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Abstract

Bioactive glasses exhibit unique characteristics as a material for bone tissue engineering
Unfortunately, their extensive application for the repair of load-bearing bone defects is still limited
by low mechanical strength and fracture toughness. The main aim of this work was two-fold: the
reinforcement of brittle BioglaSsbased porous scaffolds and the production of bulk Bioglass
samples exhibiting enhanced mechanical properties. For the first task, scaffolds were coated b
composite coating constituted by polyvinyl alcohol (PVA) and microfibrillated cellulose (MFC).
The addition of PVA/MFC coating led to a 10 fold increase of compressive strength and a 20 fold
increase of tensile strength in comparison with non-coated scaffolds. SEM observations of brokel
struts surfaces proved the reinforcing and toughening mechanism of the composite coating whic
was ascribed to crack bridging and fracture of cellulose fibrils. The mechanical properties of the
coating material were investigated by tensile testing of PVA/MFC stand-alone specimens. The
stirring time of the PVA/MFC solution came out as a crucial parameter in order to achieve a more
homogeneous dispersion of the fibres and consequently enhanced strength and stiffness. Numeric
simulation of a PVA coated Biogld5strut revealed the infiltration depth of the coating until the
crack tip as the most effective criterion for the struts strengthening. Contact angle and lineal
viscosity measurements of PVA/MFC solutions showed that MFC causes a reduction in contac
angle and a drastic increase in viscosity, indicating that a balance between these opposing effec
must be achieved. Concerning the production of bulk samples, conventional furnace and spar
plasma sintering technique was used. Spark plasma sintering performed without the assistance
mechanical pressure and at heating rates ranging from 100 to 300°C /min led to a material havin
density close to theoretical one and fracture toughness nearly 4 times higher in comparison wit
conventional sintering. Fractographic analysis revealed the crack deflection as the main toughenin
mechanisms acting in the bulk Biogl@ssTime—dependent crack healing process was also
observed. The further investigation on the non-equilibrium phases crystallized is required. All
obtained results are discussed in detail and general recommendations for scaffolds with enhanc
mechanical resistance are served.
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1. Introduction

Diseases, injuries and traumas might lead to damage and degeneration of human tissues, which tr
necessitate to be treated in order to facilitate its repair or regenerfdbwradays, millions of
implants are needed to improve the standards of life of the aging population. As a consequence, tl
materials science is facing since decades the challenge of developing advanced and multifunction
biomaterials able to substitute, permanently or temporarily the damaged parts. In the case of bor
tissue engineering, such materials are required when a section of bone is missing and the gap nee
to be filled in, for instance following an accident or after the removal of a tumor. There are several
options for this type of bone replacemght?2]:

> Allograftsinvolve using material from another patient. However, there are risks of infection
and the implant being rejected, and the strength of the replacement bone may be reduced dt
to sterilization.

> Autograftsinvolve using material from the same patient, but from a different site (such as
the pelvis). Although this reduces the chances of rejection, there is a limited amount of
material available, and two surgical procedures are needed, leading to more pain and .
higher risk of infection.

> Synthetic materialsare gradually becoming more popular. They can be prepared in
laboratory, and properties can be tailored according to the specific clinical requirement.

Anyhow these methods still face serious constraints due to problems with accessing enough tisst
for all of the patients who require them and the fact that there are risks of rejection by the patient"
immune system. The possibility of introducing infections or diseases from the donor to the patien
also constitutes an additional risk. A suitable alternative is offered by tissue engineering (TE),
whose aim is to regenerate damaged tissues, instead of replacing them, by developing artificiz
biological substitutes that restore, maintain or improve tissue function [3]. From this standpoint, it
can be stated that the main aim of bone TE is to restore and maintain the function of human bor
tissues. To accomplish such demanding task, three-dimensional resorbable porous structures, able
trigger the formation of living tissue are required. Their surface should allow cells to attach,

proliferate and differentiate [4]. Specialized scientific literature termed these structures as
“scaffolds”. During the last 20 years, ceramics started to be widely used in medical applications.
According to their interaction with the surrounding living tissue, they can be classified in four

categories [5]:

» Nearly inertwhose fixation take place by mechanical interaction or morphological fixation
(e. g. alumina and zirconia femoral heads);

» Porouswhose fixation is due biological ingrowth into implant pores (e. g. hydroxyapatite
(HA) and HA—coated porous metals used for femoral stems);

» Bioactive for which the fixation occurs by chemical bonding with implant and tissues
(e. g. bioactive glasses (BGs) used for dental and orthopaedic devices);

» Resorbable if the fixation occurs through replacement of the implant by living tissue.

13



Unfortunately biologically derived transplants appear to be imperfect solutions, mainly due to a
restricted quantity of donor tissues, donor site morbidity as well as potential risks of an
immunological incompatibility and disease transfer [f2this light, manmade materials (alloplastic

or synthetic bone grafts) stand out as a reasonable option, because they are easily available and
might be processed and modified to suit the specific needs of a given applicatiGon&rns

about potential infections, immunological incompatibility, sterility or donor site morbidity are thus
avoided.

The concept of bioactive ceramics was introduced in 1969 by Hench et al. [7]. This led to the
standard definition of bioactivity: a “bioactive” material is one that elicits a specific biological
response at the interface of the material which results in the formation of bond between tissues and
material itself. Bioactive glasses and in particular, 45S5 Bioglasarted to be intensively studied

for the production of scaffolds because of their outstanding ability to transform in the human body,
into hydroxyapatite and bond to living bone. Anyhow, one of the biggest difficulties in the
production of porous bioactive scaffolds from 45S5 Biodlassdue that the crystallization of
different phases, which hinder the densification process. Progresses have been achieved from this
perspective, by understanding how the glass composition can be tailored to prevent crystallization
or by modifying the processing parameters in certain way. The problems encountered during
sintering can be avoided by synthesizing sol—gel glass, where the silica network is assembled at
room temperature. Developments in foaming, solid freeform fabrication and nanofibre spinning
have now allowed the production of porous bioactive glass scaffolds from both melt— and sol-gel-
derived glasses [8].

Beside the difficulties encountered during sintering, the low strength and intrinsic brittleness which
characterize these materials still constitute a further crucial issue, which prevents their extensive use
in all the load-bearing application§he key-problem is that most of materials suitableif-vivo
application are not simultaneously mechanically competent and bioresorbable [9]. Mechanically
strong materials are usually bioinert, while bioresorbable and degradable materials are in general
mechanically weak [10]. This aspect becomes even more critical as these materials are processed in
order to obtain highly porous reticulated structures. Therefore, a methodology which enables the
production of BGs-based scaffolds with superior mechanical properties has to be developed. Bone
is considered to be a composite material consisting of a high elastic modulus mineral ‘fibres’
embedded in a low elastic modulus organic matrix permeated with pores filled with liquids [11].
Thus, the combination of softer synthetic polymers and stiff inorganic materials such as glasses and
ceramics has been attempted in order to obtain scaffolds which somehow mimic the structure of
living bone [12]. Ideally, composites should provide enhanced mechanical performances and obtain
properties that are unavailable from the individual constituent materials.

14



2. Theoretical background

Tissue engineering is emerging as a significant potential alternative or complementary solution
whereby tissue and organ failure is addressed by implanting natural, synthetic, or semisyntheti
tissue and organ mimics that are fully functional from the start, or that grow into the required
functionality. An increasing number of tissue types are now being engineered, as well as
biomaterials and scaffolds used as delivery systems. A variety of approaches are used to enti
differentiated or undifferentiated cells, such as stem cells, into the desired cell type. Notable result
include tissue-engineered bone, blood vessels, liver, muscle, and even nerve conduits. As a result
the medical and market potential, there is significant academic and corporate interest in this
technology.

2.1. Scaffolds for hard tissue engineering

As they are implanted into bone defects, these tsires should induce and direct the growth of
new bone in three dimensions and simultaneously undergo progressive degradation. In other word
scaffolds should act as temporary template to guide bone repair. Additional elements, such a
growth factors, cells (seeded on template surface and cultured in vitro), can be coated onto th
surface or even incorporated into them. An ideal scaffold should therefore exhibit the following
properties [13]:

» Biocompatibility and bioactivity, promoting osteogenic cell attachment and osteogenesis;

» To avoid the formation of fibrous tissue;

» To exhibit an interconnected porous structure allowing fluid flow, cell migration, bone in
growth and vascularization of tissue;

» To have suitable degradation rate;

» An appropriate level of mechanical properties in order to avoid failure during and after
surgery;

» To be sterilizable and meet regulatory requirements for clinical use.

Some of these properties are interlinked and opposing. Scaffolds development is therefore
demanding task since it requires multi-disciplinary knowledge of biology, chemistry and materials
engineering. Bioactive glass-ceramics belong to the group of Class A bioactive materials, which ar
characterized by both osteoconductiore.( growth of bone at the implant surface) and
osteoinduction i(e., activation and recruitment of osteoprogenitor cells by the material itself
stimulating bone growth on the surface of the material) [14]. Differences between Class A and B
bioactive materials are discussed elsewhere [15].

15
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Fig. 1. Bioactive glass scaffold as a three-dimensional support for cells proliferation and regeneration
[16].

In Fig. 1 is shown a schematic overview of the steps involved in the tissue engineering process
in-vivo. After cells are withdrawn from the patient and could be cultivated, they can be seeded into
the scaffolds with addition of targeted drugs, grow factors, nanoparticles or metallic ions in order to
trigger specific reaction of cells [16].

2.1.1. Bioglas§ 45S5

In 1969, Hench and co-workers discovered that certain silica based glasses can chemically bond to
bone. It was later elucidated that this process is the result of a sequence of reactions involving ionic
exchange for the glass surface wetted by biological fluids which lead to the formation of a
hydroxycarbonate apatite (HCA) layétore specifically, the processes on the glass surface are
characterized by iofeaching/exchange, dissolution of the glass network and precipitation and
growth of a calcium-deficient HCA layer, whereas cellular reactions incledénization,
proliferation and differentiation of relevant bone cells [17]. This process has been termed as
“bioactivity” and its stages are summarized in Tab. 1 [T8Bp development of such a bioactive
apatite layer is the common characteristic of all known inorganic materials used for bone
replacement, orthopaedic implants and bone tissue engineering scaffolds. Further studies led to the
establishment of a silica-based bioactive glass as having the following composition: 45 wi, % SiO
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24.5 wt % NaO, 24.5 wt % CaO and 6 wt %®. Its atomic structure can be visualized as a
collection of silica tetrahedra connected by —Si—O-Si— bridging oxygen bonds. This composition
was patented under the denomination of 45S5 BioglassBioglas§. Since this breakthrough
discovery, many other bioactive glass compositions were developed and tested. Nevertheles
Bioglas€ is still considered one of the most promising materials for bone tissue engineering [19].
Further studies have shown encouraging results regarding potential angiogenic effects of*"Bioglass
i.e. increased secretion of vascular endothelial growth factor (VEGF) and VEGF gene exjmession
vitro, as well as enhancement of vascularizaitiovivo [20]. Beside the HCA—formation capability,
recent studies have proven that'Cand Sf* ions release during dissolution can trigger the gene
expression in osteogenitor cells giving rise to enhanced bone regeneration (intracellular effects
[21]. In addition, the incorporation of particular ions into the silicate network, such as silver [22],
copper [23] strontium [24] and boron [25], has been investigated in order to develop antibacteria
and antimicrobial materials.

N° Process

1 & 2 | Initiation and formation of SiOH bonds on the surface of Bioflass
3 Polycondensation of SIOH+SiOH Si-O-Si

4 Adsorption of amorphous &a+ PG + CO;* + OH
5 Crystallization of hydroxycarbonate apatite (HCA)
6 Adsorption of biological moieties in HCA layer

7 Action of macrophages

8 Attachment of stem cells

9 Differentiation of stem cells

10 Generation of matrix

11 Crystallization of matrix

Tab. 1. Sequence of interfacial reactions occurring on Biogfassirface in vivo [18].

By varying the CaO content, the bioactive behaviour can be changed by [26]. In fact, CaO modifies
the network connectivity and textural properties. Many compositions containing S#® and

P,Os are found to be biologically active, and at first it was concluded thatwR® required for a

glass to be bioactive. Nevertheless, a number of investigations have shown that two componel
Si0-Cal glasses with a maximum Si@ontent of 65 mol% also possess in vitro and in vivo
bioactivity [27]. Therefore, the key to bioactivity is not the phosphorus in the glass structure, but
rather the surface reaction. A hydrated silica gel layer, which contains Si—OH groups, is believed t
play a key role in apatite nucleation. However, many glasses that are able to form this layer are sti
not bioactive. The chemical composition, structure, and textural properties (pore’s size, volume an
structure) of a scaffold influence the appearance and growth of the hydroxyapatite layer. Certainly
the surface chemistry plays the main role in the bioactive layer, which controls the adsorption of
phosphate salts and modifies the chemical state of the adsorbed phosphate ions.
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Fabrication techniques for BGs include both tradiiomelt-quenching and sol-gel techniques
[28-29]. The melt-quenching process, oxides are melted together at high temperatures (above
1300°C ) in a platinum crucible and quenched in a graphite mold or in water (frit). The scaffolds
produced in this work are obtained from melt-derived glassed therefore details about sol-gel process
will be not reviewed here.

Bioglas§—based scaffolds produced by foam replication can be classified as open-cell reticulated
brittle foams according to their three-dimensional morphology. What has been clearly assessed is
that four factors mainly influence the mechanical response of ceramic foams [30]:

1. The topology (connectivity) and shape of the cells.

2. The properties of the solid of which the foam is made.

3. The relative density:/ps of the foam, where; is the density of the foam ampd that of the
solid of which it is made.

4. The amount and type of defects depending on process used.

2.1.2. Sintering of 45S5 Biogla8s

One of the requisites for optimizing the fabrication of Biodlassaffolds is the understanding the
phase transformations and thermodynamics and kinetics processes which occur during the sintering.
Several studies have been conducted with the aim of investigate this aspects. In this way, the
heating treatment can be tailored in order to achieve the highest density either of a bulk Bioglass
piece or of the struts constituting porous open-cell foams. Sintering of glass particles occurs by
viscous flow and this process is hindered as crystallization starts [31]. During heating of Bioglass
particles at constant rate, five structural transformations and three main steps of densification were
detected by differential thermal analysis (DTA) [32—34]. The first densification step occurs between
550 and 620°C , in correspondence of the first glass transitigh @round 570°C , a glass-in-

glass transition takes places;)(TBetween 620 and 675°C , minor second step of densification is
observed. This domain corresponds to the crystallization of th€d$aOs from the silica-rich

phase (T1) [33]. The sintering process stops at 850°C . At this temperature, a third step of shrinkage
begins, due to the second glass transitiog) (&nd at 1000°C a density of 85% is obtained. At
1100°C , the maximum density is achieved. By increasing further the temperature up to 1200°C,
melting occurs. The crystallization temperatures detected by DTA are schematized in Fig. 2a. By
reviewing the existing literature about phase transformations of BiSglgssn heat treatment,
consistent results have been found by different authors and they are summarized in Tab. 2. The
glass transitions, crystallization and melting temperatures can be determined directly from DTA
plots. DTA plot of Bioglass is shown in Fig. 2b [33]. Crystallization kinetics can be studied by
DTA by using a non-isothermal method. The activation energy for crystallizatigh W@&s
calculated by Kissinger equation [35]:

n(=) = E"+ tant (1)
n sz = RTp constant,
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where a = heating rate (K/min); J = peak crystallization temperature; R = gas constant
(8.32 J K'mol™). By plotting [-In@/T,)] versus 1/F the activation energy can be calculated from
the slope of the curve. A typical DTA plot for Biogl&s45S5 is shown in Fig. 2b. When
crystallization starts, sintering by viscous flow is inhibited and a fully or partially crystallized body
is obtained. In the early 1940s, Avrami formulated an equation which describes the changes i
volume of crystals as function of time at given temperature [36]:

f=1-exp(=kt"), (2)

where f is the crystalline volume fraction transformed isothermally after time t, k is the rate constant
and n is the Avrami exponent. The mechanism of nucleation and growth of crystals can be define
by the Avrami parameter, n, which can be determined by the Augis-Bennet equation [37]:

_ 2.5RT}

R 3)

n

Additionally, the sintering process of powder compacts can be monitored by hot—stage microscop
(HSM). By this technique it is possible to identify the sintering variables by measuring the variation
of the sample dimensions during the heating process. The sample is monitored by a video came
and images of the specimen silhouette are acquired after given stretch time. Not only qualitative
observations but also quantitative studies of sintering kinetics can be undertaken with this
technique. The isotropic shrinkage pursuant to densificatipnce® be calculated using the
following equation:

Ao — Ar

51(%) = A
0

100, (4)

where A = the initial area of compact at room temperatures £he area of compact at temperature
T. Images are taken at fixed time intervals. Together with DTA, HSM can be a useful and
complementary tool for studying the crystallization process of a glass.
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Fig. 2. TGA-DTA plot of 45S5 Biogla§$33], summary of Bioglas$ structural transformation identified
by Lefebvre et at. [31].

Part. Size H.r Tg1 Te1 Teo Tg2 Tm Ref
(Lm) (C°/min) (C?) (C°) (C°) (C°) (C°) '
~1 5 550 610 800 850 1200 [1]
5 20 546 667 - - - 2]
32 20 553 691 - - - 2]
<5 5-30 500-550 600-750 - - 1180 [32]

Tab. 2. Literature overview on the influence of particle size and heating rate on the Bidylass
transformation temperatures.

Lefebvre et al. [33] reported a significant increase in the first step of shrinkage due to viscous flow

with increasing heating rate. This can be properly seen in the inset of the Fig. 3a, which was

obtained for a larger set of data [31]. Despite the high variability of the results, a tendency towards
an increase in the first linear shrinkage is observed when the heating rate increases. This
phenomenon was quantified in terms of shrinkage of a compact of powder and the variation of gap
between J; and T with different heating rates (Fig. 3b).
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Fig. 3a) Influence of heating rate on the shrinkage of the powders compact and b) on the gag@J[31].

Thus, a faster heating rate leads to a larger temperature range where the viscous flow is n
influenced by the structural transformation of Biogfass

Another parameter which affects the crystallization extent is the holding time at sintering
temperature. Kashyap et al. [38] monitored the increase of crystalline phase of Bibgla¥FA,
differential scanning calorimetry (DSC) and by measuring the increase of crystalline area fractior
from optical micrographs (Fig. 4a) of sample crystallized at 680°C for 15, 22.5, 30, 37.5, 45 and 6C
min respectively [38]. The amount of crystalline phase vs. time was then plotted and a trend line
based on Avrami equation, having parameters k = 5.dfd n = 2.90, accurately fitted the
experimental data (Fig. 4bY.he value of Avrami exponent n ~ stiggests bulk crystallization
comprising three dimensional growth ofystals which were uniformly nucleated. Neverthgles
Bretcanu et al found Avrami values of 0.95 + 0.10 which indicates the occurring of surface
crystallization [32]. This discrepancy could be ascribed to the different type of sintered bodies
(< 5 um powder, vs cast rods). Bellucci et al. [39] reported that the calculated value for the Avrami
constant is affected by the particle size of the powder. In fact, it is known that small particles may
undergo surface crystallization also in systems with bulk crystallization [40].

Chatzistavrou et al. studied the influence of particle size of the starting powder on the
transformation temperatures and crystallization mechanism [41]. The height of the first DSC pealk
(at low temperature) was decreased with increasing particle size, thus indicating that the mechanis
of surface crystallization could be associ- ated with this peak. The height of the second DSC
crystallization peak (at high temperature) remained un- changed with increasing particle size
indicating a volume crystallization mechanism.

21



-
[ 1
B o—
z ‘/
"
3 ear ” kM)
= E / {= -0 !
S ' k=5X 1077
:,:U 06
O n=2.80B8
=
B 4,
2 ¢ :
E 5 €  Experimental
£ oz} / Avrami fit
- 4
= _’/
" : . : . s
o 10 20 n 40 50 B0

Crystallization time (min)

Fig. 4a) Optical micrograph (680°C at 30 min) binarized for crystalline area measurement; b) measured
crystalline fractions at different times fitted by Avrami equation [38].

2.1.3. Fabrication of scaffolds by foam-replication process

Foam-replication is a simple technique which enables the production of open cell ceramic foam
with controlled macroporosity [42]. The process consists of dipping an open—cell polymeric foam
into a ceramic slurry. Slurries are colloidal suspensions of fine ceramic/glass powder in a liquid
phase with small amounts of secondary materials such as dispersants, surfactants and binder. The
solid content in the slurry typically lies in the range 30 - 70 wt% and should be tailored in order to
obtain the desired viscosity [43]. After dipping, samples are squeezed in order to remove the
excessive slurry and the resulting green body is subsequently dried. The burning of template and
sintering can be carried out in a single step. The most used templates for this application are
reticulated poly-urethane (PU) foams. This choice is due to several reasons. PU foams completely
recover their shape after squeezing and above 400°C , they burn completely without leaving any
residual combustion product. PU foams are commercially available and can be purchased at low
price having different pores size (expressed in pores per linear inch, PPI). These foams are
produced by direct foaming method. During this process a supersaturated gas is made to separate
from a liquid. Gas bubbles nucleate and grow as spheres until they get into contact [44]. The
heating rate and kept as slow as possible in order to prevent formation of residual stresses or
cracking of the ceramic network due to volatilization of burning residual. The final result is a
ceramic foam distinguished by a reticulated structure (>85% of total porosity) and hollow struts
resulting from the burning out of the polymer foam substrate. High solid fraction leads to an
excessive viscosity and difficulties to eliminate the slurry in excess might arise. Lower mechanical
properties and large defect population are therefore a typical characteristic of this route. Dipping
can be repeated several times in order to achieve the desired coating thickness, which will in turn
determine the cross—sectional area of the struts in the sintered foam.

