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Abstract

The present work was focused on the synthesis of three different calcium phosphate
powders with possible application as bioceramics, their chemical, structural and
thermal chacterization, and finally their consolidation into dense compounds by
conventional and flash sintering techniques.

In the first part, ¥gped (82 mol% M9 tricalcium phosphate powders with
micrometric size were produced by solid state reaction, and the influence of dopant on
their sintering behavior and, specifica
was shown that plzagenae sniswies) aftert cdryentionak e s b
sintering, much better densification and final mechanical properties. Moreover,
annealing treatments on sintered compou
i n tTGP obly in presence of Mg.

Und o p eTEP vias addiialy subjected to flash sintering, thus obtaining
dense microstructure at temperatures lower than 1000°C in just 10 min and avoiding
any phase transition. A specific physical model based obaltihesregliations
was considered to investigateatiedintering process in detail; it was possible to
point out that thermal runaway is the main mechanisms that triggers the process,
which could be described also in terms of electric behavior of the material, real sample
temperature and flash onset. Mworeihe observed blackening effect and the
development of an additional resistance contribution at the electrodes were taken into
account and discussed.

In the second part of the worlplted (65 mol% Mg tricalcium phosphate
nanometric (~ 20 nmygers were synthetized by chemical precipitation, thus
obtaining highlye f ect ed CDHA e-8BCGPiatl750°CcMagnestumt i bl e
doping was found to i nhi biTEP fdarmmgon f i r st
directly. The nanopowders weveeont i onal |y sintered to pr
TCP with sehicrometric gran size.

Flash sintering was also carried out on the nanopowders, demonstrating that the
flash event c¢an -bGP ceadtionsinde the meturseriis to@ D HA Y |
resistivdor allowing the electrical current flondideaorlectrical behavior was
f ound -phase, adsdtiated fvith the grain growth. Flash sintering was also
applied in isothermal mode, producing demse sub o fM@R at 90G°C iffo just
few secondk.was also possible to build two maps relating the processing parameters
for flash sintering on the basis of thermal model and the material behavior.



Finally, hydroxyapatite nanopowders were synthesized by chemical precipitation
with different amours®freplacing Cainto the apatite structurel@@ mol%).
The nanopowders were deeply characterized from a morphological, chemical and
structural point of view (SEM, TEM, ICP, XRBPRIMRIH-NMR, Bisorption)
finding a relation between theriexental evidences and the amount of Sr.
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Chapter |

Introduction

1.1 Calcium Phosphates
1.1.1 Classes of bioceramics

The concept and the definition of f#fbior
due to the new compounds that incessantly are recognized as suitable for medical
applications, leading to a gradual delineation of the early and ambiguous idea of
fimataeebrliealt o i nteract with biological sy
accepted definition was proposed by prof. D.F. Williams in 2009 as a result of a
detailed argumentafitjn

AA biomaterial is a substance that has
as part o complex system, is used to direct, by control of interactions with
components of living systems, the course of any therapeutic or diagnostic procedure,
in human or veterinary medicineo.

Hence, it can be stated that the key factor turning a simpletonateri
biomaterial is the control of its properties considering both the final biological
application and the desired biological
with the biological nature of the material itself (e.g. proteirs),dsstucaed as
a quality of any classes of material, like biometals (i.e. Ti6A®J%] alloy)
biopolymers (e.g. polylactide[#] Bipglasses (e.g. 49$5[6] and bioceramics
(e.g. hydroxyafia HA]7]8] Therefore, a more useful classification can be based
on the biological response induced by the biomaterial, as proposed by prof. L.L. Hench
[9] The work is actually refaorddoceramics, but the description of the implant
tissue interaction could be easily extended to the other classes of materials. However,
a bioceramic can be defined as:

- toxi¢c when the material induces the death of the surrounding tissue;

- nontoxic andbiological inactiughen the body isolates the implant by
means of a thick fibrous tissue (i.e. periprosthetic capsule). Also indicated
asalmost inerthese materials are usually nonporous and morphologically
fixed to the biological tissue by takiegtagy of the surface
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irregularities and defects. Examples of inactive bioceramics are alumina
[10]and zirconja 1]

- nontoxic and biologically a@in®oactive when an interphase forms
between the implant and the biological tissue. The bonding layer can be
composed by chemical bonds (bioactive fixation), as in the case of surface
active dense ceramics (e.g. dense HA), or it can be characterized by the
tissue ingrowth into the porous ceramic (e.g. porous HA) through a
biological fixation;

- nontoxic and resorbablhen the material gradually dissolves, and the
surrounding tissue is stimulated to replace it. Example of bioresorbable
ceramics are bioglasses and tricalcium phospHa®], TCP

Bioresorbable ceramics are the most promising materials and perfectly fit the
latest requirements of tissue engmeehiere the implant should not be considered
just a substitute of the original biological functionality, but it should restore or improve
such function by helping the body to heal itself (regenerative medicine). Regardless of
the chemical compositidghefeleased species, the material dissolution rate must
at first match the repairing rate of the body tissue, in order to ensure good adhesion
and sufficient mechanical strength during the entire treatment. Too slow dissolution
leads to excessive elongatif the healing process, whereas too rapid dissolution
could induce mechanical instability and, in addition, too high local concentration of
released species and cytotoxicity.

Among them, calcium phosphates (CaPs), object of the present study, represent
one of the most promising class of biomaterials in the field of bone regeneration.

1.1.2 Bone structure

Due to the main application field of CaPs, a short overview about structure, chemistry,
functionalities, and mechanical properties of natutzisorepmted.

Bone is the solid anatomic portion forming the skeletal system of vertebrates,
characterized by an extracellular matrix, basically type | collagen (~30 wt%), a
mineralized fraction (~60 wt%), and water (~10 wt%). Because of thellgesence of ¢
bones can be considered effectively as alive organs, in spite of the presence of
inorganic compounds.
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Apart from the quite evident support functionality for the body weight and the
articular movements, bones provide protection to vital aigétng)etraound
inside the ears, contain stem cells (marrow), represent a storage for mineral elements,
and buffer the pH fluctuation in the blood.

Bone structure is a perfect example of hierarchical organization, where each sub
level is characterizedabspecific configuration and rold-{frigstarting from a
macroscopic point of view, many type of morphologies are differentiate inside the
human body, on the basis of their respective function: long, short, plate, and irregular.
In any case, two niaome tissues are present in various relative amount and position
(13]

- cortical (or compact); the external layer of the bones, with a thickness
variable between less than a millimetewagehtimeters, according to
the mechanical stress to which is subjected. Porosity is limited to ~6%;

- cancellous (or trabecular); spongy tissue, with ~80% of porosity, placed in
the inner part of the bone, constituted by an interconnected framework of
rodplate trabeculae of60 0 € m, a rsuppod bomgresdsive wel |
loads.

