material population and the scale
parameter can be used to compute a more accurate factor of safety when coupled with analysis of
the cumulative distribution function of the material. This further leads to the conclusion that this
analysis can help design safe operating parameters for ceramics, even with low reliability as
evidenced in Figure 48, where the probability of failure is low under an assumed stress state for

these HABNNP composites.

Most importantly, it can be concluded that BNNPs can increase the fracture toughness
and flexural strength of hydroxyapatite for implantation materials but because of the decrease in
reliability and the short length of BNNP, this material may not be the most ideal candidate for

this application.
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CHAPTER 7: FUTURE DIRECTIONS

1.33. Pressure effects on the mechanical properties of hydroxyapatite

Watanabe et al. [91] reported that hydroxyapatite densified via SPS was found to have
preferential epitaxial growth of the-caxis (Figure 50) in the HA crystal in the direction
perpendicular to the load direction. This is indicated in Figure 50 by the green arrow, showing

the circular plane that is perpendicular to the loading direction.
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Figure 50: Left) Hexagonal crystal structure Right) Applied load during pressure assisted
sintering processes.

This preferential growth could lead to possible differences in tested mechanical properties based
on the orientation of the beam cut from the cylindrical puck. Countless combinations of various

crystallite orientations exist but for the worst-case scenario where all the hydroxyapatite crystals
growth in the same direction, there exists 3 distinct orientations of the beam, all of which are 90°
apart (Figure 51). Figure Hlrepresents a sintered specimen, where the blue line represents cut 1

and the red line represents cut 2, where the cuts travel through the thickness axial thickness of
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the sample. Figure 51 b shows a beam that made from cut 1 then is rotated 90° (on its side with
respect to cut direction) before testing, Figure 51 c represents a beam from cut 2, and Figure 51 d

represents a beam from cut 1.
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Figure 51: Hydroxyapatite C-axis orientation due to applied pressure. a) Cuts through
sample, b) orientation 1, c) orientation 2, and d) orientation 3.
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Shown in each figure is a SEVNB specimen that has been prepared for fracture toughness testing
in 4— point bending. The green arrows in each image (Figure-5d) lbepresent the directi@n

crack could travel. Because of the presence of more or less grain boundaries ahead of the crack
tip the sample will have higher or lower fracture toughness or flexural strength. It would be
beneficial to study the effect of sample orientation on the failure statistics of HA ard HA

BNNP composites.

1.34. BN nanotubes

As briefly mentioned in Chapter 5: Section 5.3 Grain size effect on the properties (pg. 63) the
BNNPs used in this study were all too short to contributed to the increases in strength. BN
nanotubes with length greater than 3.25 um will have an aspect ratio large enoughBNat the
nanotubes will see maximum loading during applied stress and therefore can contribute to

increases in strength and fracture toughness.

1.35. Homogenous dispersion

Creating a homogenous dispersion prevents the reinforcing phase from agglomerating during
drying and creating a weakening effect when sintered. It has been shown that nanopatrticles can
be coated with Cetyltrimethylammonium bromide (CTAB), which is a cationic surfactant. In
water, the bromide ion associated with the head group of the surfactant dissociates at all values
of pH to produce a positively charged head group [86]. This is demonstrated in Figure 52. It has
been shown this process can create well dispersed mixtures by coating both GNPs and silicon
nitride nanopatrticles in CTAB and then mixing the powders using an ultrasonicator [85,86]. Bot
phases being coated in a positive charge produces a repelling effect that they reasoned leads to
creating a homogenous mixture. Similarly, Chen et al [6] created homogeneous dispersions of

GNP and HA by individually mixing each powder in an aqueous solution of sodium dedecyl
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benzene sulfonate (an anionic surfactant) then combining both slurries and mixing using an

ultrasonicator.

Hydrophilic . . Nanoparticle
head group . .

Water
(O

555.' . Hydrophobic tail
O~ o

Figure 52 CTAB dissociation and coating of a ceramic nanopatrticle

Applying this to HA—- BNNP and HA- BNNT composites could create better dispersed

mixtures. However, in both studies each constituent was coated in a surfactant with the same
surface charge. The net repulsion of each powder could create a homogenous dispersion but also
still lead to agglomeration. Mixing HA with a cationic surfactant and BNNPs or BNNTs with an
anionic surfactant and then mixing both slurries using an ultrasonicator could prodaoee a
homogenous suspension because the positively charged HA powder would be attracted to the
negatively charged BNNPs or BNNTSs. This better dispersion could lead to even further

enhancement of the mechanical properties.
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CTAB has shown to be toxic to the human body [92] so this is a concern for materials whose
intended use is implantation. CTAB has also been shown to decompose at temperatures greater
than 165 °C [93]. Since the sintering temperature for these materials 900 °C decomposition of
CTAB will occur and will leave behind traces of carbon, nitrogen, and bromine. The human

body is made of oxygen, carbon, hydrogen, nitrogen, calcium, and phosphorous so the trace
amounts of carbon and nitrogen left behind should not increase the toxicity of the composite but
may affect sintering kinetics and would need to be studied further. The trace amount of bromine
left behind also should not increase the toxicity has bromine has been shown to be essential for

life to occur [94].

1.36. Surface functionalization of BNNTs

In chemistry functionalization is defined as adding a functional group and a functional group is
defined as a specific group of atoms within molecules that are responsible for the characteristic
chemical reactions of those molecules. In the studies of Ciofani et al. [95] it was discovered that
hydroxyl (OH) groups can be attached to BNNTs by ultrasonication in nitric acid {HBIGsix

hours (Figure 53).
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OH OH OH OH

Figure 53: Functionalization of BNNTs [95]

The chemical formula of HA is denoted below in Equation 27.

Cay0(P04)6(0H), (27)

The presence of additional hydroxyl groups on the surface of the BNNT or BNNP could lead to
enhanced mechanical properties due to chemical attachment to of hydroxyl groups on the HA
lattice (Figure 54) to the surface of the BNNTs and lead to HA epitaxy from the surface.
Epitaxial growth of HA from the surface of CNTs and BNNTSs has already been shown [28,70]

without surface functionalization.
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Figure 54: Hydroxyapatite crystélline lattice [96]. C&" ions are the gray spheres,
phosphate (PO4) ions denoted by the yellow tetrahedra, and the hydroxyl groups are
represented by the red (oxygen) and white (hydrogen) at the edges of the unit cell.
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