In 2006, Chen et al. [45] fabricated for the first time a three-dimensional, highly porous Bieglass
based scaffold by foam replication process, using melt-derived 45S5 Bfbgtasser. The steps
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involved in replica process and the thermal profile they used for sintering are summarized in Fig. 5
Nearly full densification of the struts occurred and fine crystals eCB&i;0y (Combeite) were
detected. A primary disadvantage of bioactive glasses is their low fracture toughness, because
their amorphous structure.

a) b)
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Fig. 5a) Flow chart of the foam replication process used to the production of Bio§kmssed scaffolds
and b) conventional heat treatment program designed for the sintering of 45S5 Bidgtassfolds [45].

Bioglas$ scaffolds can be also produced by using different methods such as starch consolidatio
[46], foaming method [47], and gel-casting [48, 49]. Techniques based on starch have gained

prominent position, because they are cheap, non-toxic, environmentally friendly and exhibit defect-
free burnout between approximately 300 and 600°C [50]. Starch such as, food grade fine rice flou
is mixed with gelling agents and ceramic powder into distilled water. The mixtures are then stirred,
and cast. After coagulation, they are subsequently dried and sintered. The direct foaming metha
begins with ceramic slurry which is foamed, polymerized, removed from the mold (demolding) and
finally dried and sintering. This technique allows the production highly porous green bodies that are
comparatively strong and can easily withstand machining [51]. Gel-casting has been established f
simplicity and ability to produce a high degree of homogeneity as well as green body strength, an
therefore good machinability. The fabrication process begins with mixing of a colloidal ceramic

suspension containing water soluble monomers and a foaming agent. After foam formation, the
suspension rapidly gels by means of the polymerization of the monomers gaining stiffness an
mechanical stability. Also in this case, the green body is then dried and sintered and the resultin
ceramic foam exhibits nearly spherical pores and highly dense struts [52]. Concerning foam-
replication process, the main disadvantage is associated with the hollow struts and large amount:
flaws that results from burning out the polymer foam substrate [42].

2.2. Macrostructure and microstructure of porous ceramic scaffolds

In the case of Biogla8sscaffolds obtained by replica method, the template structure (i. e., struts
connectivity and cell size) is critical in determining the properties of the final component. In order
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to have insights about a glass-ceramic scaffold produced by replica process is useful to first
consider the macrostructure of precursor polymeric template from which the scaffold is derived. It
has been assessed that open-cell PU foams used in replication techniques can be modelled by a
tetrakaidecahedrical cell unit, packed in a BCC structure [53]. This kind of structure satisfies the
minimum surface energy—condition for mono-dispersed bubbles which occur during foaming
process. Maxwell’s stability criterion states that open- or closed-cell, might be either stretching- or
bending-dominated according to the number of struts which constitute the cells and their
connectivity [54]. Such criterion defines a valMefor a 3D structure made up bfstruts and
frictionless joints as:

M =b-3j+6. (5)

If M <0, the frame is a mechanism and has one or more degrees of freedom, along some directions
displacements are allowed and stiffness and strength drop. If instead M = 0 the frame ceases to be a
mechanism and the structure is both statically and kinematically determinate. As it is loaded, its
members carry tension or compression (even when pin-jointed), and it becomes a stretch-dominated
structure. As M > 0 the structure undergoes a state of so-called self-stress, which means that struts
carry stress even though no external loads are applied on the structure.

Hence, Maxwell’s criterion enlightens a key point behind the weakness of PU-derived Bioglass
foams: their structure is mainly bending-dominated. In fact no single space-filling polyhedral cell,
including tetrakaidecahedron has>M. The structural efficiency of stretch-dominatédictures is

higher than the one of bending-dominated structures (at the same relative density). In order to give
an example: a low-connectivity lattice with a relative density of 0.1 is 10 times less stiff than a
stretch-dominated triangulated lattice of the same relative density. Several models have been
developed to correlate the mechanical properties of open cell ceramics foams (Young's modulus,
Poisson's ratio, fracture toughness, tensile strength and compressive strength) of ceramic foams to
their topology and micro-structural features [30, 55-58]. Generally, these models can be
categorized into two types. The first type is based on repetitive unit cell models which provide the
homogenized behaviour of foams, including two dimensional foam/honeycomb models and three-
dimensional cubic, tetrahedral, and tetrakaidecahedral. Based on the developed unit cell models, the
mechanical properties of foams (e.g., the Young’'s modulus, bulk modulus, multi-axial failure
surface, etc.) are evaluated. Although unit cell models have been proven to be useful in
understanding some important features of real foams, several drawbacks exist. It is found that they
usually over-predict the bulk modulus and hydrostatic yield strength of real foams. The second type
has been developed in order to give a better representation of the morphological structure of real
foams, by taking into account defects and irregularities. As an example, Voronoi models [56, 59,
60, 62] or the X-rays and computed tomography in conjunction with the finite element method
(FEM) have been reported [61-64].

Computed tomography (CT) is an imaging method which allows the three-dimensional
reconstruction of an object from the stacking of a large series of two dimensional X-ray projections,
taken while it is rotating around a single axis. X-ray images are obtained by an X-ray source which
first goes through the object to be scanned and then is collected by a detector. The scanning of a
material is based on variations of X-ray absorption. Hundreds of radiographs of a sample are taken
at small angular increments over 180 degrees of the sample rotation. A computer algorithm inverts
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this data to produce a 3D absorption map. Micro-computed tomography (u-CT) has been alread
used as a standard technique for the visualization and quantification of the 3D structure o
trabecular bone [61, 62]. u-CT generated 3D images were used to determine foam’s paramete
such as porosity, cell sizes and polyhedra types, ligament length and connectivity, materia
distributions along the ligaments and prevalent geometric anisotropies. The basic configuration o
a X-ray photography is shown in Fig. 6. This technology is particularly suitable for the
morphological analysis of foams, because the large difference in density between the two phase
comprising the volume of the component (i.e. the solid skeleton and the air) leads to high contras
and well-defined phase boundaries [62]. Beside the morphologic characterization, u-CT allows ftc
use the reconstructed structure as input for the finite element modelling (FEM) [63].

a)

Detecton

*_-}.*.'-'- e Sample

X-ray source

Fig. 6. Basic schematic displaying X-ray photography of foams.

PU templates which are used for the production of Bio§lassffolds are obtained by direct
foaming technique and exhibit anisotropy since the volume expansion caused by gases cause t
foam to rise in one direction. The derived ceramic foam therefore exhibits anisotropy as well.
According to D’Angelo et al., [68] anyhow, the randomness of struts distribution in space limits the
anisotropy due to the cell elongation. Replica foams can be thus considered orthotropic with «
transversal isotropic behaviour. Recent works reported p-CT results, showed that the foan
possessed an average connectivity of 4 thus confirming that a tetrakaidecahedron structure c:
appropriately represent the foam cell [65].

2.3.  Mechanical properties of Biogldss

By reviewing the huge amount of papers dealing Bithglas$’ scaffolds, it is possible to notice

how mechanical properties are remarkably scattered, depending on the sintering route use
Properties of sintered Biogldssan in be widely scattered, depending on the amount of crystalline
phase in the amorphous matrix, which can be in turn controlled by tailoring the thermal treatmen
used for sintering. It is in fact well known that glasses can be strengthened by the formation o
crystalline domains in the glass matrix upon heat treatment [67, 68]. Glass-ceramics with crystalline
volume fraction between 34 and 60% exhibited improvement of three times in fracture strength anc
an increase of 40% in indentation fracture toughness compared with the parent glass.
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In numerous papers dealing with dense and porous 45S5 Biyglas®ffect of crystalline volume
fraction (at constant crystal size) and crystal size (at constant crystallized volume fraction) was
investigated [38, 44, 69—71]. These results demonstrated that it is possible to design bioactive glass-
ceramics with improved microstructures by finely tuning the sintering process.

Young's modulus of 45S5 Biogldssvas reported ranging from 30 to 35 GPa [74], being much
lower elastic modulus than A/W glass-ceramic and similar to that of cortical bone. The flexural
strength was significantly higher than that of cortical bone and comparable to that of apatite—
wollastonite (A/W) composites [75]. The bending strength of most bioactive glasses falls in the
range of 40 — 100 MPa, which is not sufficient for load-bearing application. Since that, Bioglass
implants can be used in non-load-bearing applications, for buried implants loaded slightly or
compressively.

Some values related to mechanical properties are reported in Tab. 3. According to Peitl et al. [76],
the introduction of crystallinity in this bioactive glass significantly increased the fracture strength
from 80 to 210 MPa and the indentation toughness from 0.60 to 0.95 MPavhile the Young
modulus underwent only a small increase from 60 to 70 GPa. These overall improvements in
mechanical properties were attributed to crack deflection mechanisms within the material. Another
factor which influences the mechanical properties of sintered Bifglass residual stresses.
Residual stress exists in the bulk of a material, and might arise pursuant to heterogeneous plastic
deformation, thermal contraction or phase transformation.

Material property Trabecular bone Cortical bone Biogl&soulk)
Compressive strength [MPa] 0.1-16177, 78] 130 - 200 [77, 79] 500 [79]
Tensile strength [MPa] n. a. 50 — 151 [79] 42 [74]
Compressive modulus [GPa] 0.12-1.11[80, 81] 11.5-17[82] n. a.
Young’'s modulus [GPa] 0.05-0.5[74, 79] 7-30[74, 79] 35 [74]
Fracture toughness [MPa*fh n. a. 2-12[73,79] 0.7 — 1.1[36]

Tab. 3. Bioglas&mechanical properties summarized by Gerhardt et al. [29].

The linear elastic fracture mechanics (LEFM) which is used to describe the majority of fracture
events in glass and glass—ceramics is based either on energy calculations or stress intensity
calculations. The latter deals with the stresses and strains taking place at the crack tip and it is
therefore suitable in engineering purposes, as the material deformation is described in terms of
stresses and strains. The description of the stress intensity factor for dense, homogeneous, isotropic
solids which exhibit linear elastic behaviour can readily be described by the well-known
relationship [83]:

K, = a,Y/C, (6)
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where K is the stress intensity factor for opening mode, Is the stress applied to the material at
some distance remote from the crack tip, Y is a dimensionless parameter which depends upon tl
geometry of the loading and crack configuration and C is the characteristic dimension of the flaw.
In loading a material, once K reaches a critical value dengtgduKstable crack growth occurs, K

is typically considered to be an intrinsic material property which may be used to characterize the
material's mechanical integrity. Using the theory of elasticity, it is possible to calculate the stress
field in the proximity of a crack in an arbitrary body with an arbitrary crack undergoing arbitrary
loading. Using the coordinates system shown in Fig. 7, the stresses for mode | are:

O'i]' =ifi]-+C1TO+C2r1/2+--- (7)
\V2nr

Fig. 7. Stresses near the crack tip in an elastic material [83].

If r—0 the first terms very large and other terms candggected, and fdr = 0, f0) = 1, so that:

Oyy = , (8)

where r is the distance from the crack tip along the x-axis. The fracture toughpegss, tke
critical value of the stress intensity factor at a crack tip needed to produce unstable catastrophi
failure under general triaxial loading.

A phenomenon which has to be considered when testing the mechanical properties of glas
materials is the subcritical crack growth [84]. It is generally accepted that water or other chemica
agents attacks the region around the crack tips or surface flaws, weakening the structure in tf
vicinity of the crack tip. This allows cracks to grow at stress intensities below the critical value
(K\c). Stress corrosion cracking phenomenon is quite complex due to local chemical reactions the
occur and to diffusion mechanisms. The fracture process itself may activate the surface for reactior
with water vapor. In previous works, the hydration of the surface of a highly bioactive silicate glass
was modeled using ab initio molecular dynamics (CPMD) simulations, focusing on the structural
and chemical modifications taking place at the glass—water interface. The initial enrichment of the
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surface region in Nacations establishes dominant ‘Naater interactions at the surface, which
allow water molecules to penetrate into the open glass network and start its partial dissolution [85].

2.3.1. Indentation fracture toughness

Brittle materials may form three different types of cracks when indented with a Vicker’s indenter
[86]: 1) Palmqvist cracks (cracks emanate from each of the corners of the indent but do not pass
underneath the indent); 2) half penny cracks, which are radial median cracks: similar to Palmqvist
cracks but emanating from under the center of the indent from one indent corner to another on the
same diagonal — usually formed at higher loads than Palmqgvist cracks; and (3) lateral cracks
(cracks that form on the sides of the indent and intersect the surface between the corner cracks).
Depending on the load, 45S5 Biogfassas observed to display halfpenny and lateral cracks,
although, from a plan view, it was very difficult to distinguish Palmqvist from halfpenny cracks.
Kic can be determined from the cracks propagating from the edges of a Vickers indentation under
certain indentation loads [71]. The main principle behind this approach concerns the crack shape.
Cracks are assumed to be radial-median cracks beneath the indent, with a center point force leading
to crack opening [71]. Satisfying these conditions leads to a specific stable equilibrium relation
between the applied load, P, and the crack size c. In Fig 8a it is possible to observe a Vickers indent
on a polished Biogla§ssurface with Palmqvist crack departing from indent corner [72]. In Fig. 8b

is shown a typical P—&urve indicating the areas associated with thetiela&nergy, E, and
anelastic energy, &(consumed and stored energy in the material), with the total enerdyeiRg

the sum of the two regions{E Eg + En).

Fig. 8a) SEM image of a Vickers indent on polished Bioglass surface: a and c indicate the half indent
diagonal and half crack length respectively [38]; b) Total{)Eelastc (E) and anelastic () energy in a
typical load-displacement plot [71].
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a) b) A

Fig. 9. Schematic illustration of the unloading process showing parameters characterizing the contact
geometry; b) typical of indentation load—displacement curve with related parameters [87].

In Fig. 9a, the indent profile of a Vickers indent, with related load parameters are shown: the
maximum indentation depth = h, the indenter displacement at peak Iqaahnd the final depth of

the contact after unloading 3.Hn Fig. 9b is shown a typical load-displacement curve obtained
from indentation test. The elastic contact stiffness (S) can be obtained by fitting the unloading curve
and taking the tangent at the peak loag.Pas the slope of the upper portion of the unloading
curve, S = dP/dh (Fig. 9b). Using Sneddon’s solution and the result given by Oliver and Pharr [88]
the contact depth:ftan be calculated as [89]:

P
he=h-e¢ ";“x, 9)
whereg is a function of the particular tip geometry (foparfect Vickers indenteg, = 0.75. In
many brittle materials, the slope of the anelastic (plastic) energy is a constant over various
indentation loads.

2.3.2. Measurement by of fracture toughness by Chevron-notched beams

The chevron notched (CN) specimen technique is a well-established standardized method used
determine the fracture toughness of different brittle materials, including monolithic glass, glass-
ceramics and ceramic matrix composites [90]. In chevron notches, the crack front increases in widt
from zero to the full thickness of the specimen as the crack length increases in the notch plane. It
assumed that stable crack growth occurs from the apex of the chevron during loading. There i:
therefore, no need to pre-crack the specimen, which is a time consuming and tedious task; this is
further advantage of the CN geometry. A scheme showing the specimen loading geometry an
notch position in a Chevron—notched beam is shown in Fig 10a. SEM micrograph of a Chevror
notch and fracture surface after testing is shown in Fig. 10b [90].
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Fig. 10. Schematic diagram showing the specimen loading geometry and notch position in a Chevron—
notched beam; b) SEM micrograph of a Chevron notch and fracture surface after testing [90].

2.3.3. Mechanical properties of Biogla®sbased scaffolds

A micromechanical model often used to predict properties such as elastic modulus and crushing
strength of porous Biogla8scaffolds is the Gibson-Ashby (GA) model [30]. This was the result of
the research endeavors of Gibson [91] and Green [92] and it is based on the simplification of a
given body structure to a more uniform and idealized one. GA model idealizes them as sequence of
cubic cells, whose repetitive unit is shown in Fig. 11b. The struts are in this case idealized as rigid
defect-free beams, having theoretical density. In the linear elastic regime, under uniaxial stress,
open-cell foams deform primarily by bending of the cell edges. It has been assayed that the
compressive response of Biogl&dmsed foams is characterized by linear elasticity at low stresses
followed by an extended collapse plateau and a period of densification in which the stiffness
increases sharply. As a force F is acting on the cell as shown in Fig. 11b, the Young's modulus of
the foam and its brittle collapse stress is given by [93]:

2
E* = E,C, (p—f) , (10)

N

. Pr\*?
0 cr = UfsCZ (p_>

s/ (11)

where E is the Young’s modulus of the solid asd is the modulus of rupture of the strut material.

C; and G are geometrical constants of proportionality. By fitting the experimental data, were found
to be 0.3 and 0.65, respectively [90, 91]. Nevertheless, due to the reduced magnitude of
displacements in the elastic region, acquired data are not always reliable.
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Fig. 11 a) Kelvin tetrakaidecahedrical unit cell [95]; b) and cubic Gibson-Ashby open—cell model [30].

For foams made by hollow struts, Eq. 11 can be rewritten as:

3/2
’ 1+(t,/t.)?
Ucr — OZEE&J ( v s) (12)

o Ps A1- (’[v/'[s)2 '

where {/ts is the ratio of the void and strut sizes on a cross section of a strut. According to GA
model the unit cell is represented as a cubic array of struts having square cross-section t and lenc
L. Even though this represents an idealized structure far from the reality, it emphasize the bendin
of struts under axial loads. For a low density matenp#bs(< 0.1) it has been found to be

plps ~ (/L)% Hence, a strut will fail when the bending moment acting on it exceeds the fracture
moment.

Equations for several other mechanical properties such as fracture toughness (normalized), tensi
(flexure) strength, and hardness all again involve proportionality constants (ca. 0.65 for each o
these cases), depend linearly on strut strength, and all have a porosity dependepgdofThe
brittle-crushing strength has been found assuming that the modulus of rupture of the strut i
constant. In practice, it varies for brittle materials, following a Weibull distribution [19]. Because of
their low fracture toughness, ceramics and glass are very sensitive to the presence of small defe
and flaws (~1Qum) and they can fail catastrophically when subjected to tensile or flexural stresses
far lower than their compressive strength. The strength of brittle materials is therefore a stochasti
variable [96].

S

2.4. Reinforcement of Bioglass® scaffolds by polymer-based coating

The idea of creating composite scaffolds by comlgirenstiff mineral phase with a softer and

tougher phase such as a polymer was inspired by observing the structure of a real bone. Bone in fe
is a composite material itself, composed of carbonated apatite (65 dry wt. %) which confers
structural reinforcement and collagen (35 dry wt. %) which contributes to an increase of flexibility
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and toughness. The deposition of a thin polymeric coating on bioactive ceramic/glass scaffolds in
order to increase their strength and crack resistance is an effective method which has been already
reported by several researcher [92, 93].

By observing the stress-strain curves of polymer-coated ceramic scaffolds obtained either from
compressive or tensile tests, two different contributions to toughening and strengthening can be
detected. The first one can be identified as a remarkable increase of the stress value at which the
first fracture event occurs in comparison with non-coated samples. This behaviour has been
ascribed to a lowering of stress concentration at the defect sites on the strut surface, which allows
further increase of the remote load without any failure occurring with the consequent extension of
the elastic domain [29]. As the stress peak is reached, cracks initiate and propagate across the struts
under the influence of a local component of applied external load, the coating film undergoes
progressive deformation forming thin fibrils which are capable to bridge the cracks edges, opposing
the crack opening process and preventing the catastrophic fracture of the whole structure [93, 94].
Deformation and tearing of coating fibrils and debonding of film from the scaffold are responsible
for energy dissipation, causing an increase of the overall fracture energy. This phenomenon
corresponds to the plateau region which is usually observable on the load displacement curves from
tensile and compressive strength tests [99]. The magnitude and appearance of the plateau basically
depends on the mechanical response of the coating to the applied stress (Young’s modulus, tensile
strength, strain to fracture, damage mode).