For what concerns the microscopic level, planar arrangements called lamellae
(widthd em) are identifiable. Such platele
direction, ithe range +30 deg, modelling every single trabecula of the cancellous
tissue or wrapped into concentric layers aroundalieel $taversian canals,
forming cylindrical structures (diamete
direction within thartical tissue. Yet, lamellae are composed by fibrils of 200 nm in
diameter, resulting from the aggregation of collagen (type 1) molecules and apatite
nanocrystals, regularly placed every ~67 nm along the chains.

Figure I 1. Hierarchical structure of human bone. Reprod{téH from
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The bone composition is completed mafouypes of cells, located within
the solid matrix of the tissue. The first one, osteoblasts, are formed by the
differentiation of osteogenic cells in the bone marrow and are responsible of the bone
formation. The process occurs in two steps, by Heeretilagen matrix,- self
assembled into fibrils, and the subsequential mineralization. As a matter of fact, the
interaction between specific anionic proteins and theeqgetargd functional
groups of the fibrils, leads to the stereochenmat#wénegative charges on the
chains, and the consequent nucleation of?fraedCR@® ions into apatite.
Crystals growth and coarsening are inhibited by the restricted extracellular space
among the staggered collagen molecules, and thusrekaltfirsala regular
succession of discrete and nanometric HA plates accounting for the bone hardness
and isotropy. The-bimeralization process starts 13 days after the matrix is formed,
then proceeds very rapidly, up to 70%, within few days (praieagion)n The
remaining is over several years (secondary mineralization). Therefore, mature
osteoblast cells are gradually trapped inside the bone tissue just created, behaving as
stress sensors (osteocytes) or physical barrier on the top afstre (ieingi
cells). Finally, the last typology of bone cells is constituted by osteoclasts, responsible
for the secretion of specific enzymes able to reabsorb the collagen matrix and
solubilized the mineral fraction by locally enhance the acidiinethactiom of
osteoblasts (creation) and osteoclasts (destruction) represents a classic dynamic
equilibrium, leading to the complete replacement of the overall human skeleton every
~60 days.

As above introduced, the mineralized fraction of the humaadicaily
composed by thecadled biological apatite, i.e. asulostituted hydroxyapatite
CadPQ)s(OH), covered with a variable hydrated layer. The most common ions
replacing calcium aré, N&§*, K, whereas HE) CQ@?, Cl, and Fcan be easily
found in place ofi®tonate phosphatesy(i2 substitution) or the hydroxyl groups
(Atype substitutiddp] Consequently, the Ca/P ratio, very significant parameter to
identify a calcium phosphate species, presents random deviations (positive or
negative) from the HA stoichiometric val6@&. ¢for instance, considering the
generic formula ofyBe carbonated apatite, namely one of the possible (locally)
composition of the mineral human bone is

& 006 80 0O
(1a)

whered<x<2the crystal neutrality imposing an incoé@eafR up to 2 with
the maximum €ontent.
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Conversely, the partial hydration of the phosphate groups leads to a decrement
of the atomic ratio up to 1.5, according to:

66 ™O00G 00 0

(1b)

wheré<x<1In general, biologaadtites differ from the synthetic ones by the
lack of Otand the presence of KHD6] The average chemical composition of
bone is reported in Tdh.with other human calcified tissues.

Enamel Dentin Bone HA

Ca, wi% 36.5 351 348 396
PO3/HP@, wt%  54.3 518 46.6 56.7

Ca/P, at. ratio 1.63 161 171 167

Na, wt% 0.50 0.60 0.9 -
Mg+, wt% 0.44 123 0.72 -
Kt, wt% 0.08 0.05 0.03 -
CQ?, wt% 3.5 5.6 7.4 -
F, wt% 0.01 0.06 0.03 -
Cl, wt% 0.30 0.01 0.13 -

a, +0.003 A 9.441 9.421 9.410 9.43
¢, £0.003 A 6.880 6.887 6.890 6.891

Table t 1. Chemical composition and structural parameters of human bone, enamel, dentin, and

synthetic HA7]

For whatoncerns the crystalline structure of biological apatites, detailed
investigation is complicated by theBirathmature, quite similar to an amorphous
material, and by the absence of a reference single crystal, as well. However, the lattice
follows modikely the same arrangement of the synthetic HA, i.e. helmgonal P6
with cell parameters variably scattered around the reference values due to the
multiplicity of the atomic substituents.

Crystal morphology is described abkalateapflL8]with thicknesd 1.5
nm and planar dimensions in the ra29@ hén, the latest associable #acthe
plane of the crystalline cell. Due to the stereospecificity of the biomineralized process,
the platelets are oriented withctheisalong the collagen fibrilection, i.e.

16



parallel to the bone axis in cortical tissue. The size and the relative dimension of the
crystals strongly depends to the health state, the age and the species of the individual,
although a single subject always shows a distribution of values

In conclusion, bones are a perfect example of composite materials with some
mechanical properties that exceed those of their single elements and their combination
(according to the phase rule). For instance, cortical bone presents fracture toughness
andtensile strength larger than synthetic hydroxyapatite. Specifically, collagen matrix
is responsible for elasticity and resistance to traction, whereas the mineralized fraction
accounts for hardness, toughness, and resistance to comprek&jorin(Tab.
addition, the internal architecture of the trabeculae can be reorganized on the basis of
the load intensity, as well as the thickness of the corficl tissue

Compact bon Trabecular bon  HA

Youngds moc 1420 0.050.5 80110
Tensile strength, MPa 50150 1020 50
Compressive strength, M 176193 7-10 400900
Fracture toughness, MPa 2-12 0.1 0.71.2
Strain to failure, % 1-3 57 -

Table F 2. Mechanical properties of compact and trabecular bone tissues, and synthetic dense

hydroxyapatif&9]

1.1.3 CaP-bone interaction

As previously anticipated, the most important feature of CaP compounds is their
capability to be solubilized by the biological fluids and thereby to promote new bone
formation (i.e. osteogenesis). The mechanism is based on the partial dissolution
CaP ceramics and the consequent increméraraf B& local concentration at

the implant/bone interface. As a result, saturation level is exceeded and re
precipitation as apatite microcrystals occurs onftbeehsgifacf20] The
crystallization process may cause the incorporation of other ih<C@y. Mg

and organic macromolecules ainsrahd growth factors present in the surrounding
biological fluids. Therefore, cell attachment, proliferation and differentiation are
facilitated, as well as the secretion of new collagen matrix and the successive bone
growth inside the ceramic porosity.