By reviewing the literature on this topic, it can be found that different polymers, either natural or
synthetic have been used for this purpose. Among the natural ones, collagen [100], alginate [101],
silk [102], gelatin [103] and chitosan [104] can be mentioned. Concerning the synthetic ones,
poly(lactic acid) [105], poly(hydroxybutyrate) [98], PHBV [106], pehgaprolactone) [107] were
reported as well. Besides sufficient mechanical capability, coatings for bone replacement scaffolds
must also fulfill other requirements such as biocompatibility, biodegradability and tunable
degradation rate. The possibility of functionalization of scaffolds for controlled drug release is also
a desirable goal [96, 98, 103]. Unfortunately, polymers usually exhibit low elastic modulus (below a
few GPa), therefore it is desirable to develop improved biodegradable coatings having higher elastic
modulus and strength. From this standpoint, the adhesion between coating and substrate plays a
fundamental role since the external loads must be transferred from the struts to the coating through
this interface [109]. Previous studies on dip-coated plates have, for instance, shown that the
thickness of deposited liquid film coatings depends on the coating solution properties such as
density, surface tension, viscosity as well as withdrawal speed from the coating solution [105, 106].
Moreover, the wettability of the polymer solution determines the adhesion of the resulting film on
the interface [112]. Beside a thermodynamic driving force, the viscosity of the polymeric solution
plays also a role in the infiltration capability, which should be as low as possible in order to be able
to infiltrate into the cracks and defect at greater extent [110-113].

When a liquid drop is placed on a solid surface, it may start to spread to larger or lesser extent,
depending on the intermolecular forces interacting between the two phases. If solid — liquid
interactions are stronger than those between the liquid molecules themselves, then the liquid spreads
over the solid surface, even up to its monomolecular layer if the solid surface is sufficiently large.
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A contact angle less than 90° indicates that wetting of the surface is favourable, and the fluid will
spread over a large area on the surface; while contact angles greater than 90° means that wetting
the surface is unfavourable so the fluid will minimize its contact with the surface and form a
compact liquid droplet. As first described by Young [113], the contact angle of a liquid drop on an
ideal solid surface is defined by the mechanical equilibrium of the drop under the action of three
interfacial tensions.

y*" =y* +y"cosby, (13)

wherey", ', andy® represent the liquid-vapour, solid-vapour, and solid-liquid interfacial tensions,
respectively, andy is the contact angle. According to Snoejier et al., the contact angle is expected
to be characteristic for a given solid-liquid system in a specific environment [114]. The final
mechanical properties of polymer-coated porous ceramics are also affected by other paramete
related to the coating process itself such as the removal technique of the excess polymer, tt
concentration of the polymer solution, the atmospheric pressure, humidity, eventual heat treatmen
a number of dipping and so on [9, 10].

In the case of scaffolds such approach would be further complicated by the complex, irregulal
architectures and by the macro and micro features which distinguish their surfaces. It is therefor
convenient to simplify the problem to an idealized case. Beside a thermodynamic driving force, the
viscosity of the melt or polymeric solution plays also a role in the infiltration capability, which
should be as low as possible in order to be able to infiltrate into the cracks and defect at greats
extent [115]. The influence of polymeric coatings on the stiffness of 45S5 Bioghmss
scaffolds was recently investigated by the non-destructive ultrasonic technique by Li et al. [116].
The results showed that the stiffness of uncoated scaffolds was increased by applying polyme
coatings, and in particular that there is a direct dependence of the resulting stiffness of the coate
scaffold on the stiffness of the polymer coatl@g the other hand Peroglio et al. [99] found that the
presence of coating considerably increases the post-yield energy as well as the apparent fractt
energy of the scaffolds and strength. Conversely to the prediction of Ashby, the correlation betwee
tensile strength and density was found as weak (Fig. 12a). The coating in this case has no effect
the Young’'s modulus of the scaffold (which is visible by considering the slope of linear domains in
Fig. 12b). The addition of polymer completely changes the mechanical behaviour of the scaffold
and the load—deflection curves can now be decomposed in three stages: a linear elastic one in whi
the maximum stress is reached, a drop of the load and a plateau during which the load remair
roughly constant while the deflection can reach several microns depending on the infiltration
method and polymer properties (Fig. 12b).
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Fig. 12a) Ultimate strength &) vs. normalized density of un-coated and PDLLA-coated alumina
scaffolds; b) Four-point bending load—deflection curves [99].

2.4.1. PVA

Polyvinyl alcohol (PVA) is a water-soluble biodegradable and non-toxic polymer which is gaining
growing interest for biomedical applications both as a structural component, e.g. for artificial
cartilage or tissue engineering scaffolds [117] or as a functional component e.g. for controlled drug
delivery systems [118]. PVA is produced by the polymerization of vinyl acetate to poly(vinyl
acetate) which is subsequently hydrolyzed to PVA. The biocompatibility of PVA implants was
demonstrated by Tadavarthy et al. [119] in 1975 with the development of the ®hexainolic
material. PVA gels with 80%—-90% water content by weight were implanted subcutaneously or
intramuscularly into rabbits, and no adverse effects were noticed in the surrounding tissue leading
to a confirmation of the biocompatibility of the material [120]. PVA hydrogel cross-linked by
gamma irradiation has also been shown to function as a vitreous substitute. PVA aqueous solutions
can be cast and dried in order to obtain translucent film having good mechanical properties. As cast,
these films are mostly amorphous, and crystallites initiate predominately in the final drying stages;
crystallization proceeds thereafter slowly, aided by the ambient humidity. If the ambient humidity is
too low or absent, the drying polymer becomes glassy, and crystal growth becomes arrested before
extended crystallites can develop and impinge. Though PVA hgsakove room temperature,
water-cast films still form crystals at ambient temperatures due to the slow drying nature of the
hydrophilic polymer. The degree of hydrolysis of PVA represents the extent to which the
poly(vinyl-acetate) has been hydrolyzed to produce PVA. Commercial PVAs are basically available
as fully hydrolyzed grades (degree of hydrolyzation ~ 98%) and partially hydrolyzed grades (degree
of hydrolysis in range of 86 - 89%). The solubility of PVA in water depends on the degree of
hydrolyzation and the degree of polymerization. Some PVA grades with higher degrees of
hydrolyzation (98%) are only soluble in hot water (50-100° C) and form films that are insoluble in
water at lower temperatures. In contrast, PVA grades with degrees of hydrolyzation in the range of
75-98% are easily soluble in water.
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2.4.2. Microfibrillated cellulose

Cellulose is a linear, high—molecular-weight hydrophilic polysaccharide consisting of repeating
poly-3(1,4)-D—glucopranose units. It naturally occurs in plant cell walls as a load-bearing
component as well as in tunicate sea animals or synthesized by bacteria [121]. In the biomedic:
field, cellulose and its derivatives have been extensively used for decades. The biocompatibility o
several cellulose—based materials is well established [122]. Ikada [123] has described cellulose as
polymer usually exhibiting relatively low protein adsorption and cell adhesion (particularly blood
cells), low immune response (low phagocytosis by macrophages and low interleukin-1 release), an
inducing comparatively higher activation of the complement system. Cellulose is poorly
biodegradable in the body and is not digestible, but it can be made hydrolysable by changing it
higher order structure [124]. For instance, Baquey et al. have pioneered and considerabl
contributed to this field of study by firstly proposing the use of regenerated cellulose hydrogels
(RCH) for orthopedic applications. Cellulose regenerated by the viscose procesf) (G&RY/
patented and thoroughly investigated in terms of physico—chemical, mechanical and biologica
properties. It was later chemically modified to enhance its bioactivity through modifications such as
phosphorylation, grafting of adhesive peptides and oxidation.

Microfibrillated cellulose (MFC) consists of high aspect ratio cellulose nanofibrils obtained either
by mechanical disintegration or by acid hydrolysis of the wood cell wall [125]. MFC was first
prepared by Herrick et al. and Turbak et al. in 1983, by fibrillating wood pulp by means of a high-
pressure homogenizer. Ankerfors et al. [126] established a new processing route, combining th
mechanical treatment with chemical or enzyme-based pretreatment which lowers the strength c
inter-fibrils interactions. In this way the energy consumption of the process could be decreased
opening up the possibility of large scale production and commercial exploitation. Properties such a
non-toxicity, biodegradability, large surface area and remarkably high elastic modulus
(~ 146 GPa[127]) make this material a suitable reinforcing agent for biocoatings. Because of the
interfibrillar hydrogen bonds, MFC generally consists of elementary fibrils bundles of around
20 nm in width and several micrometers in length [128]. In spite of its hydrophilicity, different
surface modification processes have been explored, enabling the combination of MFC also witl
hydrophobic polymers [129]. The extraction of nanofibrils from wood may offer the opportunity to
exploit the full potential of cellulose as a reinforcing material. In principle cellulose fibres could be
disintegrated into 3-5 nm thick elementary microfibrils but because of the complicated multilayered
structure of plant fibres and the interfibrillar hydrogen bonds, MFC generally consists of elementary
fibrils bundles of around 20 nm in width and several micrometers in length. Cellulosic fibre’'s
hierarchical structure is summarized in Fig. 13 [128].

35



e

'}C::]-:;ﬁi:?:i =l

Fig. 13. Hierarchical structure of a wood cell wall [128].

2.4.3. PVA/MFC composites
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The noticeable improvement of PVA films mechanical properties by addition of MFC has been
extensively reported in several investigations [129 — 135] (Tab. 4). One of the most commonly
reported technique for the production of MFC-reinforced PVA composite is film casting [127, 129,
130]. This is a relatively simple, straightforward and low-cost process which enables the production
translucent films having excellent mechanical properties.

Matrix Type of fibre Source Fabrication technique Reference

PVA MFC Sulfite pulp Casting/Evaporation [132]
MFC Sugar beet pulp Casting/Evaporation [133]
MFC Soybean Casting/Evaporation [134]
CNC Cotton Casting/Evaporation [135]
CNC Cotton Casting/Evaporation [136]
MFC Daicel Casting/Evaporation [137]
CNC MCC Casting/Evaporation [138]
MFC Regenerated cellulose Casting/Evaporation [139]

Tab. 4. Literature overview on different PVA/MFC composites.
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Since MFC and PVA are both hydrophilic, their mixing in a water-based suspension does nof
require any chemical modification. Despite the ease of such technique, each processing ste
involves several parameters (e.g. temperature, time/energy of mixing, moisture present in th
environment, mass ratio PVA/water, mass ratio MFC/PVA) whose variation can deeply influence
the microstructure of the resulting composite and therefore its mechanical properties. Beside this
intrinsic parameters related to the two raw materials may vary substantially depending on thei
production process (purity, molecular weight, degree of hydrolysis of PVA, content of
hemicellulose and defibrillation degree of MFC). The sensitivity towards the processing parameter:
of PVA/IMFC composites has been already reported by several works [130-133]. For this reasor
the results obtained by different groups are often contradictory because of many factors controlling
the process. Anyway, the good dispersion of MFC in the polymer matrix is reported by several
authors as a key factor for the achievement of a good reinforcement [130, 137]. Zimmermann et a
[132] reported an improvement of the elastic modulus and tensile strength up to five times and thre
times respectively, in the case of dispersing 20 wt. % of MFC in PVA.

2.5. Micromechanical models for MFC-reinforced polymers.

Percolation theory, developed by Ouali and co-waKdd1] is nowadays widely used in the
modelling of the mechanical properties of composites. It assumes random interactions betwee
fibrils as opposed to the unlike earlier models. Percolation theory dates back to the 1940s. An exa:
quantification of reinforcement effect due to the presence of MFC fibres is a demanding task. Tool:
available for investigating of the micromechanics of nanocellulose reinforced composites are
limited due to the small size of the individual fibrils. It is not possible to handle nanocellulose
fibrils mechanically, thus traditional methods used to study the stress transfer in fibre-reinforced
composites are not applicable and the values reported in literature present a broad scatter. Ram
spectroscopy has been employed to study the strength of single nanofibrils and the stress transt
within nanocomposites [127]. From percolation theory, the composite Young's moduas ke
expressed as follows:

£ - (1 -2y + X )EnE, + (1 — X, WE?
° (1-X)E, + X, —)E,, '

(14)

where E is the reinforcement modulus;,Bs the matrix modulus, Xs the fibres volume fraction
and¥ is a percolation volume fraction given by Eq. 15:

(15)

X, — X.\°

=X )
v= 20 (5)
where bis the critical percolation exponent, which is equal to 0.4 for a three-dimensional system
and X is the percolation threshold, which varies depending on the studied material and their
orientation distribution and can be chosen as 5% from Ref. [141].
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2.6.  Sintering of Bioglassby spark plasma sintering (SPS)

The spark plasma sintering technique has been ggimportance as it allows the achievement of
highly dense ceramic compacts with minor grain growth [142]. In the SPS process, a high energy
electric spark is discharged and the powder particle surfaces are more easily purified and activated
than in conventional sintering process. The presence of spark plasma significantly enhances rapid
densification to densities close to the theoretical one [143]. The high heating rates (typically
between 100 and 600° C/min) bring the sample rapidly to high temperatures assisting densification
mechanisms over non—densification mechanisms [144]. The mechanical compression of the sample
is another factor that accelerates the material densification in the SPS method [142]. These
peculiarities allow to achieve densities closer to theoretical one at lower sintering temperatures as
well as shorter sintering cycles, compared to conventional sintering and hot press techniques.
Therefore, SPS offers a well-established technological and economical approach for fabricating net-
shaped bioactive glass materials, including Bio§lasatrix composites. Research endeavors were
already published on this topic and they are summarized in Tab. 5. On the other hand, sintering at
high heating rates electrically insulating materials might result in non-homogeneous temperature
distribution inside the sintering sample and a local increase of temperature. Therefore, this
limitation must be taken into account for the sintering of Bio§lassvders as well.

SPS parameters Starting powder Crystalline phase References
950°C , 90 MPa, 100°C 4_(353;‘0‘_1;i‘:’ez2‘|’l‘;er Na,Ca,SisOp Guo et al. [145]
B?n?;chfozhiggog/;];lo 4585 by(Llj/IS(?A-)SCI Corp. Non - specified Jia et al. [146]
S:JSa?;(r:nétle?sn::gty Sit\r;:r: Sol-gel derived bioglass Naa,SizOq Chen et al. [147]
550/600°C 2 um 45S5 powder Fully amorphous Grasso et al. [148]

Tab. 5. Sintering conditions for Biogla§sby SPS, with related powder particle size and detected
crystalline phases.

Chen et al. [147] reported a successful sintering of sol-gel derived Bfdoglassier by SPS. In
particular, it was found that the sol-gel derived Biodlamramics sintered with the SPS technique

at 950°C for 15 min had a high Young's modulus value of ~110 GPa, which was comparable to that
of compact bone and significantly higher than the maximal value achieved by the conventional heat
treatment. The obtained ceramic compacts exhibited better cytocompatibility at the early stage of
cell culture testing, compared to the conventional Bio§laGsasso et al. reported as well the
sintering of 45S5 BioglaSspowder by SPS [148]. Temperature and pressures ranging respectively
from 350 to 550°C and 70 to 300 MPa were used. Fully dense and completely amorphous 45S5
Bioglas§ samples at temperatures as low as 500-550°C were obtained. The fabrication of dense
45S5 Bioglasd compacts at temperatures below 600°C is an interesting result especially for the
fabrication of tougher Biogla&$ased composites where the Biogfasstrix remains amorphous
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or weakly crystalline. By increasing the sintering temperature up to 600°C the dense sample
crystallized to NgCaSpOs phase rather than MaaSisOy which is usually achieved at higher
temperature.

XRD analysis showed that no crystalline phase forms at the sintering temperature of 550°C. B\
observing the fracture surface, it was possible to detect the initial morphology of the amorphou:s
starting particles, which have a diameter abquih 2The SPS sample sintered at 600°C resulted in
the formation of very fine N&aSpOs crystallites with size of about 25 nm immersed in an
amorphous matrix of BioglaSs

The acellular in-vitro test revealed that SPS samples sintered at 600°C resulted in faster formatio
of hydroxyapatite compared to those sintered in absence of pressure (1050°C , 2h), which wer
highly crystallized. Graphene-filled Biogl&ssomposites have been also prepared by SPS [149].
Carbon nanotube reinforced Biogl3smmposites have been successfully synthesized by Zhang et
al. by SPS and conventional sintering [150]. The composites show improved mechanical properties
with SPS technique substantially better than conventional compact and sintering approach. Usin
SPS the maximum flexural strength and fracture toughness increased by 159% and 105%
respectively. Enhanced strength and toughness are attributed to the interfacial bonding and bridgir
effects between the carbon nanotubes and Bidgemsders during crack propagations.

2.7. Exfoliation of h-BN for the production of atomically-thin BNNSs

In the last few years, carbon nanotubes (CNTSs),lgnag@, boron nitride nanosheets (BNNSs) and
nanotubes (BNNTSs) have attracted attention as reinforcement for glass and ceramic matrice
because of their outstanding mechanical and thermal properties. For instance, CNTs have be
already reported to toughen brittle matrices [147, 149, 150] by different dominating toughening
mechanisms in randomly oriented CNT-amorphous glass matrix composites (e.g. pull-out,
bridging, debondingXowever, several works reported in literature reveal that the improvement is
usually less than the one predicted by theoretical mod@lbsr high specific surface is in fact
responsible for their agglomeration which impairs the mechanical properties of the resulting
composite. Similarly to graphite, hexagonal boron nitriak®BN) exhibits layered lattice structure

with strongly anisotropic chemical bonds [153]. In the basal plane, boron and nitrogen atoms
construct a two-dimensional (2D) honeycomb structure with strong covalent bonds (Fig. 14), while
the basal planes interact weakly with each other via Van der Waals bonds (with slightly ionic
bonds). An individual h—BN basal plane, or a monolayer BNNS, is a honeycomb structure made uj
of ring units of borazine (MsHe), the isoelectric and isostructural analog of benzene. Unlike
graphene, whose biocompatibility is still under debate, several studies already demonstrated tt
optimal compatibility of BN—derived nanofillers (BNNTs and BNNSs) [159-161]. Independent
assays, both quantitative (DNA concentration assessment) and qualitative (viability/toxicity, early
apoptosis, and ROS production detection) were carried out. No significant adverse effects wer
found up to 7 days since their administration, and no impairments in blood, liver and kidney
functionality were highlighted. All the collected data are very promising, suggesting the optimal
biocompatibility of other BN-based nanofillers, such as BNNS. Further studies confirmed that
BNNSs is non-cytotoxic to osteoblasts, macrophages and human embryonic kidney cells
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(HEK-293). Moreover, the possibility of conjugating BNNSs with biomolecules are obviously
attractive since the BN-based compounds are usually considered non-toxic and thus biocompatible
[157, 158].

Tatarko et al. [159] used cylindrical and bamboo-like boron nitride nanotubes (BNNTS) to reinforce
brittle amorphous borosilicate glass matrix materials prepared by spark plasma sintering. The
mechanical properties, such as hardness, Young's modulus, fracture toughness, and scratch
resistance of the materials resulted as improved. The fracture toughness of the composites showed
an improvement 0£30% compared to the pure amorphous glass. Toughening mechanisms such as
BNNTs pull-out, crack bridging, stretching, and crack deflection were observed in the reinforced
glass matrix composites.

Similarly to graphene, BNNSs exhibit excellent mechanical properties. In one study, the in-plane
stiffness of a BN monolayer was calculated to be 247*§it60]. Li et al. [161] found out that the
bending modulus of BNNSs increase as their thickness (i.e. the number of layers) decreases. This
was attributed to the defect-induced stacking faults between nanosheets layers resulting from the
exfoliation process. So far, BN nanosheets have successfully been fabricatedattiyiedown or
bottom-up techniques which will be not reviewed here. The so-called top-down methods involve the
exfoliation of micro-sized h-BN particles into BNNSs constituted by few atomic layers by mean of
mechanical forces. Pulling forces (mechanical cleavage) or shear forces can break the weak Van der
Waals interaction between layers and leave the stron§lpamed in-plane structure intact. Ball
milling have been already used for thickness reduction of BNNSs as well as for other layered
materials for instance for graphene production [162].
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Fig. 14. Structural basics of 2D BN nanostructure [160].

The main advantage which distinguishes this process is the capability to treat tens of thousands of
particles in one run, producing a large amount of BNNSs at one time. The exfoliation mechanism is
schematized in Fig. 15a. Further studies also demonstrated that mechanically peeled 2D sheets have
fewer defects than those produced by chemical methods [163]. Unfortunately it is difficult to
chemically intercalate the partially ionic BN layers because of the weaker inter-layer exchange
repulsion and stronger inter-layer attraction [160]. However, an excessive ball milling energy might
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destroy or disorder the crystal structure and introduce a great number of defects [162]. The milling
modes (shearing or vertical impact) as well as milling energy can be adjusted by varying ball size
and rotating speed [164]. The solvent have to be chosen according to two parameters: surfa
tension and viscosity [162]. Higher viscosity is preferred because of the higher shear forces whicl
can arise. The surface tension should be as close as possible to the material which has to
exfoliated. For BN it has been found by mean of contact angle measurements and it ranges frol
50 to 60 mJ/rh[165]. For this reason organic solvents are preferred instead of water, whose surface
tension at 25°C is nearly 70 mJ/fa66].