17



However, several autfj@id22]have suggested that the formation of HA
crystals upon the bone mineralization and remodelling processes is intermediated by
some transient precursor phases, although the exact mechanism remains
controversial. In particular, amorphous calciuat@lag) has been identified
in early mineralized tissue. Successively, ACP directly transforms into stoichiometric
HA, or into natoichiometric apatites by passing through a further intermediate
phase, characterized by AR@ups, such as octacalgunosphate (OCP), or
dibasic calcium phosphate dihydrate (DCPD).

Dissolution can be performed by macrophages and osteoclasts, analogously to
bone remodelling, or by extracellular activity, namely lowering the local pH. The
process rate, key factdrameliability of the implant, is strongly influenced by multiple
factors; partially they depend on the ceramic, as well as chemical formulation (Ca/P
ratio, ionic substituents), initial porosity, crystallite size, defects and residual stresses;
partiallpn the environment conditions (pH, temperature, fluid convention). In general,
resorption is enhanced by higher contact areas between CaP and biological fluids,
thereby smalll grains [/ parti28]lTkes and m:
resulting rate should be comparable to the new bone growing rate, which in turn
depends on age, sex, and health status of the patient, varying from 3 to 36 months
(24]

In summary, the pedjes for which CaPs is used in medical application, in
addition to the already cited bioactivity and resorbfitslity, are

- osteoinductivigapability to induced bone healing or osteogenesis;

- osteoconductivity osseointegratj@] capability to forma a connective
interphase with the living bone, preventing relative movements without any
fibral tissue involvement;

- mechanical stabilitgpaility to prevent mechanical failure, unless their
brittle nature and the quite high level of porosity, resulting into low tensile
and impact resistance. Because of that, CaPs are generally used as defect
filler or coating on metallic grafts, avoidinghaasnpossible severe
loadbearing conditions;

- biostabilitcapability to maintain their biological properties
- crystallinityamorphous fraction may cause too fast dissolution and

cytotoxicity;

18



- wettabilityor hydrophilicity, capability ttacatwater and proteins,
enhancing the cell adhesion and differentiation.

1.1.4  CaP chemistry

The generic definition ACalcium phosph
calcium salts derived by the neutralization of orthophospbR@ auitl itd

condensed forms. They can be considered effectively as ionic compodhds, where Ca
ions are placed into the interstitials of a lattice formed by intercehnected PO
tetrahedra. Phosphate group is the basic unit of CaPs; is characteriaéd by a cent
phosphorous atom, with oxidation number equal to +5, capable to bond four oxygen
atoms in a tetrahedral arrangement. The
stabilized by resonance, whereas the ion globally carries a formé8, charge of
distributed on the three sibgheled oxygens. As a consequence, phosphate groups

are in equilibrium with three conjugated bases, ad@fing to

006 00 f 006 "O0 VI

(23)
006 06 DG 00 A X8

(2b)
ol oG# 06 00 A p e

(2c)

Observing the equilibrium constant values, it can be noticed that all the four
species are present in a phosphate aqueous solution, being their relative
concentration dependent finenpi: completely deprotonated ion is predominant
just in strong alkaline media. In addition, each species can form ionic salts with
calcium. The compound multiplicity is further enlarged by the possible condensation
between phosphate tetrahedra, folloevsignplified scheme:

6 6o08 5 © & 6 O Of
3
According to the number of hydroxyl groups involved, the mechanism leads to

the formation of linear, cyclic, or spatial polyphosphate; among them, the most relevant
are pyrophosphat®©P, and metaphosphatesans.
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After these considerations, the complexity of the calcium phosphate chemistry is

quite evident. An easier approach to univocally identify a CaP compound consists of
representing the species through the general fBymiiar€:

6OHO006 200
4)
and describing its stability field by a series ebpsaydmuilibrium phase

diagrams, based on the systenP&a@t different partial pressure®@f(Fgl-
2a and p

Ca/P at. ratio

1.5 2
T T
1810
1800 [~ L+ Ca0 =
- - 1680
7
- g £ | /L+TTCP
U = = 1578
o [~
. + «-TCP + TTCP
= - 4
B 1470
[}
i
L 1400 —
= L+ a-TCP
g TTCP + CaO
i 1288 4
= o-TCP + TTCP
1200 _a»CPP +a-TCP ) . .
B-CPP + a-TCP
1140
1125
B-CPP + B-TCP | B-TCP + TTCP
1000 s s ' |
0.70 0.75 0.80 0.85

CaO molar fraction

Figure 18 2a Equilibrium phadiagram of the system ®©& without presence of water.

Colored vertical I i nes F(TeCPr ¢ shd AIGP)(tedh).ea nsdt dli ¢ h
Redrawn on the basi28fand[29]
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The stoichiometric ratio between calcium and phosphorous atoms (Ca/P) hence
becomes one of the most common parameter used in the field. Compounds with Ca/P
ratio in the range-1.67 are usually called apatites, word created by the geologist
Werner (1786h the basis of the Greek tapagr(~to deceive) since in nature
this kind of mineral is often confused with others.

Ca/P at. ratio

1.5 1.67 2
I | I
1810
1800 |~ L +Ca0 -
B 1680
é '-TCP + TTCP
+ o’-TCP +
1600 &5 5 1578 /
U B o —
o T 1550
o L & < TTCP + Ca0 i
B F
E 1470 §
8‘ 1400 ! 551
L+ a-TCP 2
g <
ﬁ 1288 | ¥
L x J
&
)
1200 }— DCP+a-TCP -
HA + Ca0
1125
DCP + B-TCP a
=
1000 L = s ) |
0.70 0.75 0.80 0.85

CaO molar fraction

Figure 18 2b. Equilibrium phase diagram of the systePsOOatth 500 mm Hg of water
partial pressure. Colored ver fTiCRPal( blliurds e
TCP (red), and HA (green). Redrawn on the2£jaisdfi?9]

For instance, considering the complete absence of water, the equilibrium phase
diagram predicts the presence of tricalcium phogpt@)gTaP) at Ca/P ratio

equal to 1.5. The stoichiometric compound is subjected tauitinge quimese
21



transitions: the first (1125AC) between
U to Ubd. Melting point is reported ar
deviations lead to eutectic points at 1288°C (Ca/P < 1.5) and 1578%¢ (Ca/P > 1.

[29] At the same time, biphasic regions of TCP with calcium pyropRg8phate Ca

(CPP), and with tetracalcium phosphgRO)@a (TTCP) are presé¢a8]

Conversely, in the presence of water, TCP side compounds are dicalcium phosphate
CaHP®(DCP) and, up to 1550°C, hydroxyapafffseOH) (HA); solidus line

is unchanged.

In general, CaX0s equilibrium phase diagrams are a vabdtoduce, by
a soliestate route or a weghthesis process, the desired CaP compound by mixing
in the right amount calcium and phosphate source materials. Actually, the slow kinetic
of some reactions has to be additionally considered, espectatiynicermga
reconstructive transformations, and the possibility of CaPs to accommodate slight
stoichiometric imbalances as lattice defects, avoiding the formation of boundary
phases.

1.1.5TCP

Tricalcium phosphates(R@). (TCP) is the calcium salt of the third acidic

di ssociation of (ortho)phosph#®CPic acid.
occurring at le@emperature, up to 1125°C and thiegarature stable phases

U (up to [BG 7 ®AO)n gACQP dobymddph doEsNjot possess any
biological interest, due to the restricted stability field and the spontaneous
reconyv e fTGH upom coolifgd] o Cld n v-ECP sa@ beyretainddl at low
temperature as metastable jBage Wi t h r espect diffeentb f or m,
features, like monoclinic structure (space gfaug=22)33] higher specific

energy and, above all, higher resorption rate (01G02Z%gd)34] larger than

bone growth. Ther ef or e ;TCPbmay beaistd ara | appl
limited to CaP cemdBf]

B-TCP presentsraombohedral crystal structure (space group R3c, Z=21),
related to whitlockite:@gH(PQ)14), a mineral phase found in dental calculi and
urinary ston¢36] The unit dés characterized by the paransstdrs 10.4352
Ac= 37.4029 § and U = b = 90A,30 = 120
Within the structure are recognizable two different type of columns, aligned along the
c-axis, reciprocally organized according to a hexagonal coordination.
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In details, the two columns are based on the recurring polyhedral sequences:

0pd B8éxl 60U D
(5a)

(5h)

which show three -aqtivalent phosphorous sites, and fieguivalent
calcium sites. The first sequence is the most relevant from a crystallographic point of
view: being the total charge amutdl the electroneutrality of the crystal is ensured
by a bivalent cationic vacancy every two polyhedral sequences. In other words, Ca(4)
site exhibits an occupational factor of ~0.50. In additioryigug planmterstice
shows G&® bond lengtralues higher than the sum of the respective ionic radii,
revealing the underbonded nature of the metal ion. As a consequence, the presence
of monoval ent -TCPaldtticep assmpuwrities &r idopantt ageats, s
accommodated by replacidgi®a the Ca(4) position and filling up the vacancy
(37]

Diametrically opposed isbedgavior of Ca(5) site: the octahedral interstice
exhibits G& bond shorter than the ionic radii, and 2htes @& overbonded.
Introducing bivalent cationic substituents, ab@yecalchdg is replaced in this
site up to complete saturation.

b-TCP is considered either osteoinductive and osteoconductive; if placed in
contact with the biological fluids, it can induce the precipitation of an apatitic layer
which promotes bone growth. Its resorption rate (6.60@5¢134] m&kes
TCP suitable for CaP bone cementsubistieution ceramics, and polishing agent
in commercial toothpaste, ag38¢lt is also used as food additive (BS#1)

The easier route to produce d@RBists in soltate reaction at high
temperature (~1000°C) between calcium and phosphate source materials,
conveniently mixed according the stoichiometric Ca/P ratio of 1.5. More than one
process is equally feasible, starting from calcium carthonatencarium
phosphate, DCP anhyd{865or CPR40] The direct precipitation of TCP from
aqueous solutions is not pog2ijlsince the first prodwtusring, according to
the Ostwald step rj4#] is the soalled calcium deficient hydroxyapatite (CDHA),
and therefore an additional heating treatments above 800°C is needed to crystallize
TCP[42] Alternatively, tricalcium phosphate can be precipitated in organic medium,
such as methaiféB]
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Thea ob U phase transition at ~1125AC coc
encountered during the consolidation/densification of TCP components, especially
upon high temperature process such as plasma spid#lAatmmatter of fact,
the transformation is associated with an important volumetric expansion (7%) due to
the different lattice volume and density of the two polymorphs, which introduces cracks
and stops the shrinkptfg Moreover, the transition appears frequentlpiereversi
upon cooling, |l eading to the presence o
sintered TCP products, which changes the resorption rate of the material in the
biological system.

This behavior was firstly studied by Monf#6kt. al e monstr at i ng tt
reaction is a reconstructive proaéssifg a firgtder kinetic. A large activation
energy of 250 kcal tnwhs determined, due to the complex reorganization of the
crystal structure, and inhibiting UY b
10°C mit Nevertheless, sometah or s have reporniCed b pha:
as the result of a partial reconversion in spite of the rapid cooling treatment performed
[47]48] The phenomenon has been recently clarified by Carrodejd@s et al.
stati nTgCPt hpartesfence after g u-gabilizing ng can
i mpurities, or to the incomplete bYU tr
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Figure I 3. Equilibrium phase diagrathe system MBQ)-Ca(PQ)s. Redrawn on the
basis df50]
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In details, calcitsmbstitutional ions suchadK, Ag, Mg+, SE*tand Z#
have been proposed in previous[@KH52]53]54]55]as possible sobris to
increase bYU t e mpGPrsiateringr Amora then, ragnesiumi t at e
seems to exhibits the most appreciabld56ppttgportional to the amount?df Ca
ions replaced by3¥én equilibrium phase diagram based on the syB@j» Mg
Ca(PQ)was proposed by Afsidand successively revised by Ender[&@} al.
Maximum magnesium solubility occurs for 14 madi% ©fahMabstitution,
corresponding to the completely occupation of both Ca(4) and Ca(5) sites; however,
once Ca(b) interstice isrsatt ed (9. 1 mol % of Mg), b st
1600°C (Fidr3).

As previously reported, magnesium is naturally present in the mineralized
fraction of the bone tissue. However, Mg doping biphasic HA/TCP formulation (9.5
mol% Mg) has been ssstully testea vivg53]showing good biocompatibility

116 HA

Hydroxyapati@adPQ)s(OH)(HA)s characterized by Ca/P ratio of 1.67 and by the
presence of hydroxyl group within the lattice. Although the great chemical affinity with
the mineral fraction of bone tissugth&Nesser soluble salt (0.000at2E°C)

[34]among CaPs. Because of that, HA is generally considered osteoconductive, but
not osteoinductive; anyway, ionic substituengllkadC® higher solubility and,

as consequence, highieactivity. The clinical applications of hydroxyapatite regard
repair of bone defects or fractures, ear prosthesis, dental surgery, drug delivery and,
above all, coatingasthopedicdental implai@

The crystal structure of HApgraimidal hexagonal, with space Rfidup
and cel |l parameters a = b = 9.418 |, c
of the @xis, phosphate tetrahedrons are regularly placed on two Hag4l planes
Taking into account the HA unit cel2tem€are placed within tweeqoinalent
interstices, six Ca(2) sites forming two staggered triangles, located above the
phosphate basal plane, and four Ca(1) sites, aligneaki® daih¢he cell edges.
Within the Ca(2) triangular channel, twgooOQp$ are placed aligned witty the
axs.