Nevertheless, the exfoliation of BNNS in aqueous medium was also achieved by mean of higt
energy sonication (Fig. 15b) [167]. ‘&leari aqueous dispersion of BNNSs was obtained without
the use of surfactants or organic functionalization. Besides few-layered h-BNNSs, there was als:
evidence on the presence of monolayered nanosheet and nanoribbon species. Most nanosheets v
of reduced lateral sizes and this was attributed to the cutting of parent h-BN sheets induced by tt
sonication-assisted hydrolysis (evidenced by the ammonia test and spectroscopy results).

o G

H;O

sonication

Centrifugal
force Ll

+ NHa

Fig. 15. Mechanism of exfoliation by ball-milling [168]; b) Exfoliation obtained by high energy sonication
probe in water, stabilization trough hydrolysis of B-N at the edges and release gf MNH].

In a recent work, akermanite (AKM) scaffolds reinforced with BNNSs were fabricated by selective
laser sintering [169]. The influence of BNNSs on microstructure and mechanical properties was
evaluated as beneficial. The improvement of the mechanical properties were ascribed to sheet pu
out, grain wrapping and mismatch of thermal expansion coefficient. Apatite formation was
observed in SBF medium. The adhesion of MG63 cells provided a further proof of the excellent
biocompatibility of these scaffolds.
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3. Aims of the work

The main aim behind this work is the mechanical improvement of bulk BiSgtesb Bioglass-

based porous scaffolds. Such goal, which is crucial for satisfying the requirements of load-bearin
applications, should be achieved by preserving the biocompatibility and without compromising the
bioactivity of the material. A preliminary set of experiments coupled with finite element calculation
were performed in order to individuate the morphological factors which mostly affect the
mechanical response of a brittle foam undergoing uniaxial compressive and tensile load. Accordin
to these results, processing parameters (i.e. slurry’s viscosity, type of solvent, amount of bindet
number of dipping, removal of exceeding slurry, foam’s cell size etc.) were modified consequently.

Concerning the reinforcement of porous scaffolds, it has been followed the approach alread
described in several works, which involves the addition of a polymeric coating on the scaffold’s
surface in order to increase strength and the work of fracture of the structure. The novelty whict
distinguishes the present work is the use of a composite coating, comprised of polyvinyl-alcoho
(PVA) and microfibrillated cellulose (MFC), in order to obtain superior reinforcing effect in
comparison with neat-polymer coatings commonly reported in literature. To best of authors’
knowledge, MFC have never been used before for the reinforcement of Bioggas®lds. This is

a surprising fact, by considering the outstanding mechanical properties and functionalization
possibility that MFC offers. Another aspect which will be investigated is to determine in which way
the coating allows such remarkable extension of the elastic domain. More specifically, it will be
determined through computational methods, which factor among the stiffness of the coating
material and the extent of coating infiltration into surface cracks is the most effective in terms of
reduction of the stress concentration at defect sights. Although several works dealing with the
mechanical properties of polymer-coated mechanical properties were published up to know, there |
still paucity of computational results which clarify this aspect. As an experimental counterpart, the
rheological properties of the PVA and PVA/MFC aqueous solutions and their wettability towards
Bioglas§ surface will be investigated. Coated scaffolds with different ratio of PVA/MFC will be
fabricated and tested under uniaxial compressive and tensile mode. Outputs from viscosimetry an
wettability measurements will constitute a useful tool to better interpret and correlate the outputs
from FEM and the experimental results from compressive and tensile test.

The second part of this work is focused on the production of bulk BiSgessBioglas¥/BNNSs
composites samples by spark plasma sintering (SPS) technique. The author’s interest is t
experiment the advantages that such technique may offer in comparison with conventional sinterin
in oven. In particular, one of the primary aims will be to ascertain whether high heating rates
(ranging from 100 to 300°C /min), the application of mechanical pressure and controlled
atmosphere, could lead to the achievement of a finer glass/crystalline microstructure or non
equilibrium phases with peculiar properties.

Due to their remarkable mechanical properties and assessed biocompatibility in comparison witl
carbon nanotubes (CNTs), BNNSs will be considered as a reinforcement for the production of
BNNSs—reinforced BioglaSs BNNSs will be produced through a top-down approach from
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a commercial BN powder. For this purpose ball milling and high energy sonication will be used.

BNNS concentration in aqueous solution will be measured by UV-spectroscopy. BNNSs size and
quality will be than assayed by SEM and TEM. The composite will be produced by sintering in

oven and SPS.

To summarize, the main research activities covered will be:
* Production of scaffolds by using different kind of slurries;
e Coating of scaffolds by different polymers;
« Mechanical test of bulk BioglaSs
* Mechanical test of coated scaffolds (uniaxial compression, tension);
e Microstructural characterization of scaffolds and fractographic analysis by SEM;
* Production of coating film;
* Mechanical test of coating material;
* FE modelling of foam’s unit cell and coating effect;
e Production of and characterization of BNNSs by top-down approach;
* Sintering of bulk Bioglassand Bioglas&¥BNNSs by SPS.
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4. Methods

4.1. Materials

Commercially available alumina-based foams (Vuk8pomroduced by Igor Lanik — Techservis,
Boskovice, Czech Republic) were used for the test methodology development and as well as fc
analysis of performance during mechanical loading and fractographic analysis. Material
composition is: 85 vol. % AD3; 14 vol. % SiQ, 1 vol. % MgO. Specimens were produced by
foam replication technique using polyurethane foams as a sacrificial template. Typical for this kind
of ceramic foam fabrication is a highly porous structure with open type of porosity and triangular
holes within the struts. Two types of cell sizes were applied for investigations, namely 10 and 6
pores per linear inch (PPI). This corresponds to typical cell sizes of 2.2 (x1.2) mm and 0.8
(0.3 mm), respectively.

For the production of Bioglass-based scaffolds, commercially available bioactive glass powder
(45S5 Bioglas® composition: 45 wt.% Si§) 24.5 wt.% CaO, 24.5 wt.% ha%, 6 wt.% BOs,

Schott AG, Germany) having average particle size @in4(dso: (4.0 = 1.0)um dgs: <20 um) was

used. A reticulated polyurethane foam (Eurofoam, Germany) having 45 and 60 pores per linear inc
(PPI1) was used as sacrificial template for the foam replication method. The foam was supplied ir
form of 16 mm thick panels and then cut into cubes having dimension of 13x13x%1@lesigned

for compressive samples) and 5x10x20hidesigned for tensile samples).

Fully hydrolyzed PVA,d=1.269 g/cri (Sigma Aldrich Chemie GmbH, Germany),was either used
as binder for slurry and for coating preparation. Poly(vinyl butyral-co-vinyl alcohol-co-vinyl
acetate) (PVHB), having averadd, = 170.000-250.000, supplied by Sigma Aldrich Chemie
GmbH (Germany) was used as binder for ethanol-based slurry.

MFC hydrogel having 2% content of fibres was supplied by Borregard (Sarpsborg, Norway).
Hexagonal BN powders were supplied by Saint-Gobain.

4.2. Samples preparation

4.2.1. Porous scaffolds

Scaffolds were prepared by foam replication technique. PU pieces were first cut into pieces havin
desired sizes by using a hot-wire cutting machine (Proxxon, USA). A water—based Bishlass

was prepared by dissolving 1 g of PVA into 50 ml of deionized water and by adding Bioglass
powder until reaching a solid fraction of 30% wt. The slurry was stirred for at 500 rpm for 2 h at
90°C and then cooled down at room temperature. Templates were immersed in the slurry for 10
and then retrieved. The exceeding slurry was manually squeezed out and resulting green bodi
were dried in ventilated oven at 60°C for 1 h. The ethanol-based slurry was prepared by dissolvin
0.7 g of PVB in to 50 ml of ethanol and stirred at 50°C and 500 rpm for 1 h. Also in this case, the
powder was then added to the solution in order to obtain slurry having solid mass fraction of
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30 wt. % (by assuming the density of ethanol as 0.79%y/@nying of samples was accomplished
in few minutes, due to the superior volatility of ethanol. For all scaffolds, sintering was carried out
in oven by following the parameters shown in Fig. 5b.

For the preparation of coated scaffolds, and MFC gel, with 2 wt. % fibres content was used. The
process was carried out in two steps. First, 1 g of PVA was dissolved into 50 ml of water at 90°C by
vigorous stirring for 1 h. The MFC gel (corresponding to the desired amount of dry fibres) was then
added to the PVA water-solution. Following this procedure, two different batches were produced,
containing respectively 5 and 10 wt. % of MFC. The derived coating will be referred as
PVA/5%MFC and PVA/10%MFC. All the mixtures PVA/MFC were stirred for 2 h, sonicated for

30 min and stirred again for 3 h at room temperature. Scaffolds were soaked into the mixture for
5 min and then manually retrieved and dried in a ventilated oven at 50°C for 24 h. Neat PVA-coated
scaffolds were also produced for a matter of comparison. Soaking was repeated twice in order to
ensure the formation of a continuous coating film all along the struts surface.

The stand-alone coating specimens were produced by casting the remained of the PVA and
PVA/MFC batches in a custom-made Teflon mold. By following the same processing route used for
coatings preparation, pure PVA, PVA/5%MFC and PVA/10%MFC films were obtained by casting
the mixture in a custom-made Teffomould. After drying for 24 h in ventilated oven at 50 °C,

a continuous translucent film was formed and stripes having 50 mm length and 35 mm width were
manually with a razorblade cut to be tested under uniaxial tension. In the particular case of the
PVA/10%MFC film, samples were also produced from mixtures having the same composition but
stirred for different time (24 and 48 h), in order to assess whether the mixing time may influence the
homogeneous dispersion of the MFC fibres in the resulting composite films. Thickness and width of
the stripes were measured by a Mitutoyo IP56 digital micrometer (£ 0.0005 mm accuracy).

4.2.2. Bulk samples

Bulk Bioglas$ samples were sintered in two different ways: in conventional furnace and by SPS
technique. In the first case, the remainder of slurry used for fabrication of scaffolds was poured in
a rubber mold having diameter ~ 40 mm and kept drying for 7 days at room temperature. After
drying, the green body was sintered at 1050° C for 1h, using a heating rate of 2°C /min and
a cooling rate of 5°C /min, similarly to the process reported in Ref. [45] (Fig. 5b). The furnace used
was Htindustry (HTHS, s. r. 0., Czech Republic). Dense disk-shaped samples were thus obtained,
having thickness and diameter equal to 5 and 30 mm, respectively.

SPS facility HPD 25/1, (FCT Systeme, Germany) was used for the production of pure Bioglass
and Bioglas¥BNNSs bulk samplesDifferent sintering routes were tested, i.e. by extensively
varying parameters such as sintering temperatwe l{gating rate ¢ holding time (f), pressure

(P) and atmosphere (i.e. argon for pressure—assisted, vacuum for pressureless sintering), in order to
establish the optimal conditions for the achievement of a dense and homogeneous microstructure.

In the first set of sintered samples, the denomination “Pre” stands for “pressure assisted” while the
denomination “PL” stands for pressureless. The numbers refer to the sintering program used and,
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whose details are supplied in the appendix. For the second set, all samples were sintered in abser
of pressure and parameters such as holding time and sintering temperature were varied. For tho
the denomination PB (pure Biogl&$svas used.

The density of each sample was measured by Archimede’s method and was considered as a raj
indicator of the quality of samples and the efficiency of the sintering process. As the optimal
combination of parameter was located, another set of samples was produced, by finely tuning th
parameter. Bars were then cut for flexural strength and Chevron fracture toughness by usin
a diamond saw.

'Opﬂcll pyTometer

Graphite
dissipunches

—1meter Spark Plasma Sintering (SPS) system

Fig. 16. SPS facility HPD 25/1, (FCT Systeme, Germany) and its functioning scheme.
4.3. Exfoliation of BNNSs

4.3.1. Ball milling

Hexagonal boron nitrideh{BN) particles were exfoliated into BNNSs by ball milling and by high
energy sonication. Planetary mill (Pulverisette 6, Fritsch, Germany) was used for this purpose. 0.1
of h-BN was put in a custom-made Teffojar, together with milling media. Zirconia balls having
diameter of 10 mm were used (Tosoh Corp., Japan). Two different polymeric solutions were used &
milling medium. The first one was obtained by dissolving 2g of PVA in 100 mL of deionized water.
The second one was obtained by dissolving 1g PVHB in 50 ml of isopropyl-alcohol. The function
of solubilized polymer is two-fold: the first is to increase the viscosity of the system in order to
maximize the shearing forces acting on the particles and stabilize the BNNSs once they ar
exfoliated, intercalating them and preventing re-agglomeration. For each system, low (150 rpm) an
high (350 rpm) energy ball milling were used for 12 h in order to determine the best milling regime.
For each batch, half of the mixture was collected and stored for one week in order to let the heavie
particles to sediment. Then few drops of supernatant were harvested for TEM analysis. The rest w:
poured in a Petri dish and dried for 72 h at 60° C. The resulting film was carbon coated anc
observed by SEM.
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4.3.2. Sonication

Two grams of h-BN powder were added to 500 ml of deionized water, manually mixed and the
obtained suspension was sonicated for 10 h by a high energy sonicating probe (Q700, QSonica,
U.S.). The solution was surrounded by an ice bath to keep its temperature down as much heat is
created during prolonged sonication. Once finished the solution was kept resting for 24 h in order to
allow the coarser particle to deposit on the bottom. The supernatant was then withdrawn by using an
electronic pipet in order to limit the movement of the liquid and consequent remixing of deposited
particles. The suspension was then centrifuged at three increasing speeds (3000, 4000 and
5000 rpm) for 30 min each. Again, the supernatant was collected by mean of a pipette, being careful
to avoid the withdrawal of the solid part deposited during centrifugation. According to this,

a precise amount of BNNSs suspension was added to the Bfogtasder batch in order to obtain

a BNNSs wt. % equal to 0.5. A drop of suspension was deposited on copper substrate and let dry
for 24 h.

4.4. Characterization

4.4.1. Microstructure

Archimedes’ method was used to measure the density of bulk BiBgiask Bioglas¥BNNSs
composite using distilled water as buoyant. All the weight measurements have been performed
using a digital balance (Denver instruments, USA) having an accuracy of + 0.0001 g. Density of
sample was obtained employing the relation given below:

Wa

p= mpb, (16)

where w is the weight of sample in air,,vis the weight of sample in buoyant amds the density

of buoyant. Density of Biogla8svas assumed equal to 2.7 gfcitom literature values.The error

on density measurement is assumed below 1%. Field emission gun-scanning electron microscopy
FEG-SEM (Tescan Lyra 3 XMU, Czech Republic) was used to carry out the microstructural
characterization of both dense Biogfasand Bioglas&-based scaffolds. In the first case, bulk
samples were polished by ceramographic techniques, in order to obtain desired surface finishing
(~ 1 um) and then coated by carbon.

Image analysis of SEM micrographs enabled to assess the amount and morphology of pores as well
as the pore size distribution. Some of the samples were previously etched in HF solution in order to
better distinguish the crystalline domains. Concerning the scaffolds, SEM analysis macro-structural
features (cell size, struts thickness) as well as micro-features (struts defects, fractographic analysis
of broken struts) and toughening mechanism enabled by the presence of coating. For observation of
polymer-coated scaffolds, SEM Zeiss (Brno University of Technology) have been used. The
porosity of each scaffold before coating was calculated by means of geometrical weight—volume
measurements as:
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p= (1 _ Z_Z)’ (17)

wherepy, is the density of the bulk Biogldégassumed 2.7 g/ch{170]) andps is the apparent
density of the scaffold (weight/volume ratio). The porosity of coated samples was calculated by the
modified relationship:

p=(1-2-fm) (18)

wherepcm is the coating density calculated for each sample as:

We — W;
Pem = fV l' (19)

wherew; andw; are respectively the weight of the scaffold before and after coatiny andhe
scaffold's volume and was calculated by measuring the size of the spegignenthe theoretical
coating density calculated by the mixture rule as:

Pct = XmrcPmrcXpvaPpva (20)

whereXyrc and Xpya are respectively the mass fractions of MFC and PVAm&ird andppya are

their densitiespurc is assumed equal to 1.14 gfcfh71]. A quantitative assessment of pores size
and struts thickness distribution was carried out by image analysis (ImageJ software) on low
magnification pictures obtained by optical microscopy (Stereomicroscope Olympus Z61). The cells
and struts of interest were manually selected and their mean diameter and thickness were measur
An accurate measurement of the shrinkage occurring during sintering was performed by micro-
computed tomography (uUCT) at Arizona State University (ASU). The as-reconstructed data se
obtained from the coated PU templated was defined as PRE while POST was the one obtained fro
the sintered body. POST was filtered with a non-local means filter in Avizo Fire filter after
reconstructionfFurther parameters set for the scans are listed in Appendix I.

XRD analysis was performed by X-Pert X-ray diffractometer with €ukdiation source, Ni filter,
operated at 40 kV and 20 mA. &20 configuration was used to collect data in the interval of
10° < dD< 65° steps of 0.01°. The crystallite size of the detected phases, was estimated vi
Scherrer’s equation [172] on the peaks of highest intensity:

kA
¢cos@’

wherep is the full width at half maximum of the peak corrected of the instrumental broadersng,
the crystallite size in meterk,is the wavelength of the CuoKine (1.5406 x 18°m) and k is the
Scherrer constant, equal to 0.89. TEM (JEOL HRTEM) and FEG-SEM (Tescan Lyra 3 XMU,
Czech Republic) were used for the characterization of BNNSs.
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The concentration of suspended BNNSs was then measured using UV-Visible spectroscopy (Perkin
Elmer-Lambda 950) by recording the absorbance at 300 nm and calculating the concentration using
Beer—Lambert's law [173]:

A/l = oC, (22)

where A is the absorbance, | is the path lengtlis the extinction coefficient with a value of
2367 ml/mg/m [174] and C is the concentration of the suspension.

Elemental composition analysis using energy dispersive X-ray spectroscopy (EDS) was performed
by EBSD detector (Oxford Instruments) equipped with Aztec™ control system.

4.4.2. Thermal characterization

Differential thermal analysis was carried out by NETZSCH5, (temperature range: 25 — 1200°C;
heating rate 5°C -mi). Pure alumina powder (Sigma Aldrich) was used as a reference material
and for the baseline determination. The characteristic temperatures of glasses were determined
directly from DTA plots. The crystallization was studied by DTA using a non-isothermal method.
The temperatures corresponding to the characteristic viscosity points (first shrinkage, maximum
shrinkage, softening, half ball and flow) were obtained from the photomicrographs taken during the
hot-stage microscopy experiment. For this purpose, a Leitz—Wetzlar heating stage optical
microscope was used. Sintering was performed in air at a heating rate of 20°C /min. The samples
were prepared by manually pressing the powders in a small cylindrical mold (base diameter
~ 1 mm, height ~ 3 mm). Sample shrinkage was assumed as isotropic and was estimated by Eq. 4.
The characteristic temperatures of glasses such as, first glass transition tempgiatanset
crystallization temperature ;T peak crystallization temperature. &8nd second glass transition
temperature §, were assessed directly from the DTA plots.

4.4.3. Mechanical characterization
4.4.3.1. Bulk specimens

Bulk Bioglas§ specimens were cut into bars having cross-sections nominally 2.5 x 1.6 mm. Bars
were polished by ceramographic technique with diamond paste up to 1 pm size and edges were
champhered according to Ref. [175]. The span length used was 16 mm. All the tests were carried
out at room temperature and the speed of the moving support was 0.5 mm/min. The peak force (P)
was used to calculate the bending strengtirbm Ref. [175]

3PL

= Sawt’ 23)

Where d and w are the depth and width of the beam, respectively.

The Vickers hardness (HV) was determined by Vickers indentations on polished surfaces of the
specimen microtester Zwick/Roell ZHU/Z2.5 (Germany). For statistical reasons, 13 indents were
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applied on each sample. Speed point of contact, load application and load removal were se
respectively set as: 0.05 mm/min, 0.125 N/s and 0.01 mm/min. The impressions were measured |
SEM. The Vickers hardness value was calculated by the following equation [176]:

P (24)
HV = 1.85445,
where P is the applied load and d the diagonal length of the Vickers indentation mark (mm). The
Martens hardness (HM) was determined as well from the indentation test, being defined as follows:

P P

HM = = )
Ag(h) ~ 26.43R%,

(25)

where A(h) is factor for indenter (26.43 for Vickers) ang is the maximum depth after waiting
time. The indentation fracture toughness (IF) was determined as well by the measurement of th
crack lengths created by the Vickers indentations by using the equation proposed by Anstis [177].

1

Exz P 26
K,C=O.016-<E> =7 (26)

where Eis the Young’'s modulus of materials, i8l the Vickers hardness of materialsjsPthe
indentation load and is the indentation cracks length. At least 10 indents were measured for each
material composition in randomly well separated areas. Radial crack lengths were measure
analysing SEM images taken in backscattered electron mode.

Chevron-notched beam were cut using a diamond wheel having thickness 0.17 mm. The specimel
were loaded in three-point bending (span of 8 mm) at a constant cross-head speed of 0.1 mm/min
room temperature. The cross sections sizes 2.5 x 1.6 mm. Load-deflection traces were recorded a
the fracture toughness was calculated from the maximum logg) (&nd the corresponding
minimum value of geometrical compliance function (¥ using the equation [178]:

Fmax *
KIC = bd1/2 Ymin ) (27)

where b and d are the width and thickness of the beam, respectively. The notch angle, and notc
depth (@) were measured from optical micrographs of fracture surfaces by ImageJ.

The Young's modulus (E) was measured by impulse-resonance technique on rectangular sampl
using a commercial testing instrument (GrindoSonic: MK5 “Industria I”, Belgium). Young modulus
is related to the experimentally determined resonant frequency according to the following equatior
[179]:
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B mf{ (L)3
E—0.9465< b) 7)) T,

(28)

where m is the mass of the bar, b is the width of the bar, L is the length of the bar, t is the thickness
of the bar, fis the fundamental frequency of the bar in flexure.isT a correction factor for
fundamental flexural mode to account for finite thickness of the bar, Poisson’s ratio and other
constants and it is calculated as:

T, = [1 + 6.585 (%)] (29)

Poisson’s ration is defined as the absolute value of the ratio of transverse strain resulting from
uniformly distributed axial stress below the proportional limit of the material. The mechanical
performance of the Biogla8sscaffolds with and without coating was evaluated by uniaxial
compressive and tensile tests.

The reliability (i.e. the probability of failure) of brittle materials was quantified by a three
parameters Weibull function. Weibull distribution is given as a cumulative distribution by Eqg. 30
[180]:

o — at]m

Ps(0) =1—exp [— =
0

: (30)

where R(o) is the probability of failure at a stressop is a scaling constang; is the threshold
stress below which no failure occurs in the material, and m is the Weibull modulus. The Weibull
modulus, m, determines the reliability of the materials, with larger values corresponding to more
reliable materials. To evaluate the median rank estimator, also known as Bernard estimator can
be used [181]:

i—0.3
h=N7oa’ (31
being N is the total number of specimens tested and n is the specimen rank in ascending order of
failure stress. To get an unbiased estimate of the failure probability, the recommended number of
specimens is between 20 and 30. The Weibull distribution was derived using the principle of the
weakest chain link and its major advantage consists in the possibility to express its distribution
function analytically.

4.4.3.2. Uncoated and coated Biogldsbases scaffolds

Compressive tests were carried out by using an Instron8862 (ffistioS.) uniaxial machine with
electromechanical actuator and integrated with Blu&Hififtware. The cross-head speed was set as
0.5 mm/min and 100 kN load cell was used.
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Concerning tensile tests, Z050 uniaxial screw-driven load machine (Zwick GmbH, Germany) with
1kN load cell was used applying a cross-head speed of 0.1 mm/min. Compressive and tensil
strength values were determined by dividing the maximum force in the loading diagram by the
cross-sectional area of the specimen measured after the test. In order to ensure homogenec
transfer of load forces from tensile apparatus to specimens, the latter were fixed on two tuske:
aluminum pots by adhesive mean. The aluminum pots were subsequently clamped by respecti
holders. The upper holder was supplied with cardan shaft and claw which was mounted by pivo
and lower claw was connected by a bulb to the shaft. In this way, difficulties connected with
alignment of specimen and loading axis were overcome. The adhesive medium used for fixation G
specimen in the pot was Duracryl Flu$pofa Dental, Czech Republic), an epoxy resin composed
by powder medium and liquid activator. This particular grade of resin exhibited controllable
viscosity of fixative liquid and thereby controllable wettability of specimens with different cell size.
A further advantage is the hardening time which does not exceed 20 minutes. This method wa
already successfully used Rghaek et al. [182].

The energy per unit volume,HJ-mnm?®) absorbed by the scaffold until the first fracture event was
defined as the energy necessary to deform a specimen from the unloaded condition to the failul
straing;, and was calculated as the area under the stress-strain curve [iB8):

E, = J-sfa(e)de, (32)

The elastic modulus of scaffolds was determinedespmance method and by measuring the slope
of the elastic region in the compressive stress—strain curves. For each kind, five curves wer
considered and average slope was calculated. The latter is an approach commonly used a
accepted in the literature [180] although leading to underestimation of the elastic modulus [186]
On the other hand, the resonance technique could have been applied only for the polymer—coat:
specimens. The impact of the small hammer would in fact cause damage in the uncoated specime
due to their high brittleness.

For the tensile test of coating stripes, a micro-testing machine MTS Tytron250 (USA) with 200 N
load cell was used. Pneumatic grips having rubber surface were used in order to ensure tf
necessary clamping strength during deformation of samples without damaging their surface. Fo
each kind, five samples were tested and average values of tensile strength and elastic modulus we
calculated. The strain was defined by the clamp displacement relatively to the initial distance, an
the Young modulus was obtained as the slope in the initial linear part of the stress-strain curve
Tensile strength values were determined dividing the maximum load recorded by the cross-section:
area of the specimen measured before the test.
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4.5. FEM modelling

4.5.1. The influence of cavity derived from replica process

As previously stated, ceramic foams obtained by replica process, closely mimic the structure of the
polymeric template which they are derived from. The latter is in turn obtained by foaming of

a liquid phase involving nucleation and expansion of bubbles. Starting from this assumption, it has
been decided to model the structure of the ceramic foam as it was derived from a foaming process,
following the approach already used by Sihn et al. [187]. According with the minimum surface
energy principle, during foaming process surface energy of nucleation and expansion of bubbles are
minimal when the centers of bubbles coincide with the four vertices of a tetrahedron. Therefore, the
unit cell consists of four struts connected to a common node and oriented approximately 109° to
one another in three-dimensional space.

For the model hereby described, the vertices of the tetrahedron are defined by first considering a
cube. For defining the unit cell, the dimension of the cube is take2Zaa®ax?2a in x-, y- and

z- directions and the origin of the Cartesian axes (point 0, 0, 0) is located at the center of the cube
(Fig. 17). The vertices of the tetrahedron confined in the cube are the four corner points of the cube
that ardocated diagonally to each other on the faces ottite (i.e., points 2, 4, 5, 7 represented in

Fig. 17. Connecting the four corner points then generates a tetrahedron, whose volume is
Viera = 88/3. This tetrahedron can be further divided into four equal tetrahedral sub-domains
containing the origin of the tetrahedron. The vertices of the each sub-tetrahedron are shown in
Fig. 17 as 0-2-7-4, 0-7-5-4, 0-4-5-2 and 0-2-7-5, respectively. One of these sub-domains can be
arbitrarily chosen and four equal spheres growing from its four vertices (the four corner points) can
be generated. The spheres represent bubbles that are produced during the foaming process.

The radii of the spheres (R) will determine the porosity of the unit cell of the foam. By subtracting
the volume of the bubbles (spheres) from that of the sub-tetrahedron the unit cell of the foam can be
created, as shown in Fig. 18. The porosity ¢f the foam can be calculated by = 1m\= Viera

where \nit iIs the volume of the unit cell. As the bubble grows, the unit cell results in different
shapes. Basically, three steps of foaming expansion can be observed: the nucleation of bubbles and
their initial growth, corresponding to a radius length ranging from 0 td’{2a% the bubbles come
into contact with each other the radius length reaches the valtié. (2a)
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(~a.~a.~d) (&,=1,=7)

Fig. 17. Points and lines in a cube define the tetrahedron for generating a unit cell of open cell foam
[187].

This corresponds to a foam having 78% of porosity. For further expansion, the bubbles coalesc
with each other originating foams having high degree of interconnected porosity (>78%). The lattel
closely resemble the structure exhibited by open cell ceramic foams which are object of this study
The original tetrahedron and unit cells having different degree of porosity are shown in Fig. 19.

Fig. 18. Tetrahedron and spheres used to generate a unit cell of the foam.

Ve -
a) b) c) d)

Fig. 19a) Tetrahedron from which unit cell generate. b) Unit cell with=p10% (0 < R </2a); c) Unit cell

with ¢ = 78% (R =+/2a); d) Unit cell with p = 90% (/2a <R < az—\f ).
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As a final step, the cavity inside can be produced by creating a smaller unit cell and by subtracting it
from the original one. The original structure will be named@sdnhd the one to be subtracted as

"S' .The operation is shown in Fig. 20. The process is repeated by using three S-units having
increasing size and three hollows cell units having increasing size of cavity are thus produced. It is
opportune to point out th40" and"S" unit cells were created starting from a cube having same
sizes. The sizes of the resulting unit cell exclusively depend on the radius of bubbles. In Tab. 6 the
four unit cells here analysed are renamed and the sizes of the cube and spheres radii which has been

used for creating bot®-unit (R) andS-units (R') are summarized.

Unit cell Cube edge 2a (mm) R (mm) R'(mm)
@) 10 7,9 0
O-Ss1 10 7,9 8,15
0-S2 10 7,9 8,1
O-S3 10 7,9 8,0

Tab. 6. Renamed unit cells and sizes of generating parts are summarized.

444

Fig. 20. Hollow structure is created by subtracting from the original unit cell one having smaller size.

Fig. 21. Resulting mesh of a unit cell. On the right, detail at higher magnification.
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For all the analysed cases, meshing is accomplished by using free meshing technique. Tetrahed
elements C3DR having one integration point and seeds spacing of 0.04 mm are used (Fig. 21). F
all the symmetrical unit cells generated, the same following boundaries conditions are applied (Fig
22). Three of the four struts are constrained so that all the displacement and rotations at the fac
are suppressed (orange arrows). The remaining one undergoes uniaxial tensile stress equal to 2 V
(pink arrows).

Fig. 22. Constraints and load applied to the designed unit cell.

4.5.2. Three-dimensional irregular strut

Perfectly symmetric struts cannot be observed in real foam structures. In order to determine th
influence of cross-sectional irregularities, a strut having asymmetrical cross section and irregula
shape has been created by sweeping technique. In particular, different parts constituting the stru
were generated and assembled. Finally, random cuts were made on opposite sides of the pe
The resulting strut shape with applied constraints and load are shown in Fig. 23a, b, respectively.

b)

Fig. 23. Model of an irregular foam strut and boundary conditions used.

57



For the sake of simplicity and for the specificity of this study, the material constituting the foam
struts has been assumed as isotropic and homogeneous and the presence of micro-defects within the
struts was neglected. Struts are thus considered perfectly dense and having perfectly straight
longitudinal axis. In Tab. 7 are shown values for Young modulus and Poisson ratio which has been
used as inputs for the model [75] as well as the material behaviour and section type.

. . . Young modulus  Poisson ratio
Material Section type Mech. behaviour
P (GPa) ()
. lid, ) )
Bioglass Solid Isotropic, elastic 38 0.26
homogeneous

Tab. 7. Parameters used for FEM of node and irregular strut.

Concerning the single strut (right) a similar configuration is set, being one face constrained and the
other one undergoing the same tensile stress. All the models here described were run in small
deformation regime.

4.5.3. Two-dimensional cracked strut

Two different studies, evaluating the extent of coating infiltration and coating stiffness amK

o22 Were performed. The model of a simplified two-dimensional cracked strut having rectangular
shape and loaded in plane stress conditions has been cidatestrut width (W =1 mm), strut
height (h =2 mm), crack length (a=0.5mm) and crack tip ragiuzs0(003 mm) were used.

The width of the ligaments was defined as b = W-a. For all models, the displacement was driven in
small deformation and elastic regime. The modelled strut part was loaded by displacement, being
constrained at the lower side and undergoing a displacetyent+0.00017 mm along Y direction

on the top side. For studying the influence of coating infiltration parific,y, five models were
created: a non-coated strut; a strut with coating just on the surface, and struts with coating infiltrated
until 1/3 the length of the crack, 2/3 the length of the crack and until the crack tip. For simplicity,
the models were named as 1, 2, 3, 4 and 5 and they are represented in Fig. 24a. The stress intensity
factor K, was determined via Contour integral with the option no degeneracy of elements at the
crack tip (crack tip elements were all hexagonal shape, Fig. 24b) and using the criterion of
maximum tangential stress. The Young modulys,{Eand the Poisson’s ratio of PVAg) were

set as 4.1 GPa [188] and 0.46 [189], respectively.

Then, the influence of gga on K, was also evaluated. For this purpose, a strut having same
configuration as model 5 (PVA which penetrate until the crack tip) was considered and four
simulations with increasing values of\J (3, 5, 6 and 7 GPa) were run. These models were named
as 6, 7, 8 and 9 respectively. Such values @y Bvere chosen according to author’s previous
investigation [190], and they were meant to be representative of PVA and PVA/MFC composite
films having increasing stiffness.

In order to experimentally validate the computed results, the parameters which determine the
infiltration of a polymeric solution on a specific glass surface (i.e. wettability and viscosity) were
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measured and correlated to the results obtained from mechanical testing of the correspondir
polymer-scaffold system.

Fig. 24a) Definition of the FEM model used; b) and detail of the mesh at the crack tip.

The element type CPS4R, featuring a 4-node bilinear plane stress quadrilateral with reduce
integration and hourglass control was chosen. The number of elements and nodes for each moc
ranged from 5020 to 5817 and from 5185 to 5999, respectively. The coating was assumed to k
perfectly adhering on the strut and no debonding was considered. For each model, the aggnputed
values near the crack tip were compared to the stress singularity function (Eq. 8). The resulting
mesh in the proximity of the crack tip is shown in Fig. 23b. The whole computational work, from
the definition of the parts to the outputs calculation has been accomplished by using the softwar
Abaqus, v. 6-10.
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5. Results

5.1. Scaffold structure

The structures of scaffolds obtained by ethanol-thabgrry and water-based slurry are shown in

Fig. 25a, b, respectively. In both case, the porosity of template (45 PPI), the number of dipping, and
the slurry solid fraction were the same. The distribution of cell sizes and struts diameters was
optimally described by a normal function. Mean cells size and struts thickness measured by image
analysis of low magnification SEM micrographs resulted respectively as 500 um and 50 pm.
(Fig. 264, b).

The increase of weight after coating was slightly higher for PVA-coated samples and decreased for
PVA/MFC coated samples. In Tab. 8 are reported the average porosity values calculated for all the
samples by Eq. 17 and 18. It is possible to observe that the decrease of porosity after the coating
procedure is almost negligible. This indicates a homogenous distribution of coating along the struts
surface.

~
Far el { - -_?. -, - - -

Fig. 25a) Comparison between scaffold microstructures obtained from an ethanol-based; b) and a water-
based slurry having the same solid mass fraction.

b} [T

»
[~

Relative frequency [-]
- .
»

Relative frequency [-]
B

/-f"'

Fig. 26a) Pores size distribution and b) strut diameter distribution resulting from image analysis of tested
specimens are shown.
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No coating PVA-coating PVA/5%MFC PVA/10%MFC
(%) (%) (%) (%)

92.51 +0.50 90.22 £ 0.56 90.38 £1.49 91.39 +1.59

Tab. 8. Average porosity values for non-coated and coated scaffolds.

In Fig. 27 are shown three dimensional images reconstructed by pu-CT corresponding to PRE (e
and POST (b), respectively. The volumetric shrinkage occurring after sintering has been compute
from the slices and resulted as nearly isotropic and equal to 26.6%.

Fig. 27a) u-CT scan of PU template coated by slurry (PRE); b) and the sintered scaffold (POST).

5.2. Microstructure and mechanical properties of Bulk Biodlass

5.2.1. Sintering in conventional furnace

The morphology of a bulk Biogla8samples sintered in conventional furnace can be observed in
SEM micrographs shown in Fig. 28a. At least five different micrographs, taken in different regions
were analysed by ImageJ and pores contour were analysed (Fig. 28b). The pore size distribution
accurately fitted by a lognormal function shown in Fig. 28c (Location Parameter = 2.55, Scale
Parameter = 0.44, Goodness of fit = -0.87). The density measured by Archimedes’ method wa
2.53 + 1.53 g/crf) which corresponds to 95.53 % of Biogfaskeoretical density. Density values
measured by image analysis of SEM micrographs resulted equal to 94.35 %, being in goo«
agreement with those obtained from Archimedes’ method.
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Fig. 28a) Pore analysis of pores of a SEM image by ImageJ; b) resulting pore size distribution.

The bending strength values of bulk Bioglass bars were ranging from 90.92 to 121.48 MPa. The
distribution of strength values is shown in Fig. 29 and as it is visible, it is accurately fit by a three-
parameter Weibull function (shape = 2,1088, scale=18.18, threshold=87,73 MPa).
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Fig. 29. Three-parameters Weibull distribution of bulk Bioglds#exural strength.

The elastic modulus of bulk Biogldsmeasured by resonance methods was equal to 89 GPa, which
is consistent with Young’s modulus of partially crystallized Bioglass reported by Peitl et al. [191].

Indentation fracture toughness and Vickers hardness were found equal to 0.27 + 0.02%éRd- m
5.22 £+ 0.25 GPa.

Fig. 30 shows the XRD diffraction pattern obtained. The main crystallization phase detected was
combeite high (N#aSpOs, PDF-2: Ref. code 98-002-1475). The secondary phase detected is
rhenanite (NaCaPQPDF-2: Ref. code 01-076-1456).

Crystalline size of combeite was calculated by Scherrer equation resulted as 72.5 nm while
rhenanite crystals were 57.83 nm.
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Fig. 30. XRD pattern of Bioglasspowder compact sintered at 1050°C for 1h.

5.2.2. Sintering of Bioglassby SPS

For the first set of sample the processing parameters are summarized in Tab. 9. Density and Vicke
hardness measurements revealed how the sintering performed in absence of pressure at 1050°C
to samples with superior density (close to the theoretical) and Vickers hardness in comparison wit
those pressure-assisted. For samples Prel-2 density and indenjatiatuss were slightly higher

than the values measured for Biogfasitered in furnace. On the contrary, sample Pre9 which was
sintered at 550°C , exhibited remarkably lower density apd K

Sample ID T t. P H. r.. drel HV 0.2 Kic y
(°C) (min) (MPa) (C/min) (%) ) (MPa m*/?)
Prel 600 5 60 100 97.41 406.29 £ 18.18 0.47
Pre2 600 5 70 100 97.78 471.29 £ 20.75 0.49
Pre9 550 5 70 100 96.67 361.34 £21.42 0.25
PL6 1050 30 0 100 100.00 548.84 + 38.51 -
PL8 1050 60 0 100 99.26 553.43 £ 32.95 -

Tab. 9. First set of SPS samples with related processing parameters animeasured values.

The indentation depths of PL6 and PL8 resulted 11% lower than Prel-2-9. For these samples tt
measurement of indentation,Kwas not possible because in most cases no cracks could be
observed in most of the indents. The total deformation enegyyedtilted lower for PL6 and PL8
samples, which exhibited as well higher indentation elastic modulgs (@ues. Characteristic
force vs. indentation depth curves obtained for a Prel and PL6 samples are shown in Fig. 31a. F
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those, elastic and plastic work of deformations calculated for each indent, are summarized in
Fig. 31b.
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Fig. 31la) Force-displacement curves for Prel and PL6 samples. b) Elastic and plastic work of
deformation measured for each set of samples.

In Tab. 10, average valueg ke, E; and Er values for Pre2 and PL8 are summarized.

hm Ee Ea Et ﬁ E|T
Sample ID @m)  (Nmm)  (Nmm)  (Nmm) () (GPa)
Pre2 4.85+0.06 0.0011 0.0023 0.0034 0.33 81.60 £ 2.39
PL8 4.32+0.09 0.0011 0.0018 0.0030 0.37 97.41+ 3.57

Tab. 10. Indentation depths, elastic, plastic works of deformation and indentation elastic modulus for
preliminary samples for samples Pre2 and PLS8.
XRD analysis of Prel-2-9 samples revealed the crystallization g2d80s, in agreement with

Grasso et al. (Fig. 32).
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Fig. 32. XRD plot of a Pre2 sample.
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The elastic modulus measured of Prel-2-9 samples was measured by resonance method &
resulted as ranging from 82 to 84 GPa, being consistent with the indentation elastic mgdulus E

In Tab. 11 are summarized the Young's modulus for Bio§lasstered in oven, Pre2 and PL8
measured by resonance technique.

Sintering conditions Oven Pre2 PL8

Young's modulus (GPa) 89 82 109

Tab. 11. Young’'s modulus values measured by Grindosonic.

Based on these results, the second set of samples was sintered without the assistance of mechan
pressure. Three samples were produced by using heating rate, holding time and peak temperatt
equal to 100°C /min, 30 min and 1050°C , respectively (distinguished purple row, Tab. 12). Two
samples were then produced by using a considerably higher heating rate of 300°C /min (red row i
Tab. 12). The repetition of sintering with the same processing conditions was made in order fc
verify the reproducibility of the process. Sintering at 1000°C (yellow row in Tab) resulted in
samples exhibiting lower density and loweg Kindicating that such holding temperature is not
sufficient for the achievement of a dense microstructure. For this reason this conditions have nc
been further investigated. For, one sample, the holding time was set as 60 min. As it is visible ir
Tab. 12, all the samples sintered at 1050° C exhibited&ues ranging from 1.0 to 1.4 MPa*f

three to four times higher thand<values measured for Biogl&ssintered in oven. Those samples
whose densities were close to the theoretical were thus considered for XRD analysis. XRC
diffraction patterns obtained for PBO1 PB02, PB08 and Bioglsisgered by conventional method

are shown in Fig. 33.