As well as for TCP, stoichiometric HA can be produced by solid state reactions
between calcium and phosphate raw materials, properly mixed in the molar ratio 10:6.
Additionally, watnthesis in aqueous media are equally feasible, as well as the
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hydralsis of other CaPs (DCP, TCP, CPP) at ~150°C, this allowing a better control
on purity and grain $59

The thermal stability of hydroxyapatite strongly depends to the partial pressure
of watevapof60] For instancequilibrium phase diagram2atF00 mm Ha8]
predicts at 1550AC theTCRand®T@R:0si ti on r e

66006 600¢ 6000 6&GLO O 00

(6)

Anyway, partial dehydration of HA could take place e8860h@,38ading
to the formation of thealted oxyhydroxyapatite according to the reversible process
(611

6000 0006OOG 0O w00

@)

Sintering of HA has been investigated by several authors and recently reviewed
[62] by covering either conventional and assisted techniques, performed on wet
precipitated or commercial powders. For instance, nanometric HA powders can be
fullydensified, without degradation or any secondary phases, by pressureless
sintering in 1 hour (110@WC mi#) [63] by HP in 30 min (20 MPa, 1200°C, 15°C
mint) [64] or by SPS in 1 min (50 MPa, 950°C, 100°B5hin

1.1.7 ACP and CDHA

Amorphous calcium phosphates (ACPs) are a subcategory of CaPs where the atoms
positions do not presenttange order. Basically, ACPs are the very first transient
precursors of calcium phosphates synthesized by precipitation in aqueous media, due
to th& lower surface end@f] Their composition, in terms of Ca/P ratio, can vary
between 1.18 and 2.5, according tdathesramounts of the reagents and to the
solution pH.6] ingeneral, ACPs formation is promoted by higher concentration of
C&*and P@, and strong alkaline environment. With the specific term ATCP the
amorphous apatitic compound with Ca/P ratio equal to 1.50 is usually indicated,
namely the precursor of tiicalphosphates.

ACPs are used as component in CaP cements, dental or bone substitution
applications, because of their ability to be solubilized at acidic pH and enhance the
tissue remineralization. However, their resorption rate ig34revapidnore
t h aTiCP, @nd therefore local imbalances of pH and cytotoxicity may occur.
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Despite the amorphous nature, aramget order was detected in ATCP,
corresponding to a sphericall67]wghsi ¢ unit
composition §RQ)s and Ssymmetr{68] t h e -BC®.rBach dusterdcan
arrange into larger structure 68020m under the effect gklamount of
adsorbed water. Anyway, ACPs tend to spontaneously crystallizef®to CDHA
especially the compound is maintained in its mother solution under moderate stirring,
or temperature is increased. Mo s t i kel
CDHA crystal formation.

Calcium deficient hydroxyapatite (CDHA) can be expressecketigathe gen
formula:

(1b)

whereéd<x<land Ca/P ratio is given by){B) thus varying betweernxE5 (
1, TCP) and 1.67<0, HA). As a consequence, thermal treatments carried out at
~800AC induce its tr anTEPRandHAaacdordimgtoi nt o b
the level rule.

CDHA is the synthetic compound which possesses the most similar composition
to the mineralizeohe tissue, thus is currently included in almost all the CaP cements
commercially availal#é] its solubil i-TQP andHA aet ween
expected. From a structural point of view, CDHA can be considered as stoichiometric
HA ldice, but with point defects (atom vacancies) and more disorder, as easily
observable in the relatedydiffraction patterns.

N N O
RN R oP

Figure }4. Schematic representation of the XRD main broad peak of @Dt téarexo
(left) and equal téright).
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With respect to stoichiometric archysédllized HA, CDHA spectrum shows
a pronounced difference between the intensity of the 112 and 300 rdflections (Fig.
4). Therefore, Landi ef7aldefined the apatite crystallinity degree X

®)

whereX.ranges from zero (ke h172), up to 100% (ise0 k19 like in
HA.

1.2 Sintering
1.2.1  Conventional sintering

As well as other ceramic materials, CaPs compounds are characterized by relatively
strong chemical bonds, responsible for high melting points and brittle mechanical
behavior. Thus, their production usually involves a thermal treatment at high
temperaturégwer thamm, called sintering and performed on powder compact (i.e.

the green body). The process leads to the gradual removal of the initial porosity and
an increase of density associated to evident shrinkage and consolidation of the
product in its almdsfinitive shape.

From a thermodynamic point of view, sintering is an irreversible process,
associated with a decrease in the Gi bbb
absence of an external load, (i.e. pressureless sintering), the dfiving force
process is the pressure gradient existing on the two side of a curved surface, according
to the Udpl aceds | aw

w o 2R

©)

where o i s t heandshe fwa priecipad cuevatugey ofth@ea nd r
considered surface. The model well describes a set of spherical granules (i.e. the raw
powders) placed in contact upon the green body shaping. Therefore, either concave
(r<Q i.e. interstices) and convef particldssurfaces tend to assume a flat
configuratiom (&) fbo eliminate the pressure gradient, by accepting and donating
atoms, respectively. The mechanism can take place in reasonable time because of
the limited distance to be covered by the atoms. Anialogobsylemonstrated
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that the atom vacancy concentration, with respect with a flat surface, is higher for
negative curvature, and lower for positive curvature. Once again, atom migration from
convex to concave surfaces is spontaneously induced imulifgdehe vacancy

gradient.

Mass transport is governed by diffusi
where the diffusional coeffibiaotounts for the specific source, mechanisms and
path followed by the atoms. In general, the procesallis slceivated and, as
consequence, promoted by higher temperature. Nevertheless, diffusion through the
surface requires less energy than through grain babBgagaesl further less
than lattice; therefore, it is the first active mechanismirig tiesatrigent, leading
to neck formation between particles, but not to densification. In general, the kinetic of
sintering can be described by two equations, respectively referred to the neck growth
and the shrinkage / densification as a functiarj Z#jtime

~lg
“lo

(10a)

(10b)

whereXandr are the sedeéngth and the curvature of thegpétble, variation
of the distantebetween two grain centeesydnnumerical exponents depending
on the mechanism, ahd function containing geometrical parameters and the
diffusional coefficient of the system.

The main stages of sintering can be described as:

- initial stageoncavities near the contact points of the granules are reduced
by gradually forming interganietks anéBs Since the material
shrinkage is almost negligible, the stage is also indicaietesingre

- intermediate stagmores have achieved an equilibrium shape but still
constitute a continuous network; shrinkage and densificatiom(~90%) occ
by reducing the pore dimension and the distance between the grain
centers.