Sample ID Hr | Ts t‘ P d drel Kic (Cheyron)
(°C/min)  (°C) (min)  (MPa) (g/cnT) (%) (MPa-m*?
PBO1 100 1050 30 vacuum 2.7 100.00 1.05+0.05
PB02 300 1050 30 vacuum 2.68 99.25 1.23+0.21
PBO6 100 1050 30 vacuum 2.68 99.25 1.01 +£0.17
PBO7 100 1050 30 vacuum 2.70 100.00 14+0.11
PBO08 100 1050 60 vacuum 2.67 99.01 1.5+0.10

Tab. 12. Second set of SPS samples with related processing parameters,analuis.
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Fig. 33. XRD diffraction patterns of BioglaSssintered in furnace (green), at 1050°C /30min/100°C -hin
(purple),1050°C /60min/100°C -mih(blue) and 1050°C /30min/300°C -mtr(red).

The detected crystalline phases with related weight percentage and crystalline size are summarized
in Tab. 13.

Sample Na,CaSitOg Crystall. size NaCa(PQ) Crystall. size
(% wt.) (R) (% wt.) (R)
Conventional sintering 89.9 725.7 10.1 578.3
600°C /30min/100°C min 100 263.4 - -
1050°C /30min/100°C mih 98.4 458.5 1.6 356.2
1050°C /60min/100°C mih 97.7 544.6 2.3 525.2
1050°C /30min/300°C mih 99.6 554.7 0.4 164.8

Tab. 13. Summary of crystalline phases detected in preliminary samples with related weight fractions.
5.3. Bioglas$ scaffolds coated with PVA/MFC composite coating

5.3.1. Foams produced from 60 PPI template

Initial tensile test were carried out on 60 PPl foams for comparison with data from Ref. [182].

A characteristic tensile load curve for uncoated specimens is shown in Fig. 34a. The coated samples
exhibit a remarkably different mechanical behaviour in comparison to non-coated ones. In Fig. 34b,
three tensile load curves respectively representing non-coated (red curve), PDLLA-coated (dashed
curve, Ref. [182]), and PVA/MFC-coated Biogl&ssaffolds (black curve) are shown. Non-coated
samples turn out to be extremely brittle and weak. For coated samples, pop-in peaks are not
observed during the first stage of load increase. First fracture events take place only at a remarkably
higher load in comparison with non-coated samples and they are followed by a less drastic drop of
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load. After this point, a plateau stage can be observed, corresponding to toughening mechanisr
enabled by deformation of the polymer coating.
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Fig. 34a) Stress vs. strain curves from tensile strength test for uncoated samples b) comparison with
PDLLA-coated and PVA/MFC-coated samples (b).

The average tensile strength value for uncoated scaffolds is 0.011 £ 0.004 MPa. Samples coated
PVA/MFC coating exhibit more than 10 fold increase of tensile strength compared to non-coatec
samples, reaching an average tensile strength of 0.10 £ 0.02 MPa (from 4 samples measure
Moreover, about 40% increase of tensile strength compared to PDLLA-coated samples is achieve

(the average tensile strength of PDLLA-coated samples is 0.07 £ 0.02 MPa [182]). Tensile strengtl
values are summarized in Fig. 35.
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Fig. 35. Tensile strength comparison between uncoated, PDLLA-coated [182] and PVA/MFC-coated
Bioglas$’ foam (60 PPI template).
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Fig. 36 shows a fractured strut coated by PVA/MFC. The coating appears to be homogeneously
distributed along the strut surface, forming a continuous thin film (thickness can be estimated in the
order of few microns) without reducing the porosity degree of the whole structure).

20um

o - %
| 5 ke |

Fig. 36. Fracture morphology of broken struts of PVA/MFC-coated samples of a 60 PPI foam.

5.3.2. Foams produced from 45 PPI template

5.3.2.1. Compressive tests

A more comprehensive set of experiments was conducted on 45 PPl foam. Four characteristic
compressive stress-strain curves for non-coated, PVA-coated, PVA/5%MFC-coated and
PVA/10%MFC-coated scaffolds, respectively, are shown in Fig. 37a. First fracture events (most
probably struts fracture) are recorded as the applied stress reaches approximately 0.05 MPa. Beyond
this point, the deformation proceeds without further increase of load and progressive crushing of all
the struts occurs up to the densification stage. The compressive strength for uncoated scaffolds was
0.053 £ 0.010 MPa whereas PVA-coated samples reach an average value of 0.26 + 0.04 MPa. The
addition of 5 wt. % of MFC fibres to the coating lead to a further increase of the compressive
strength up to 0.69 + 0.10 MPa. As the concentration of MFC fibres was doubled to 10 wt.%, the
compressive strength of scaffolds decreased to 0.37 £ 0.07 MPa. Results are summarized in
Fig. 37b. Therefore, further addition of fibres above 5 wt. % seems to have a detrimental effect on
the strengthening action of the coating. This behaviour could be ascribed to a less homogenous
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distribution of the MFC fibres, as their concentration increase. Also the filling of internal and
surface struts defects could be worse for 10 wt. % MFC fibrils in PVA matrix comparing to 5 wt. %
concentration because the viscosity increase due to the presence of fibres.
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Fig. 37a) Characteristic stress-strain curves from compressive test for non-coated, PVA-coated,
PVA/5%MFC-coated and PVA/10%MFC coated scaffolds; b) Average compressive strength values of
each set of samples with related scatters are summarized.

5.3.2.2. Tensile tests

Characteristic tensile stress—strain curves for non-coated, PVA-coated, PVA/5%MFC-coated an
PVA/10%MFC-coated scaffolds are shown in Fig. 38a. In the case of non-coated samples, th
increase of load causes fracture of the first suitably oriented struts. However at this stage the loa
might be further increased until critical damage accumulation, i.e. when the critical loss of the
bearing resistance of the struts is reached. This stage corresponds to simultaneous fracture

several struts/cells and sudden unstable drop of load. At this point, some few undamaged struts st
exist and the load can be again increased until the onset of generalized fracture of the remainir
cross-section occurs. Unlike uncoated scaffolds, the coated ones do not exhibit any pop-in peaks

the initial stage of load increase and the first fracture events take place only at remarkably highe
load in comparison with the non-coated samples.

For each set, seven samples were tested and average values with related scatters are reporte
Fig. 38b. The average tensile strength value for uncoated scaffolds has been found to b
0.014 £ 0.0031 MPa. Samples coated by PVA exhibited more than 10 fold increase of tensile
strength compared to non-coated samples, reaching an average value of 0.196 + 0.009 MP
The addition of 5wt. % of MFC fibres into the coating led to a further increase up to
0.271 £ 0.012 MPa. However, the highest values were recorded for PVA/10%MFC-coated samples
whose average tensile strength reached 0.335 = 0.066 MPa. On the other hand, these samp
exhibited larger scatter of results.
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Fig. 38a) Characteristic stress—strain curves from tensile test for non-coated, PVA-coated, PVA/5%MFC-
coated and PVA/10%MFC coated scaffolds, b) average tensile strength values of each set of samples with
related scatters are summarized.

SEM images indicate that fibres are effective as load-bearing elements (Fig. 39). It is worth to point
out that all the micrographs refer to specimens which have been deformed beyond their highest
stress peak, in order to observe toughening mechanisms occurring in the plateau region.
The evaluation of coating adhesion strength will be required to determine how the debonding of the
coating might contribute to the overall toughening.

The occurrence of the crack bridging mechanism is evident in Fig. 39b—e and f, involving both the
MFC and PVA. The fibrils spatial distribution along the crack front appears as optimal for the
reinforcement purpose either considering the energy dissipation, arising from the fracture of single
fibrils and the crack opening limitation effect. There is a larger pack of MFC fibrils in the PVA
matrix bridging the crack in the strut shown in Fig. 39e, which can be taken as an evidence of non-
homogeneously distributed MFC fibrils in the coating. Despite that, fibrils can still supply effective
reinforcing effect mainly in the final stage of specimen elongation. Fig. 39f shows a crack bridging
carried out by MFC fibrils only, without extensive assistance of the PVA matrix.
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Fig. 39a) Fracture morphology of broken struts of coated samples: PVA/5%MFC coated strut; b) detail of
the PVA/MFC bridging in a PVA/5%MFC-coated specimen; c) struts fracture of a PVA/10%MFC-coated
specimen; d) detail of the coating at higher magnification; e) bridging by the PVA/MFC pack in
PVA/5%MFC-coated specimen and f) bridging by MFC fibrils only PVA/10%MFC-coated specimen.

Similarly to scaffolds derived from 60 PPl templates, the coatings appeared as homogeneousl
distributed along the strut surface, forming a continuous thin film without reducing the porosity
degree of the whole structure. This would indicate that the PVA/MFC mixture has suitable viscosity
and wettability for coating this type of Biogl&sderived scaffolds. MFC fibres form an intricate
network, intimately bonded to the strut surface by the PVA. The PVA component seems to provide
sufficient adhesion to the strut surface which is necessary to ensure load transfer from the struts
the MFC fibres. This effect should be responsible for the further increase of the mechanical strengt
recorded of PVA/MFC-coated scaffolds. It is also worth noticing how the polymeric solution was
able to infiltrate into the strut inner cavity, probably through a number of pre-existing cracks.
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5.3.3. Elastic modulus of foams

In Tab. 6, the values of elastic modulus measured by different techniques for uncoated,
PVA—coated, PVA/5%MFC and PVA/10%MFC scaffolds are reported for the sake of comparison.
For uncoated samples, the elastic modulus was estimated by using GA model (Eq. 10) and by
calculating the slope of the elastic part of stress-strain curves. However, in the latter case, the values
appear to be highly scattered (1 order of magnitude) and cannot be considered as reliable. On the
other hand, coated specimens exhibited comparable values from both techniques. As expected,
those calculated from the slope resulted as slightly lower, in agreement with the fact that the slope—
approach generally underestimates the real stiffness [180]. For the prediction of elastic modulus by
GA model, E has been set equal to 89 GPa (section 5.2.1). Nevertheless it is possible to see that the
presence of coating does not influence the stiffness of the structure, in agreement with Peroglio
et al. [99].

Method No coating PVA PVA/5%MFC PVA/10%MFC
Slope of linear part 0.03-041 0.24 0.23 0.26
Resonance - 0.25 0.30 0.29
GA model (Eq.10) 0.21 - - -

Tab. 14. Elastic modulus values (GPa) of uncoated and coated scaffolds, measured by different methods.

5.3.4. Mechanical properties of PVA/MFC composite films

The results obtained from tensile tests on PVA/MFC stripes provide a better understanding of the
mechanical behaviour of coated scaffolds. The tensile strength and modulus of pure PVA stripes
resulted as 66.26 + 5.91 MPa and 4.15 + 0.33 GPa, respectively. The addition of 5% wt. and
10% wt. of MFC fibres cause depletion of elastic modulus and strength as the precursor mixtures
are stirred for 24 h. By increasing the mixing time of PVA/MFC mixture up to 48 h, the MFC fibres
seems to become effective as a reinforcing element and noticeable enhancement of strength and
modulus is achieved. In fact for PVA/10%MFC specimens stirred for 48h, the strength and elastic
modulus reach respectively 109.27 + 8.11 MPa and 6.42 + 0.27 GPa. The strength and elastic
modulus of PVA/10%MFC specimens stirred for 48 h reach 109.27 + 8.11 MPa and
6.42 £ 0.27 GPa, respectively. Results are summarized in Fig. 40.
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Fig. 40. Average Young's modulus, tensile strength (a) and strain to elongation (c) of PVA,
PVA/5%MFC, PVA/10%MFC (stirred for 24 h) and PVA/10%MFC (stirred for 48 h) films, with related
scatters are summarized.

For all the composite stripes, the strain to fracture turned out to be remarkably lower than the ne:
PVA stripes and progressively decrease as concentration of MFC increase (Fig. 40b). This trend |
consistent with the reduction of the plateau regions recorded during tensile tests of PVA/10%MFC
coated scaffolds and it is in agreement with the percolation theory of MFC-reinforced composites
reported by Zimmermann et al. [132].

5.4. FEM modelling

5.4.1. The influence of cavity derived from replica process

Distribution of von Mises stresses in the studied models of unit cell and on constrained end of the
struts is shown in Fig. 41 and 43, respectively. As the dimensions of the cavity increases, the stre:
is re-distributed closely to the external surface of the strut. It can be noted that the cavity does nc
cause significant concentration of the stress in strut. The stress distributions for full strut (O) and fo
strut with the smallest cavity (O-S1) are nearly the same. In case of O-S1 and O-S3 there is high
gradient of the stress along the wall of the strut, but the values of the stresses do not exceed t
level of stress achieved in two previous cases.
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Fig. 41. Von Mises stress distributions in the four unit cells.
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The effect of re-distribution of the stress can be also visible on the graph in Fig. 42, which shows
the values of von Mises stress along path 1 (red line) and 2 (yellow line).

Fig. 42. Von-Mises stresses plotted along path 1 (a) and 2 (b).
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Fig. 43. Von Mises stress distribution on constrained unit cell.

5.4.2. Three-dimensional irregular strut

Because of asymmetric shape, the strut undergoes bending deformation in tensile loading (Fig. 44
Deviation from symmetry results in change of strut’s stiffness along the longitudinal axis. Since
pressure loading condition and no constrained displacement was set, the deformation occurs earli
in the least stiff part, causing the strut bending. Maximum strains take place on the surface of th
strut at its mid-length because of the arising of higher bending forces and maximum cross sectio
reduction. As a consequence, the highest Von Mises stresses originate as well in the same are
Even when the applied loading has the same level as in the previous simulation (pressure 2 MPe
von Mises stresses reach nearly 14 MPa.
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Fig. 44. Von-Mises stress distribution after deformation.

5.4.3. Two-dimensional cracked strut infiltrated by coating

The results obtained from FEM are summarized in Tab. 15. The distance from the crack tip, at
which the singularity function fits the computetl, distribution, has been defined asand it
decreases as the depth of PVA infiltration increases. For model 1, assumed as the reference
solution, K resulted as equal to 3.71 MP&%and the computedyy values were accurately fitted

by Eqg. 8 along the whole ligament width £rb). For Models 2-9, in which the crack geometry is
modified by the presence of PVA, the stress fields at the crack tip are significantly influenced. It is
interesting to point out that for model 2, where no wetting of crack surfaces occurs, the reduction of
K, is almost negligible (5%) and + b. As the PVA progressively penetrates into the cracknid

r, decrease until reaching their minimum values for model,5- (K0 MPa-rH? and f ~ 0.02-b). In

this case the reduction ofi kh comparison with the reference model is 73%. The magnitudg, of
distribution near the crack tip decreases as well with the increasing infiltration depth and it is shown
in Fig. 43. As it is possible to notice from values reported in Talsd5Svalues at r = 0.05 mm
(oyylo.o5) are compared for all the studied models. The variatiornr@f @Enodels 6-9) has only minor

effect onoyy at the crack tip and thus on.K
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- Epva oploos  wl K Kil ry rJ/b
Model Description (GPa) (MPa) %) (MPa-m? (%) (mm) )
1 Reference 4.1 19.62 - 3.71 - 0.500 1.00
2 PVA just on surface 4.1 18.14 7.5 3.54 4.6 0.500 1.00
3 1/3 filled crack 4.1 1411 28.1 2.82 24.0 0.053 0.10
4 2/3 filled crack 4.1 10.38 47.1 2.13 42.6 0.035 0.07
5 3/3 filled crack 4.1 4.40 77.6 1.00 73.0 0.013 0.03
6 3/3 filled crack 3 4.74 75.8 1.07 71.2 0.014 0.03
7 3/3 filled crack 5 4.20 78.6 0.97 73.9 0.013 0.03
8 3/3 filled crack 6 4.04 79.4 0.94 74.7 0.012 0.03
9 3/3 filled crack 7 3.92 80.0 0.91 75.5 0.012 0.02

Tab. 15. Description of different finite element models with related stress field distributipand K.
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Fig. 45. Two dimensional part, mesh and models used for FEM simulations with relatedistribution.

5.4.4. Contact angle measurements

The addition of MFC to an agqueous PVA solution wetting a Bioglass surface, caused a decrease ¢
the contact angle. In previous studies, the influence of PVA concentration on surface tension ha
been discussed [192]. Because of the presence of -OH groups, PVA has the capability of H-bondin
with its solvents and decreases their surface tension as other surface active agents. In PVA aquec
solutions, both species, PVA (solute) and water molecules, are free to migrate and exert attractiv
forces of attraction on their immediate neighbours. Because of the difference in their structure an
relative interaction with the neighbouring molecules in the solution, the fields of attractive forces
exerted by the PVA molecules is different from those exerted by water molecules. In the bulk
solution, PVA molecules remain at a higher free-energy state because of the large associatic
tendency of water molecules among themselves through H-bond. Hence, PVA always has
a tendency to migrate from bulk to the surface. The statistical accumulation in the surface of
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molecules with weaker fields results in a lowering of surface-free energy. In Fig. 46 the silhouettes
of PVA, PVA/5%MFC and PVA/10%MFC of droplets on Biogf@ssubstrates are shown and
measured values are summarized in Tab. 16.

a) b) c)

i sl sl

Fig. 46. Drop profiles PVA a), PVA/5%MFC b) and PVA/10%MFC c) on Biogl&ssibstrates.

Solution PVA PVA/5%MFC PVA/10%MFC

Contact angle (°) 45.14 + 0.66 34.02 + 0.74 32.83 + 1.67

Tab. 16. Contact angles measured for PVA and PVA/MFC solutions on Bio§lasbstrate.

5.4.5. Viscosimetry

The PVA solution analysed in this work (0.02 g/mL) showed basically Newtonian behaviour in
a shear rate range from 0 to 400 1/s (Fig. 47a). Experimental data are in fact well fitted by a linear
function (m = 0.0043, R= 0.999). The PVA/5%MFC solution showed shear thinning behaviour
from O up to 80 1/s. Data in this range are well fitted by the Herschel-Bulkely mgedeD(0139,

K =0.0416, n = 0.7082) and from 80 1/s onwards by a linear function having m = 0.29 (Fig. 47b).
PVA/10 MFC solution exhibited analogous behaviour, being fitted by Herschel-Bulkely model
from O to 110 1/stp = 0.0759, K = 0.0670, n = 0.6844) and from 110 1/s onwards by a linear
function having m = 0.650 (Fig. 47c). The addition of MFC therefore resulted in an increase of
viscosity as expected. For all the solutions, shear-rate vs. viscosity plots are shown in Fig. 47d.
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Fig. 47a, b, c) Stress vs. shear rate plots for PVA, PVA/5%MFC and PVA/10%MFC at 25° C and d)
viscosity vs. shear rates plots for the three solutions.

5.5. Bioglass/BNNSs composites

5.5.1. Exfoliation of BNNSs by Ball-milling

In Fig. 48 are shown SEM micrographs of h-BN powder milled at 350 rpm in water/PVA (a) and at
350 rpm in isopropyl-alcohol/PVHB at 150 rpm (b). In the first case it is possible to observe how
higher energies rather destroy the layered structure instead of exfoliating it. Fig. 48b shows a ver
interesting phenomenon: some layers seemed to cleave and fold, forming a “forest” of nanotube
still attached to originating particle. Fig. 48c shows a successfully exfoliated BNNS obtained after
milling in isopropyl alcohol/PVHB at 150 rpm. The plan surface is lower thar? Bnohapparently
comprised of 3 atomic layers.
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Fig. 48a, b)Excessive ball milling energy lead to destruction of BN particles or formation of nanotubes on
the surface (crushing mode). ¢) Low energy ball milling results in exfoliated BNNSs comprised of few
atomic layers (shearing mode).

Fig. 49. TEM images of exfoliated BNNSs at low and high magnification. Successful exfoliation of h-BN
particles into BNNSs having thickness ranging from 10 to 3 atomic layers was achieved by ball milling
under tailored conditions.

In Fig. 49 are shown low magnification (a, b) and high magnification (c, d, e) TEM images of
BNNSs suspended in supernatant.
5.5.2. Exfoliation of BNNSs by high energy sonication

The exfoliation by sonication resulted as successful since the sonicated aqueous suspension
containing BNNSs appeared stable and no deposited particles were detected after 48 h. The
suspension appeared as “milky” (Fig. 50a) and the concentration of BNNSs measured by UV

absorption resulted as 0.065 g/dL (Fig. 50b).
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Fig. 50. Agueous BNNSs suspension used for the preparation of composites and its related UV-adsorption
plot b).

Fig. 51. SEM image of BNNSs obtained by sonication.

5.6. Sintering of Bioglas$and Bioglass /BNNSs composites

The silhouettes obtained from HSM analysis of Bisglaand Bioglas¥BNNSs are shown in

Fig. 52 for the sake of comparison. In both cases, the glass becomes softer and viscosit
significantly decreases as the first shrinkage is reached. At this temperature, §32°C)
densification starts and proceeds until-T613°C and beyond this temperature a plateau stage is
observed. The second densification step starts at 95Q)CT{fe shrinkage associated to the first
step is around 12%. Therefore, two distinct sintering steps can be distinguished: a first stage (step
and a longer and more marked stage (step 2). The second shrinkgpegs been estimated as

~ 12%.
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Concerning the Biogla8&1%BNNSs mixture, A relevant expansion of Biogfd486BNNSs starts
at T, ~ 928 and reaches its peak at ~ might be related to either crystallization or the formation of N
gas due to oxidation phenomena. All temperatures are summarized in Tab. 17.

a) Room temperature 606 °C 942 °C 1084 *C 1202 °C
Eh . - .

b} Room lemperature 595 °C 942 °C 1087 °C 1151°C

Fig. 52. Silouhettes of Biogla§sand Bioglas§/BNNSs powder compacts at characteristic temperatures.

By observing the DTA plot of Biogla8sin Fig. 51, it can be detected an endothermic effect at
Tg1= 525°C corresponding to the first glass transition. An exothermic peak corresponding to the
first crystallization begins at,F 595°C and reaches its maximum at ¥ 655°C . T is therefore
located between iTand T, meaning that the crystallization starts during the densification process
and it is therefore responsible for suppressing diffusion phenomena by an increase of viscosity and
an inhibition of viscous flows. The shrinkage occurring betweesn@l T, (AS;) has been estimated

as 11%. The temperature range betwegnamd T; is defined as the sintering window. A second
small endothermic effect is observed ap ¥ 832°C , which corresponds to a second glass
transition. Again, it is possible observe on the corresponding HSM plot, that as the temperature is
increased beyondg], further shrinkage starts ag ¥ 931°C and proceeds up t@ ¥ 1095°C . |

can be considered as the end of the second stage of Bfogessification or alternatively the
onset temperature of melting. That is the reason why a full densification of struts in Bleglass
based scaffolds can be achieved by the sintering of is carried out apo¥endlly, melting takes

place in the 1100 — 1200°C range.

Tg]_ T1 TX T2 Tc ng T3 T4 Tm
(°C) (°C) (°C) (°C)  (°C) (°C) (°C) (°C) (°C)

Pure BG 525 532 595 613 655 832 931 1085 1161
BG1%BNNSs 529 531 598 612 647 790 825 928 1200

Glass

Tab. 17. Summary of DTA and HSM transition temperature for Bioglass 45S5 and Bioglass
45S5/1%BNNSs mixture, h. r. = 5°C miin
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6.Discussion

6.1. Microstructure and mechanical properties of bulk Bio§lass

6.1.1. Conventional sintering

In agreement with literature results [29, 31, 32, 36], two sintering steps were detected by DTA,
corresponding to the first and second glass transitions. The heating up to the second glass transiti
(Tg2) turned out as a necessary step in order to achieve a satisfactory degree of densification b
anyhow, the two crystallization onsets occurring respectively at 595 and 800°C hinder the viscou:
flow of glassy phase and prevent the achievement of a theoretically dense majeaat Ty

values measured in this study, are consistent with those already reported in literature by Baino et ¢
[193] and Lefebvre et al. [33] who performed DTA on 45S5 Bio§lassvders having comparable
particles size. One of the two endothermic peaks commonly attributed to the melting of two
different crystalline phases, is visible at;FE 1161°C , since analysis was run up to 1200°C only.
The predominant crystalline phase is identified by XRD ag£LH&pOs (combeite high) which is in
agreement with results previously reported by Lin [194] and Lefebvre [32]. Despite the fact that
several works claim that thermal treatments above 600°C result in the formatiopQzbdiDg

[15], Lefebvre reported two arguments supporting the presence gfaNpOs instead of
Na;CaSis0o. First, the composition of Biogla8ss closer to NgCaSpOs. The second consideration
comes from the fact that MaaSisOg is isostructural to the high temperature form op@GESEOs

(2 N& replace 1 CH ion) This could be the reason behind the mismatch in the identification of
phases. In a recent work, Bellucci et al. [39] hypothesized the coexistence between the two phas
but there are no further evidences which confirm this fact. Th€ &8&0,s phase mentioned in
other studies was not observed in this case. The crystallization mechanism of the major phase
therefore in agreement with the results of Koga et al. [195], who studied the mechanism of
crystallization in the N8®D-CaO-2Si@system leading to N&@aS}Oe.

The secondary crystalline phase detected avelsenanite, NaCa(PQ) which is in contrast with
results from Lefebvre [33] and Bretcanu, [196], who observed the crystallization of silicorhenanite
(NaeCay(P(Oy),SiOy) instead of NaCa(Pin a range between 800—-950°C . According to Amara et
al. [197] a-rhenanite is characterized by an orthorhombic crystal lattice having indexes a=20.38 A,
b=5.41 A, ¢=9.16 A. These lattice values closely match with those reported for NaC3dO
Appendix I, PDF-2, Ref: 01-076-1456). Previously, Ando and Matsuno [198] established-the
transformation of the pure rhenanite crystals at above 690°C . Nevertheless, by high temperatut
XRD using a heating rate of 2°C /min, the transition fremb was observed already at 580°C.
The crystal structure ¢f-Rhenanite was also investigated by Jalota et al. [199] who calculated the
lattice parameters a=5.3653 and c=7.1b&henanite was as well detected by Holand et al. [200]
upon cooling and relaxation of glass having composition (54.6, 3402 AbOs3, 5 CaO, 8.4 N#D,

10.7 KO, 4.0 BOs, 0.7 F). Their hypothesis was that the nucleation occurs during the rapid cooling
of glass and it is controlled by an amorphous glass-in-glass phase separation. The occurrence
a solid solution (s.s) of rhenanite crystals with calcium orthophosphatP@p was also
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observed, in which the concentration of 3®&,), can be higher than the one expected in
equilibrium conditions. Since XRD peaksffhenanite are very similar to those of silicophosphate
phase, it was assumed in previous publications that these crystals were actually a silicophosphate
phase but this conclusion might be not correct. From this standpoint, it is interesting to report
a study from Rivenet et al. [201] which concluded that it is not possible to obtain final products
with compositions of N#&ay(P0y),SiOs. By using DSC and X-ray thermodiffractometry, they
evidenced that both the phosphate and silicophosphate decompose, at low temperature.
The phosphate decomposition leads to NaGakR@l Cg(PO4), whereas, the silicophosphate
partially decomposes into a NaCapPghase type. According to the synthesis results, XRD, EDS
analyses and density measurements, they presumed #@a,(®20,),SiO, was formulated without

taking into account the volatilization of M@ at high temperature nor the low reactivity of silicon.
They assumed that the phosphate referred as and the silicophosplzagP&),SiO, does not

exist and it is, actually and NagROy).

The positive aspect behind this finding is that glass—ceramics containing rhenanite as crystalline
phase are reported to be bioactive [202]. Resorbable granular bone grafts based on rhenanite have
been in fact successfully commercialized and marketed for the orthopaedic surgeons [199].
Rhenanite or rhenanite in combination with other known crystal phases, particularly hydroxyl
apatite, has likewise already been described as bone restorative material. The bioactive properties of
pure rhenanite, were described in works by Driessens et al. [203] and Suchanek et al. [204].
According to these, rhenanite displays osteoconductivity in SBF, i.e. a high level efficiency and
quality as bone restorative materifikrhenanite has been found to act as weak interphase for
HA-based ceramics [199]. Its debonding abilities of have been demonstrated as well in the
HA/bioactive glass laminates

In Fig. 54a SEM image of a Vickers indent with related Palmqvist cracks departing from the corner
is shown. At higher magnification (Fig. 54b) it possible to observe that nucleated crystals exert
a crack deflection action but their distribution and size are such that an effective toughening cannot
be achieved. Peitl et al. [76] analysed the fracture mechanisms occurring in crystallized Bioglass
by mean of different theoretical models and demonstrated that the increase in indentation fracture
toughness it is due mainly to crack deflection [191]. Cracks in fact pass through paths of least
obstruction or through points where the least amount of energy is released. They therefore
propagate along preferably in the amorphous matrix or along preferred crystallographic orientation
in the crystallites. The cracks had to twist themselves from the original plane of propagation to the
preferred crystallographic plane whenever they encountered a different orientation along the path.
For this reason, straight crack propagation in crystalline regions can be attributed to similar
(or equivalent energy) crystallographic orientation among adjacent grains.
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Fig. 54. Vickers indent on oven-sintered Biogl&ssurface (1.96 N); b) crack deflection along the
boundary of the nucleated crystal.

Residual stresses can also contribute to toughening even though they cause a decrease in toughr
at low volume fraction of crystals because to the increased average tensile stresses in the gla
matrix [205]. Young's modulus resulted as 89 GPa, being in agreement with values reported by
Hench et al. about partially crystallized 45S5Biodla®®ending strength values were as well in
agreement with those reported by Filho et al. for crystallized 45S5 BiBgiaék Indentation
fracture toughness values were as well close to those reported by Nychka et al. who reported a val
of 0.23 + 0.07 MPa- ff for indentation loads higher than 0.35 N [72].

6.1.2. SPS sintering

Sintering temperature and pressure were initially set as 600°C and 70 MPa respectively, accordin
to the procedure reported by Grasso et al. [148] Additionally, in other studies was reported tha
mechanical pressure at low temperatures (550 — 600°C ) is beneficial for the sake of densificatio
during the sintering process. In this work, heating rate of 100°C /min (two times higher than the one
used in Ref. [148]) was tested in order to assess whether a this could have beneficial effect o
densification (i.e. by loweringgl and broadening of the sintering window).

The samples sintered at 600°C/100°C Hi® MPa (Pre1-2-9) exhibited densities ranging from

96 to 97% of the theoretical one, being slightly lower than values reported by Grasso et al
(98.8 — 100%) [148]. l& measured by indentation technique, resulted 60 % higher than oven—
sintered Bioglass In the case of Pre9 (sintered at 550°C /70 MPa for 30 min), the densitycand K
resulted considerably lower than those sintered in oven, being 2.61 ajidnto 0.25 MPa- i,
respectively. In this case, rhenanite was not detected by XRD analysis, coherently to the fact the
this phase crystallize in correspondence of the second crystallization pgak §50°C ). For
samples Prel-2-9, similar configuration of cracks was observed: Palmqvist cracks depart from th:
indents corners, similarly to samples sintered by conventional furnace. The length and shape of tt
cracks is comparable as well (20 < ¢ < 50 um). At higher magnification it is possible to observe ar
interconnected crack pattern, distributed along the interface between the glassy phase and ti
nucleated crystals (Fig. 55a).
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Flg 55a) Comparlson of Vlckers mdents (1.96 N) on Blog%ssamples sintered at 600°C
/70MPa/100°C mift (Pre1l) and b) 1050°/pressureless/100°C -H{RL8). Insets are taken at higher
magnification.

Cracking at crystallites—glass interface might occur due to thermal mismatch strain generated in the
samples after the phase transformation during crystallization and upon cooling. However, a lack of
property data concerning the crystalline and amorphous phases prevents further model development
to calculate such thermal residual stresses. Their aspect ratio and largest size were measured by
image analysis, ranging from 2 to 10 and from 3 to 10 um, respectively.

On the contrary, the samples sintered in absence of pressure, at 1050°C and heating/cooling rates
ranging from 100 to 300°C /min, exhibited densities close or equal to the theoretical one and a
much finer microstructure (Fig. 55b). The absence of detectable pores from SEM pictures is
consistent with the material being theoretically dense. From SEM observation of PL6 and PL8
surface, the crystalline and amorphous phases are tightly interlocked at sub-micrometric scale. Even
at higher magnification it resulted very hard to clearly distinguish the crystalline domains from the
amorphous matrix.

While, the estimation of toughness based on the Anstis approach could have been carried out for
samples Prel-2-9, for PL6 and PL8 would have been subject to consistent error and uncertainty due
to the configuration of cracks. As it is possible to observe in Fig. 55b, cracks were hardly visible at
the indents corner. For these reasons, the Chevron-notch technique offered a more suitable
alternative for the determination of fracture toughness. For the second set of samphleas K
measured by Chevron technique. Values were found to be from 3 to 5 times higher than oven-
sintered Bioglass reaching the maximum values for PBO7 and PB08 (respectively 1.4 + 0.11 and
1.5 + 0.10 MPa-f). Abe et al. [206] demonstrated that a glass-ceramics that features an
interlocking crystal microstructure exhibit the highest toughness. Beside the spatial distribution of
amorphous and crystalline phase, it should be taken into account the orientation of nucleated
crystals. According to Kashyap et al. [38] the crack propagation might be hindered by crack
deflection if the crystals are oriented at different angles to the direction of the crack path. In this
case, more energy would be required for the deflection towards the preferred crystallographic
orientation and the crack would be able to traverse from one preferred crystallographic plane to
another.
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Fig. 56a, b). Vickers indent at 1.96 N on Pre6 observed one week after test. Transformation and healing
seems to occur in correspondence of the crack path; ¢, d, e€) Vickers indent at 1.96 N on PB06: Cracking
and debonding at the interface of the two phases were observed.

For most of the samples sintered at 1050°C /30min/100°C, ritiwas possible to observe oriented

domains along a defined direction departing from the indent corners (Fig. 56a, b). The propagate
cracks seemed to undergo a healing process which led to their complete closure. This represer
a very interesting phenomenon which has not been reported yet for the 45S5 composition. Nor
equilibrium phases might originate pursuant to rapid heating/cooling and recrystallize consequentl
to the mechanical interaction between the indenter tip and the specimen surface. Anothe
influencing factor could be the atmosphere (vacuum in this case). Although the relationships
between the several polymorphisms of silica and silica-based glasses and sintering temperature &
well known, the effect of sintering atmosphere and high heating/cooling rates on the crystallizatior
behaviour of silica glass has been poorly described yet. What it has been assessed is that, t
composition of the sintering atmosphere and the partial pressure of its constituent influences th
diffusivity in the sintering material as well as the densification kinetics, grain growth, phase
stability and stoichiometry [143]. The measure of the tendency of a glass to crystallize underneatt
the indented region has been related to the bond energies of the species that nucleate to fol
crystallites. According to Clupper et al. [36] in the case on 45S5 BiGgiaissphenomenon should

involve preferably the species with the smallest bond energies: Ca—O and Na—O bonds rather the
Si—O or P-O bonds. Another factor which must be taken into account is the heating energ)
generated locally during mechanical deformation. Kim et al. [207] discovered nanocrystallites
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beneath indents in bulk metallic glass at room temperature which were presumably nucleated and
grown due to the heating energy.

Bioglas§ sintered in furnace has the highest amount of NaCa(®@se, and the amorphous peak

in different position that the others. PB0O1 and PB08 exhibit very similar spectra. By considering
values reported in Tab. 13, it can be inferred that the extension of holding time from 30 minutes to
1 hour does not promote a considerable growth of crystallites. As the heating rate increases from
100 to 300°C /min, the amount @frhenanite decreases. The amorphous hump increases and
slightly shifts towards lower values 6fFig. 33).

The Young’s modulus of PL8 resulted as 109 GPa, i.e. 22% higher than samples sintered in oven.
On the other hand, Young modulus of Pre2 was found to be inferior to oven-sintered samples. This
can be due to the lower extent of densification. The small standard deviation of mechanical
properties of SPS samples indicates that their mechanical performance is reliable. In contrast, the
oven-sintered compacts showed largeatter of values due to inhomogeneous structure.

For the samples Prel-2-9, the anelastic part of deformation energy was considerably higher in
comparison with the pressureless samples (Tab 10). Nychka et al. [38] reported that there are
different mechanisms which could contribute to the increase of anelastic part: heat generation,
localized densification of the glass, or more extensive cracking (i.e. the formation of lateral cracks

during unloading). The latter could be established as the dominant one, by considering the extent of
cracking observed for those samples (Fig. 55a).

In order to determine the kinetic of the phase transformation, the indent morphology was

reconstructed by confocal microscope immediately after the indentation and after 24 h from the
indentation. The images are compared in Fig. 57. A change of the indent topography is better
visible from 2D profiles traced at the center of the indent and at the corner. After 24 h, the area
surrounding the indent appears as remarkably protruded, consequently to volumetric expansion.
Hence, even if it is not easy to determine what occurs instantaneously in the matrix as the crack
propagates (e.g. martensitic transformation) it is possible to conclude that such transformation is
time—dependent.
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Fig. 57a) 3D reconstruction of the indent profile straight after indentation; b) 24 hours after the
indentation with related 2D profiles.

6.2. Bioglas$ scaffolds uncoated and coated with PVA/MFC composite coating

6.2.1. Microstructure

The scaffolds produced by the ethanol-based slurry exhibited higher degree of interconnection an
open porosity in comparison to those produced according to Ref. [45]. The lower surface tension c
ethanol likely results in a slurry with better wettability towards the PU surface and the unwanted
formation of liquid membranes is prevented. Additionally, another interesting phenomenon was
observed: the reversible swelling of PU template caused by ethanol induces volumetric expansio
of the cells, easing the infiltration of the slurry into the inner cells of the template. Even if the
ethanol-based slurry process may have not been optimized in the present study, it is important
note that these favourable aspects enable the production of foams having constant cell geometry a
uniform strut thickness. Apart from facilitating the coating process, it has to be considered that
binders also act as pore forming agent during the sintering process. For instance, Jamaludin et
[208], reported that the samples produced by using natural binder resulted in foams with bulky
struts, finer surface, and more uniform cell appearance than the synthetic binders. Anyhow, amon
the binder tested in this work (PVA and PVHB), it was difficult to assess from SEM images, which
binder resulted in a minor amount of surface porosity. The shear thinning behaviour of the PVA
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aqueous solutions suggests to carry out the dip—coating process in conditions of moderate stirring
rather than into a stationary suspension. These should ease the penetration of the solution into
the cells of the template due to its shear thinning behaviour. Conversely, after the coating process,
the slurry viscosity increases thereby allowing the slurry to adhere to the PU template.

The solid in the fraction was kept as low (30% vol.) in order to promote a homogeneous distribution

along the template struts. The sufficient amount slurry was therefore obtained by increasing
the number of dipping. It has been reported that higher viscosity slurries (solid fraction: 50-70%)

lead to accumulation of particles and blockage of the open cell, thus creating rough surface and
closed cell morphology [208].

Recent modelling works based on finite element analysis refer to these two characteristics as
beneficial for the strength of reticulated ceramics [65]. More specifically, the stress analysis showed
that compression stresses tend to concentrate on the thinner struts. Therefore, the optimization of
the processing route in order to minimize the distribution of struts thickness is a desired goal.
As reported in several works dealing with scaffolds for bone replacement, the achievement of a
highly open porous structure is one of the crucial requirements in order to ensure migration of cells
and exchange of ions between the scaffold and the surrounding biological environment, and
therefore to promote the bioactivity [19, 29, 201].

A sufficient degree of open porosity is also beneficial for a more effective penetration of the
polymer coating along the struts surface. Image analysis of u-CT slices revealed a non-uniform
distribution of the ceramic phase along the foam height, indicating a higher amount at the centre of
the sample. The mean value of 9.6% (Fig. 58) is anyhow in good agreement with the density values
obtained by Eq. 17. This might be due to the presence of pores completely filled by the slurry and it
is related to manual character of the process. Such configuration constitutes a disadvantage since
the weakest parts are those in contact with testing apparatus and subject to premature fracture.
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Fig. 58. Area fraction of ceramic in function of the normalized height of the cross-section from p-CT.

6.2.2. Mechanical properties

The reduced struts thickness and surface defects, which are inherently associated with th
manufacturing procedure, together with the low strength of Bidylas®lain the poor mechanical
capability of the non-coated scaffolds reported in this work. Nevertheless, the compressive
behaviour observed differs from the one reported by GA model for brittle foams (Fig. 59a), which
predict the collapse after reaching maximum critical compressive stress [30]. The samples produce
in this study collapsed progressively during the test in a steady manner (Fig. 59b). The shape of tf
structure was still recognizable, but the height of the sample which was vertical to the force wa:
progressively reduced. This phenomenon can be related to the intrinsic brittleness of the materia
the existence of micro-pores in the struts, the non-constant distribution of the ceramic phase alon
the height of the sample (Fig. 58) and the high amount of porosity (~90%).
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Fig. 59a) Stress vs. strain curve obtained from the compressive test of alumina foam and b) of uncoated
Bioglass’ scaffolds object of this work.

The coated samples exhibit demonstrably different mechanical behaviour in comparison to non-
coated ones: the first fracture events take place at a remarkably higher load (at least of one order of
magnitude) in comparison with non-coated samples and they are followed by a drastic drop of load.
The PVA infiltrates and fills surface defects and cracks derived from the sintering process,

suppressing them to act as stress concentrators and crack initiators, in agreement with the computed
results reported in Fig. 45.

It has to be taken in account that in the case of polymer—coated foams, the foam inherits the strain
rate-dependence of the solid polymeric material constituting the coating. A relationship for the
strain—rate dependency of the yield strength of a polymers is given by Eyring [211]:

KT &
Gys = — In (C_3> (33)

Vact
In which oys is the yield strength of the solid polymer, k is the Bolzmann constant, T is the current

temperature and, is a so called activation volume. The strain rate is giverg land G is
a temperature—dependent parameter.
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Fig. 60. Comparison of compressive strength predicted by Gibson-Ashby model and experimental values
measured for uncoated and coated scaffolds (right).