- final stagepores become isolated at the grain edges, shrinking up to
completely disappear. The microstructural evolution is additionally
characterized by grain growth or mioarse
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For the specific case of pressureless sintering of CaP apatites Ca
HPQ@)x(PQ)sx(OH)x, neck formation was investigated as a function of the partial
pressure of water in the system, and otherwise expressed as the variation of surface
areaSove time by the empirical relf&Rjn

()

wherek is a kinetic coefficient depending on the process temperature and the
chemical composition of the compound, namely related to the activation energy of the
surface diffusion (~120 k3)mW@later vapor seems to catalyze the first stage of
apatitesintering. Interestingly, kinetic coefficients determined at 700°C are equal to
9 . 2joll Oa/P = 1.67 (stoichiometric HA), and 1.35 for Ca/P = 1.535 (CDHA
p r e c u fTER).In otber wobds, surface reduction rate becomes almost 100 times
larger by dezasing the Ca/P ratio, most likely due to an increAtemtcbOEa
vacancies in the apatite lattice, which promote the mass transport through surface
paths.

HA

Average grain size (um)

80 85 90 95 100
Relative bulk density (%)

Figure 16 5a Sintering trajectories of HA reproduced on the[@2siBaté collected by
various authors: colored lines join data points related to the same siatereng tempe
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As a direct consequence, grain growth and coalescence start before
densification, significantly reducing the driving force for sintering at higher
temperature. This phenomenon can account for decreasing the apatite sinterability
with Ca/P ratio, alsserved in literat[68] One possible solution consists into the
application of high heating rates up to ~800°C, in order to kinetically inhibit the surface
reducti on, or evenTCP bHAdntre, finely gried tteDHA i
product and restart a new sintering process

Successively, starting from ~750°C, volume and grain boundary diffusions are
both activated (~440 k3)nlaading to a progressive separation and closure of the
porosity, which up to this moment was still interconnected and[F@donti@ant
again, curved grain boundariesvachithermodynamically stable flat configuration,
with an equilibrium angle of ~120° and a coordination of 6, i.e. ideally hexagonal
grains. The pinning action on the GBs mobility, previously carried out by the several
pores present, is drastically rédand thus grain growth can occur according to:

1D ibo

<] e

Sy
(12

whereDis the average grain dize preexponential coefficietiie timeT
the temperaturig,the gas constant. The activation energy of the @rdoess (
stoichiometric Hegsults in the range 280 kJ mdl, under the simplified
hypotheses of negligible initial graingsiaad@ kinetic exponential faetpral
to 1[74]

Si nt e fTCMhas been miich less investigated in the literature than HA.
Although the sintering behavior of these two CaPs is quite similar, it has to be recalled
thatsi nt erabil ity decr eas el€P phase thansitidne Ca/ P
around 1150°C, extensively discussed above, limits the maximum process
temperature. Moreover, small quantitie6f (CPH impurities strongly reduce
Bb-TCP densificatiarducing abnormal graingfgth | nt er est i ngl y, mi
TCP / HA, indicated as biphasic calcium phoB@eseem to exhibit lower
sinterability than pairgle phasef/6] Because of -TGBRuch di ff
componds are frequently consolidated fmpneentional techniques, such-as hot
pressingHP) [77] spark plasma sinterBi®g [78]or plasma spridA]

Sintering trajectories of HA anddmfbands are reported in-b&ahd b,
on the basis of a review p&2éin paitular, just few cases ofdulyn ST€P b
polymorphs (T<1150°C) are reported, starting from nanosized powders and
performing pressureleddRgintering.
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Figure I8 5b. Sintering trajectories of TCP reproduced on thé@2jdbmtaf collected by
various authors: colored lines join data points related to the same siatarsng=epiye

points are referredHf®processes.

1.2.2 Flash Sintering

Flash sintering is an electricala§isisted sinterinGFA$ technique recently

proposed in order to consolidate ceramic green bodies at relatively low temperature
and in shotimes. With respect to spark plasma silgBSh¢a (fieldssisted

process which requires conductive dies and the application of hjgR]pressure

flash sinteringr® involves direct Joule heating of samples and much simpler
equipmentAt the same time, the extremely rapid heating rate (~100 °C min
simplifies the consolidation ofstadtle phases or mxide ceramics, inhibiting

the grain growth and ensuring optimal final properties at the material (mechanical
strength, transparency, ¢€é).

Flash sintering technique was first proposed aradédva<@0 by Cologna
et al.[80] working on tetragonal 3YSZ nanopowders and achieving almost
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instantaneous densification of the material at 850°C, with the application of 120 V cm
1. Successively, the complete definition of FS was reported by Raj et al. in a US patent
applicatiof81]as fdbws:

AA method of sintering a materi al C
material to an electric field and to heat, such that the material is sintered, wherein the
electrical field is between 7.5 V/cm and 1000 V/cm, wherein the onset of sintering is
accompanied by a power dissipation between 10 to 10§)Quinéveinrthe onset
of sintering is accompanied bylaeanincrease in the conductivity of the material,
and wherein the time between the onset of sintering and the completisn of sintering i
|l ess than one minute?o

Such definition entails the electrical behavior of the considered material being
described by a negative temperature coficdeat (esistivity, namely the main
characteristic to enhance their conductivity (by migration of electrons, holes, ions, or
defects) by increasing the tempel@litdoreover, the concept of flash event is
introduced through the sintering onset, usually idehé&ffednage temperature
at which it occulisy, and related with power and conductivity surges.

Interestingly, very different ceramic materials have been tested under FS
condition in the last few years, always showing the common phenomenology
descriptt above:

- insulators: &k[83]84] BaTie[85] KNb@|86] SrTiR[87]

- semiconductors: R[B8]89] Znd90] SiJ91] B«C[92] SnQ[93]
- oxygen ion conductors: J9&BY SZ95]96] GD(97]98]

- metalike conductors:8mQ[99] MoSi[100] ZrB[101]

The basic FS experimental equipment is quite easy and consists of a
conventional furnace, two conductive electrodes (usually Pt alloy), ap@wer supply (
or AQ and a multimeter. Treatments can be additionally performed within a
dilatometer in order to detect sample shrinkage, as well as CCD camera, UV/VIS
spectrometgr02] or even-¥ay diffractomef88jcan be accessorized to study the
FS material behavior from different poémt.dhlso the specimen shape plays an
important role in the overall process, affecting the geometry and the connection with
the electrodes. The very first FS expé@jessts carried out on dogHiee
samples with rectangular eest$on, where the electrodes were confpBsed o
wires, inserted within two holes at the sample extremities. In spite of the peculiar
geometry, such configuration remains the most adopted in literature, ensuring an
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optimal connection with the power source, and reljuarifighie central jport

of the specimens. Other options consist into rectangular bars, with electrode wires
coiled around the sample extremities, or cylindrical pellets coupled with plate
electrodes.

Flash sintering tests can be divided into two categories accoreingato the th
program adopted during the application of the electric field, namely constant heating
rate (isochronal) or constant temperature (isothermal).

In both the cases, three main stages are identifiable:
- stage br incubation; the system works in vohégé ¢
- stage lor flash event;

- stage ljithe system works in current control.
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Figure I 6. Schematic representation of the typical behavior of a ceramic material subjected to

FS process: isochronal mode (left) and isothermal mode (right).
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In a typical isochronal experimeritgfrigonstant heating rate and constant
electric fiel& are applicated to the material. Due to its high resistivity at low
temperature, the current flowing through the sample is initially almost neglectable
(stagd). Then, recalling MiECcondition, the increment in the furnace temperature
leads to a gradual growth of the current, additional source of heat by Joule effect, and
at the end, to an abrupt surge of both current and dissipated power (stage Il). Starti
from this instant, rapid shrinkage affects the material. In order to avoid system
damages, the maximum culksede limited to a preset value, and thus the treatment
proceeds by maintaining a constant current (stage Ill) for a variable time. Very
sinmlarly, in an isothermal FS experiment, sample is maintained at a constant
temperature, while the electric field is gradually increased (stage I). Once a critical
value is reached, the current resulting from the comBiaat®magfidly arises
up to the limit (stage Il and Ill), causing material densification.

After several works reported in literature, it is quite commonly accepted that the
physical condition leading to the flash event in a ceramic material, conventionally
heatd and simultaneously crossed by current, is a positive combii@aifon of
resistance and Joule effect, known as thermal runaway fEa3aoEmM
However, the explanation about the successive extremely fast densification of the
material is still under discussion: some studies seem to prove the completely thermal
nature dhe proce4405]whereas otherpbihesize alternative mechanism based
on Frenkel pairs nucled88f94] supported by the observation of luminescence
phenomena. The key factor in the understanding of flash sintering is undoubtedly the
exact determinatiorthef real sample temperatlyed(ring the process, made
difficult by the limited time window of the event. Moreover, the inner current flow
causes a sensible temperature gradient between the specimen skin and core, and
thus direct measurements redlizgryrometer tend to underestimate the actual
sample temperature. The most common route consists into the application of physical
[106br mathematidaD7models in order to estirety a thermal balance of the
system, and consequently to compare such preabigrpsrimental evidence.

The only reference in literature of CaP flash sintering, is the recent work of Bajpai

[108]Jregarding the achievement of almedeffisky HA (dogi® specimens) in
isochronal amCconditions, at 1024°C and 1006tV cm
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Aim of the work

Calcium phosphate bioceramics, especially hydroxyapatite and tricalcium
phosphate, have been intensively studied in the last years because of their excellent
biocompatibility, osteoinductivity, amdditoability properties, which make them
ideal candidates for bone regenerative medicine. Nevertheless, both chemistry and
thermal behavior of calcium phosphates are still object of discussion in literature. For
instance, -TsChtiesr atirlangl yofafbf ect ed by t
polymorph, which limits the biological and mechanical properties of the final sintered
materials.

The aim of the present work was to investigate the influeestuaf asgn
dopant of TCP, synthetized by two alternative different routes, on physical and
structur al pr oper-TGPesamplégnusdingtaw innpvatwed u c e d «
electrical fieltbsisted technique known as flash sintering. In addition, strontium
substituted hydroxyapatite nanopowders were also synthesized and characterized, as
possible drug release vectors.
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Chapter Il

Materials and Methods

21Solid state reactionsTCAMagnesium d«

Beta- Tricalcium phosphate powderssymeiigesized by seiidte reaction with
different amount of2Mipping ions. High purity raw materials, calcium carbonate
(CaC@ >99.95 wt%, SigMdrich), ammonium phosphate dibasjeHEUH

>99.0 wt%, Fluka) and magnesium oxide (MgO, 98 \&)wiéré-emixed to obtain

0, 1, and 2 mol%3vigpntaining TCP; the corresponding samples were labelled as
MgO0, Mgl and Mg2-NG° series).

The high purity starting materials were weighted in stoichiometric quantity to
obtain (Ca+Mg)/P molar ratio eqlL&0; the mix was then homogenizedin a ZrO
ball mixer with ethanol and dried at 80°C. The dried powders were placed into an
alumina crucible and sihitke reaction was performed at 1000°C for 30 h (heating
rate 10°C minfree cooling).

According to previous wWdi®8] the expected reaction is:

o @6OB ¢ 60 OW &b Qb
°8d bQio o @60 000 T80
13)

where he amount (mol %) of dopant can be
x/0.03.

22Precipitation met hod:-TGRagnesi um d

Calcium phosphate nanopowders (Ca/P ratio = 1.5) were synthesized by chemical
precipitation via aqueous media in two different compositions, without any doping ions
(nMg0) and with 5 mol% magnesium (nMg5) substituting calCiBns€ribi).

The n prefiwas added to distinguish these nansmetdompositions from the
equivalent micrometric powders obtainedstateatdction and above described.

Hence, nitrate solutions (50 ml, 0.6 M) were prepared starting from calcium
nitrate tetrahydrate(l0@)2A 2@ {Bigma Aldrich, powder >99.0%) and, for the
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doped composition, magnesium nitrate hexahydraye"Mg@@luka, powder

99%) as well. For the phosphate solutions (50 ml, 0.4 M), ammonium phosphate
dibasic (N{4HPQ (Fluka, powder >99.@%6 ammonium hydroxidéNHCarlo

Erba, 30 vol%) were equimolarly mixed to obtain a buffer at pH ~9. The syntheses
were carried out by rapidly adding the nitrate solution to the phosphate buffer, under
vigorous stirring at room temperature, acctindingatction:

w o006l A00 owd WH PO @ 'O OW @GOV O
0@ 0Q Ol 00 U0 pwWOHH
Tp @ 00
(14)

where the molar amount (mol%)Ybofeidigcing Gacan be expressed as
Mg/ ( Mg + C ax3/L10pAdter 2 ho@rd df aging, the resulting suspensions
were repeatedly washed with distilled water, centrifugated (7000 rpm), and finally dried
at 80°C overnight.