In Fig. 60 it is possible to see the comparison between the experimental values of compressiv
strength of scaffolds and those predicted by GA model. The threshold value obtained from the
three-parameters Weibull distribution was substituteds:dan Eq. 12. The underestimation of
experimental values by the GA model can be ascribed to different reasons, for example the
deformation mechanisms of the GA unit cell that is not truly representative of the real cell structure
Additionally, GA model is based on the assumption that the material is defect-free and
homogeneous and it does not take into account of other factors such as the slenderness of the st
presence of filled cells etc.

Internal Von Mises stress distribution computed in a previous study [65] elucidates how the node:
are subjected to tensile stresses along to the load direction as the scaffold undergoes a compress
load. In these regions, concentrated tensile stress can trigger crack propagation. From thi
standpoint, the presence of coating on struts surface would be therefore beneficial also fo
compressive properties of reticulated ceramics. The magnitude and appearance of the plate:
depends on the mechanical response of the coating to the applied stress. PVA/5%MFC-coate
samples exhibit a jagged plateau characterized by sharp and wide peaks, differing from PVA-coate
samples, whose plateau area appears as much smoother. Such peaks likely correspond to
fracture events of MFC fibrils embedded in the PVA matrix. The increase of weight after coating
was slightly higher for PVA-coated samples and decreased for PVA/MFC coated samples.
According to Gibson [58], the compressive strength of spongy bone (not the strut) is in the range o
0.2-4 MPa, when the porosity is 90%. Hence, the measured compressive strength (0.3—-0.7 MPa)
the PVA/MFC coated-foams falls in this range. Based on the author’'s experience, as the
compressive strength overcomes 0.2 MPa, it is possible to handle the foam. In addition, it has to k
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considered that the compressive strength of a scaffold might significantly increase (e.g. from 10 to
30 MPa) consequently to the tissue ingrowth in vivo [212]. It has also been speculated that it might
not be necessary to fabricate a scaffold with a mechanical strength equal to bone because cultured
cells on the scaffold and new tissue formation in vitro will create a biocomposite and will increase
the time-dependent strength of the scaffold. PVA/MFC-coated BiSgtasdfolds exhibit therefore

an appropriate mechanical competence.

The addition of 5 wt. % and 10 wt. % of MFC fibres cause depletion of elastic modulus and
strength as the precursor mixtures are stirred for 24 h. By increasing the mixing time of PVA/MFC
mixture up to 48 h, the MFC fibres seems to become effective as a reinforcing element and
noticeable enhancement of strength and modulus is achieved. As previously reported [122, 127,
130], the achievement of a homogeneous and intimate dispersion of MFC fibres in polymeric
matrix is a key parameter for the mechanical strengthening of MFC-reinforced composites.
A comprehensive study about the influence of difiengrocessing parameters on the PVA/MFC
composite microstructure has been provided by Bulota et al. [213]. Contrary to the author’s results,
they recorded a depletion of the overall mechanical properties of the PVA/MFC composites as the
stirring time increase, yet a satisfactory explanation has not been provided. In fact the viscosity and
pH measurements reported in Ref. [213], excluded the occurrence of PVA degradation during
mixing. Furthermore, polarized light microscopy also excluded the presence of contaminating
nuclei, hence their thesis is questionable.

SEM observations carried out on the surface of pure MFC films provided insights about sizes and
aspect ratio of the MFC fibrils used in this work (Fig. 61) Fracture surfaces of the broken films are
shown. Fig. 61b and 61c reflect the mechanisms of deformation and fracture for PVA/10%MFC
stirred for 24 h and for PVA/10%MFC foil stirred for 48 h, respectively. For the former, the inner
structure appears as inhomogeneous because of sedimentation of MFC longer fibrils at the side in
contact with Teflofi plate. This phenomenon indicates a poor dispersion of MFC and the
precipitation of bundles of fibres, similarly to the precipitation of flocculated particles occurring in

a colloidal suspension. PVA/10%MFC film stirred for 48 h appears much rougher and exhibits two
level of the MFC influence. A micro-level represented by very fine fracture features caused by
separate MFC fibrils and a macro-level associated with the fracture of packs formed by the MFC
fibrils bundle and surrounding PVA matrix. Both this fracture mechanisms contribute to the overall
increase of the fracture energy. Hence, the optimal reinforcing effect of the composite coating is
expected when the coating exhibits the highest rigidity and toughness. It is also worth noticing that
the fracture surface shown in Fig. 61c exhibits fibrous character, similarly to the coating fracture
reported in Fig. 39d. In both cases, the amount of fibres is the same but the processing conditions
differ (24h vs. 48h stirring). Additionally, the substrate on which the coating is deposed
(i.e., material and morphology) might also influence the final film morphology.

96



| 10 um ;

Fig. 61. MFC fibrils observation a), fracture surfaces of a PVA/10MFC foil stirred for 24 h b) and a
PVA/10MFC film stirred for 48 h c).

6.2.3. FEM results

For all the cell unit models analysed (O, O-S1, O-S2 and O-S3), Von Mises stresses resulted &
comparable (from 3.71 MPa for “O” to 3.8 MPa for the “O-S3”). Therefore, the presence of the
cavity does not induce any severe stress concentration within the structure. The highest Von Mise
stresses occur at the constrained faces of unit cell. More precisely, the location of the stress pea
are at the corners of the triangle faces (Fig. 43). Stress concentration is induced by the outer sha
of the unit cell respect to loading and constraints configuration. From this perspective, it would be
beneficial to design scaffolds having rounded cross-sectional shape, avoiding sharp edge:
Additionally it has been demonstrated that maximum local stresses occur at the middle-length of th
struts or at the nodes, in agreement with Marcian et al. [210]. While the central cavity does no
strongly affect the mechanical properties of the structure, the cross-sectional irregularities caus
stress concentration.

In previous works, the reinforcement of scaffolds due to the presence of coating was ascribed t
a lowering of the stress concentration at the defect sites on the strut surface, allowing a furthe
increase of the remote load without any failure occurs [190, 212, 213]. Results from FEM on the
two dimensional strut confirmed this fact, demonstrating that the dominant criterion for the sake of
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strengthening is extent of coating infiltration into surface cracks, which is maximized as the
polymer reaches the crack tip. In fact, as the polymer reaches the crack tip, the highest reduction of
Kiandoyy is achieved. It is therefore crucial to optimize the wettability and viscosity of polymeric
solutions designed for dip-coating (i.e. the choice of a suitable polymer-solvent system and polymer
concentration) in order to maximize the infiltration capability into the surface defects. Although the
FE analysis was based on a single strut, these outputs, together with contact angle and viscosity
measurements, can offer a good interpretation of the experimental results obtained from tensile test
of scaffolds. Previous studies on brittle open-cell ceramic foams confirmed that the mechanical
properties of the constituting struts determine the mechanical behaviour of the whole foam [216].

L B
a) G Filling of surface defects _" -

e B
- ﬁh\ F“ E‘F. "-..r'. -‘F‘__# [ —

ki3 . { { b C“-Z___._
Fig. 62a) PVA/MFC coating filling the surface defects and b) PVA/MFC coating debonded in proximity
of a fracture surface.

By considering that MFC has been proven to enhance the infiltration of coating into cracks and that
the latter is the main criteria for the reduction qf iKcan be stated that the experimental results
obtained from tensile tests are in good agreement with computed values.

In Tab. 18, the contact angles, linear viscosities of all the coatings produced, together with the
tensile strength and porosities of related scaffotgdsare summarized. The experimental tensile
curves of uncoated and coated scaffolds and the variatiog(of at (y=0) plotted for models 1-5

are compared in Fig. 63.

. o Linear n P G
Coating ©) (Pa-s) (%) (MPa)
- - - - 0.014 £ 0.0031
PVA 45.14 + 0.66 0.0043 90.22 + 0.196 + 0.009
PVA/5%MFC 34.02+£0.74 0.0083 90.38 £1.49 0.271 £0.012
PVA/10%MFC 32.83 +£1.67 0.650 91.39 £+ 1.59 0.335 £ 0.066

Tab. 18. Summary of coating produced, contact angles, linear viscosities, and porosity; aridelated
scaffolds.
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Fig. 63a) Characteristic stress vs. strain curves from tensile test for uncoated and coated scaffolds and
b)s, as a function of distance of the crack tip (y=0).

Cellulose fibrils are also characterized by a high density of —OH groups on the surface, which hav
the tendency to bond with adjacent —OH groups by weak hydrogen bonding with other fibres, with
PVA and water. Similarly for PVA, this phenomenon can be responsible for the further decrease o
surface tension and contact angle, as observed. Cellulose fibrils are also characterized by a hi
density of —OH groups on the surface, which have the tendency to bond with adjacent —OH group
by weak hydrogen bonding with other fibres, with PVA and water.

Concerning, the rheology of PVA aqueous solutions, it depends on several factors such a
temperature, PVA concentration, percentage of hydrolysis and degree of polymerization (DP) [217]
Nevertheless DP and concentration have been reported as having the stronger effect on the viscos
[218]. The reason is that the chain length or the higher chain concentration promotes in larger extel
the formation of inter- and intra- molecular hydrogen bonding. As a result, water becomes a poore
solvent and hence the viscosity of the solution increases. Several authors have reported tt
rheological behaviour of PVA solution as shear thinning [213, 214]. The PVA solution analysed in
this work (0.02 g/mL) showed Newtonian behaviour in a shear rate range from 0 to 400 1/s. This
means that for such concentration, inter— and intra— molecular interaction are not sufficient tc
determine a consistent increase of viscosity. The viscosity increased due to the presence of MF(
as expected. Cellulose fibres in fact act as a thickener in aqueous solution because of the
hydrophilicity [221]. For PVA/5%MFC and For PVA/10%MFC the changes of behaviour from
Herschel-Bulkely to Newtonian at respectively 80 and 100 1/s, suggest that beyond these point:
structural rearrangement takes place.

6.3. Bioglas$/BNNSs composites

Ball milling resulted successful for the exfoliation of BNNSs and it was initially taken into account
for the fabrication of Biogla§$BNNSs through a wet process, i.e. by mixing Biodlaslsrry and
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BNNSs aqueous suspension in order to obtain composite green body containing the desired of
BNNSs. Such slurry could have been used as well for the preparation of porous scaffolds by
replication technique. As reported in previous study [160], the most straightforward method to
determine the number of layers of a BNNS is to directly count the straight lines at the folded edges
from TEM images. By following this procedure, the average number of layers in BNNSs exfoliated
by ball-milling technique, were found to range from 3 to 15. Anyhow, due to the difficulty to find
such places, the resulting statistics was very poor and could not be considered representative of all
population. Nevertheless it is interesting to notice from high magnification plan views (Fig. 47c, d)
the abundance of defect-free areas, confirming that ball-milling performed under tailored conditions
enables the production of good quality BNNSs. Other quantitative data are in good agreement with
the literature as well [161]: the distance of periodic bright regions in is about 0.24-0.25 nm and the
spacing of edge fringes at the edges 0.32-0.37 nm. Although the AA stacking is always observed in
few-layered BNNSs prepared by top-down exfoliation processes [222], there have been calculations
that suggest that the adjacent BN layers might freely slide from AA stacking to one of the AB
stacking types (N-centered on borazine rings on adjacent layers) along certain energetically
favourable directions despite a bandgap reduction of 0.6 eV. Such phenomenon can be observed on
the superimposed BN planes shown in Fig. 49c.

Concerning BNNSs prepared by sonication, the as-obtained dispersion appeared as “milky”, similar
to those reported by Lin et al [160]. Also comparable was the apparent stability of the aqueous
h-BN dispersions, with no precipitation detectable over a few days. The size of BNNSs and size
distribution resulted as smaller (longest sizesr).

HSM of Bioglas§/1%BNNSs powder mixture evidenced a relevant volumetric expansion starting
at T, ~ 928°C and reaches its peak at nearly 1070°C . This phenomenon could be likely related to
the formation of N gas, pursuant to oxidation. This is not surprising, since several works reported
that BN can be oxidized into boric oxide at temperature ranging from 800-900°C in presence of
oxygen and moisture according to Egs. 34 and 35:

B1.0NO.9(s) + 2Q(g)—2B,03(1) + 1.8 N(Q) (34)

4B1.0N0.9(s) + 3bD(g)—2B,05(1) + 3Hx(g)+0.9Nx(g) (35)

The formation of N@ as a by-product has been also reported by Samsonov et al. [223]. In the
absence of moisture, BN experiences minimal oxidation up to 800°C , above whiglylBss is

formed on its surface. At temperatures lower than 1100°€D; Bas a low vapour pressure (less

than 2 x 10 Torr) and consequently volatilizes slowly. These issues suggested to use SPS
technique for the sintering of Biogl&$BNNSs composite. Unfortunately the endeavours carried

out by the author did not result as successful. The sintered sample broke during the cooling process
or exhibited large amount of defects.
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7.Conclusions

Mechanically reinforced BioglaSs scaffolds were successfully prepared and properties
demonstrated within this work. A number of achievements were reached in the various fields thank
to the complexity of the research conducted. Modified production route of scaffolds, effect of
coating wettability, preparation of fully dense bulk Biogfasself-healing ability of Bioglass® at
room temperature and production of BNNSs are some of them. Main results of the work are
summarised in the following chapters and remaining open questions about possible furthe
directions of investigation are also outlined.

For the first time ethanol-based slurry has been adopted for the production of 45S5 Bioglass
scaffolds. Resulting scaffolds exhibited 3D interconnected structure with higher degree of oper
porosity in comparison with water-based Biogfaskirries commonly reported in literature. Both
PVA and MFC composite coatings were successfully applied to the scaffolds by dip—coating
without reducing the open porosity. PVA-coated scaffolds exhibited approximately 5 fold increase
of compressive strength compared to uncoated ones and the addition of 5 wt. % of MFC fibres le
to a noticeable 10 fold increase of compressive strength. Also tensile strength has been found to |
remarkably improved by the PVA/MFC composite coating; the scaffold coating containing PVA
with addition of 10 wt. % of MFC exhibited more than 20 fold increase of tensile strength compared
to non-coated samples. Fractographic SEM observations showed how PVA is able to infiltrate
within the struts surface defects reducing the stress concentrations and providing effective loa
transfer from the scaffold to the MFC fibres. In addition, fracture of MFC fibres contributed to the
energy dissipation process which led to the increase of the overall toughness of the scaffolds.

As future development, the rheology of the polymeric solution (i.e. optimal MFC/PVA ratio) must
be investigated in order to achieve a more homogeneous distribution of the composite film on the
struts surface and possibly to enable an effective penetration and filling of the central hole in the
struts. Strut-coating adhesion strength measurements are also required to assess the quality of |
bonding between the coating and the strut surfaces which has a marked effect on the extent
toughening by the coating.

Results from numerical simulations demonstrated that the dominant criterion for the strengthening
for polymer-coated scaffolds is the extent of coating infiltration into surface defects, which is
maximized as the polymer fill the defect completely. As was shown when the polymer reaches the
crack tip, the highest reduction of stress intensity fa€t@nd applied stress,y is achieved. It is
therefore crucial to optimize the wettability and viscosity of polymeric solutions designed for dip-
coating (i.e. the choice of a suitable polymer-solvent system and polymer concentration) in order t
maximize the infiltration capability into the surface defects. PVA resulted in a suitable option for
this application. Contact angle measurements of PVA aqueous solutions with different amount o
MFC on Bioglas8 surfaces were carried out, showing that the addition of MFC leads to the
decrease of contact angle towards the Bio§lassface, therefore leading to a better wettability.

On the other hand the presence of fibres determines a consistent increase of viscosity in the syste
Thus, a balance between these two effects must be achieved. In this work 5 to 10 wt. % of MFC
fibres were found optimal. SEM observations confirmed a homogeneous distribution of the coating
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on the struts surface and a sufficiently strong interface to guarantee load transfer from the struts to
the coating. The influence of the cavity derived from the burning of the template on the mechanical
performance was studied as well by FEM. Its presence does not cause a considerable increase of
stress concentration at the strut surface and the reduction of strength is therefore ascribable to
a reduction of load-bearing cross section.

Conventional sintering was found to be not suitable for fully dense bulk Bioglass® preparation;
therefore, other techniques were investigated. SPS turned out to be a successful technique for the
production of fully dense bulk Biogldsssamples having additionally enhanced mechanical
properties. For all explored sintering routes, a sufficient level of densification could have been
achieved only as the holding temperature and time reached 1050°C and 30 min, respectively. SPS
performed in absence of mechanical pressure and at heating rates ranging from 100 to 300°C /min
enabled the production of materials reaching nearly theoretical density and having superior
mechanical properties in comparison with materials produced by conventional sintering. The main
toughening contribution was identified as crack deflection at amorphous—crystalline interphase.
Moreover a time—dependent crack healing process at room temperature was identified. As
explanation for the latter phenomenon, the author postulates that the crystallization of an amorphous
metastable phase might occur pursuant to the release of strain energy stored in the material after
indent. Additionally, a deeper investigation in order to fully understand the role of atmosphere and
pressure will have to be performed. As far as author’'s knowledge concerns, the occurrence of crack
healing at room temperature has been never reported for glasses of the SiO—CaQohaO-P
system, and it definitely represents a very interesting finding.

DTA revealed two crystallization peaks at approximately 600 and 810°C respectively. In
correspondence of.f combeite crystallized, in agreement with works of Lefebvre et al. The high
temperature crystalline phase was identified padaCa(PQ) (B—rhenanite). The spectrum of
B-rhenanite better fitted the experimental spectrum in comparison with silicorhenanite, which was
previously reported. Nevertheless, Raman and FTIR analysis will be performed in the future in
order to determine with more certainty the presencg-ahénanite).

The application of BNNSs as reinforcement of scaffold was considered as promising but
satisfactory results were not achieved so far. However, some findings regarding BNNSs preparation
were reached. Concerning the exfoliation of BNNSs, high energy sonication gave better results in
comparison with ball milling. It was possible to obtain an extremely fine and stable dispersion of
BNNSs, having much narrower size distribution in comparison with ball-milled BNNSs. The
absence of organic solvents or thickener agents (i.e. polar/non polar polymers) renders this
technique more suitable for the production of BNNS-reinforced composites by SPS.

Nevertheless, prior to extensive clinical trials, it is necessary to conduct studies of static and
dynamic response of these materials in simulated physiological environments, in order to assay their
reliability and that the mechanical properties do not degrade over time.
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Appendix

The two volumes are the green body (PRE) and the sintered body (POST). The volumes are tt
largest common box shared between the two reconstructed volumes. They have been coarse
aligned, but have not been aligned using iterative correlation.

Voxel sizes: Pre=3.515um, Post=3.466(5)

*The difference in voxel size along with the shrinkage is responsible for the different image volume
sizes

The 'PRE' reconstruction was found to be much noisier, probably due to lower density/attenuation
Because of this, the POST volume was alignatied®RE volume for coarse alignment between the
volumes, rotated in all three axes using interpolation.

The as-reconstructed data was filtered with a non-local means filter in Avizo Fire filter after
reconstruction. The search window for both was 41, the similarity value was 0.95, and the loca
neighbourhood was 5 for the pre volume and 3 for the post volume. The parameters were chosen f
best results with trial and error. The local neighbourhood is thought to vary between the two
datasets because of the change in feature size with shrinkage, as the change in voxel size is mt
less, relatively. The filter was applied in 2D to all images reconstructed perpendicular to the rotatior
axis. The ‘PRE’ volume required more smoothing.

The basic steps for segmentation are described as follows:
Segmentation was performed on the post volume using:

1) Threshold 0.00027

2) Manual Clean (zingers)

3) remove islands 3d, 100pixels

4) Dark material limited threshold of pores

Segmentation was performed on the pre volume using:

1) threshold 0.00014,

2) smooth 3d size 3,

3) smooth all slices

4) Manual Clean (zingers)

5) Dark, material limited, threshold removal of pores 0 to 0.000138
6) remove islands 3d, 100pixels, smooth all slices

The scans were conducted with the following parameters:

POST:

Scan: 200 degree range, 0.16 degree imaging increment, ~19K counts in background

X-ray: 40kV, 200uA target current, solid reflection style W target, no x-ray filtering,

Detector: 250um LUAG:Ce scintillator optically coupled to CCD (204872, 15um pixel) with lens
mag of 3.2063x

Geometry: X-ray-To-Sample= 33.97mm, X-ray-To-Scintillator=45.85
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PRE:

Scan: 200 degree range, 0.16 degree imaging increment, ~16K counts in background

X-ray: 40kV, 200uA target current, solid reflection style W target, no x-ray filtering,

Detector: 250um LUAG:Ce scintillator optically coupled to CCD (2048”72, 15um pixel) with lens
mag of 2.9789x

Geometry:X-ray-To-Sample= 34.06mm, X-ray-To-Scintillator=48.79

Reconstruction was performed using shepp-logan filtered back projection, FFT cone beam
algorithm (FDK based).
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