2.3 Precipitation method: Strontium doping HA

In a very similasay, HA nanopowders were synthesized by aqueous precipitation
method with differerft Sontents, following the procedure described by Bigi et al.
[111]Higkpurity calcium nitrate tetrahydrate @2afNO, 99 wt%, Sigma Aldrich

A.C.S. reagent), and strontium nitrate anhydrogs, ERYNO Alfa Aesar) were

used to prepare the Ca+Sr nitrate solutions (50mL, 1.08 M overall); whereas
ammonium phosphate dibasia){®@, >99.0 wt%, Fluka) and ammonium
hydroxide NEH (Carlo Erba, 30 vol%) were once again mixed to obtain the
phosphate fiar at pH ~10 (50 mL, 0.65 M).

In order to avoid carbonatation, the syntheses were carriembostiaimt N
flow, adding the phosphate solution to the nitrate solution at 90 °C under vigorous
stirring. The solutions were additionally stirred mt\d8ta€ci atmosphere for 5
h; then, the white precipitates were repeatedly centrifuged (7000 rpm for 10 min),
washed and finally dried at 80 °C overnight. The expected reaction was:

PT OO0 00 w"id o @ G0 000G Whoy O
060 Yiol 00O ¢mO00 T ¢ 1T®00

(15)

Strontium content in the final HA powder was tailored changing the relative
amount of Ca(B}4HO and Sr(Nfin the nitrate solutions, to obtain Sr/(Sr + Ca)
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ratio of 0, 5, 10, 25, 50, 75 anehdBe; nanopowders were labelled as nSrX, where
X= Sr mol% =yl SrHA series).

2.4 Powder characterization

241 ICP-OES
Inductively Coupled Plasma - Optical Emission
Spectrometry

Purity and real doping content of powdd@ERMgMdCP and n$tA)were

initially checked by 40PS (Spectro Ciros Vision CCDy7AR5m) using
hydroxyapatite ultrapure standard (>99.995% trace metal hadiicBigraa
multielement standard (Merck KGaA, type IV) and a specific Sr standard (1000 ppm,
BHD SpectrolpoThe samples were solubilized in ultrapure nitric acid (70 vol%) and
diluted with pure wa tlpaddingstendasds an€@ Cso s mo s i
(100 g/L) as ionization suppressor. The emission lines chosen for the analysis were
184 and 393 nor Ca, 178 nm for P, 279 nm for Mg, and 217 nm for Sr.

242 XRD
X-Ray Diffraction

Two different diffractometers were used to analyze the synthesized powders and the
related sintered samples, taking advantage of the peculiar features of each instrument.
Then, the spectra were analyzed by the-Ristmaldftware Maud (ver. PL53)

The first diffractometer is Rigaku DMAX 11l 4057A2, baseBrent&nagg
configuration, working with Cu KU as sc¢
Data were collected within the 2Thgeall@t60°, with an angular resolution of
0.03° and an acquisition time of 10 s/step. Due to the extreme precision of the source
/ detector movements, this device is the best option for the peak position determination
and, consequently, it was used tamadias cell parameters and the crystallite sizes
of the phases detectaedtrumental broadening was taken into acosing By
powder standard (SRM 6405 T forcalibration.

Conversely, a DebSeherrer diffractometer (Italstrutture CPS) equipped with
curved detector and working at the same
/ 30 mA), allows to obtain higher signal/noise ratio with only 10 min acquisition time; it
wastherefore used for the quantitative analysis of the samples.
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JCPDS cards chosen for the spectra refinement are summarlezgd in Tab.
with the corresponding densgitie&rystallographic) gnd(measured). Under
these conditions, the detectinliof the instrument can be estimated equal to 1
wt% for a single crystalline phase.

Jory Jth
Phase Name JCPDS # gent  gent

BTCP b Trical ci 090169 312 3.07
UTCP U Trical ci 290359 281 286
HA Hydroxyapatite 090432 3.08 3.14
SrHA Strontiumapatite 331348 3.84 3.95

Tablell- 1. JCPDS cards used for the refinement by Maud software, and density values of the

related crystalline phases.

2.4.3 FT-IR
Fourier Transform i Infrared Spectroscopy

FTIRspectra were acquired in the range 6#@0@0n Y(resolution=4 th64

scans) using an Avatar Thermo FTIR spectrometer. For the tests, sample powders
were manually mixed in mortar with anhydrous KBr, uniaxially pressed in thin circular
pellets, and dgaed in transmission mode.

244  SS-NMR
Solid State Nuclear Magnetic Resonance

Solid state NMR analysi&andH nuclei was performed using a Bruker 300WB
instrument (nBIA series). Sample powders were compacted withorZ (@ =

4 mm), and placed in rotation under Magic Angle Spinning (MAS) at 11 kHz by flowing
air.

3IP-MAS experiments were recorded at 121.49 MHz, both urder proton
decoupling®P SP) and under cekpstarizatior® CP) configuration, using
ammoniurdihydrogen phosphateHdP; as secondary refereriée.SP tests
consisted in a single pulse (°/-2) of 3.
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power proton decoupling were used during the entire signal acquisii#h (16 scan).
CP tests haween recorded with a contact time of 0.5 ms (100 scans).

ConverselyitMAS experi ments were carried ou
5 €s, and 5 s of recycle delay (16 scan

245 Nitrogen sorption

Ne physisqtion analyses were carried out on a Micromeritics ASAP 2010 analyzer
on the nanometsize powders (MMIGP and n$tA series). Specific surface area
(SSA) and pore volume distributions were calculatealdBorptidn/desorption
isotherms applying BET equation and BJH model, respectively. SSA values were also
used to estimate the average particle dim@risyoihe well know relationship:

w

O Yo

(16)

wherg nis the theoretical density of the considered material (seeyTab 3) and
a particle shape factor.

246 TEM
Transmission Electron Microscopy

Nanopowder size and morphologyl GiMgnd n$tA series) were investigated

by Zeiss EM10 TEM operating k¥ .8Bowders were dissolved in acetone and
sonicated for 10 min; then the resulting suspensions were deposited on the copper
grids, allowing solvent evaporation overnight.

2.4.7 TG-DTA
Thermogravimetric i Differential Thermal Analysis

The thermal behavadr the synthesized powders was studied by a Netzsch
Geratebau STA409/DAS 414 system, using calcined alumina as reference.
Experiments were carried out in static air with different constantineatiig rate (

10, 20, 40 °C M)nup to 1200°C.
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Following an isochronal approach, indeed, it is possible to graphically determine
the activation ene@yJ mol) of a detected thermal event from the Kissinger

equatioft}

7

wher€l- represents the peak temperature (K) measured at the different heating
ratev, andRthe gas constant (8.31hét).

2.5 Thermal treatments
2.5.1  Conventional sintering

The sintering behavior oT B series wastially studied by dilatometric analysis,
shaping the powders into circular pellets (thickness ~3 mm, diameter 12 mm) by
uniaxial pressing (for 5 min at 5 t). Holdzafitg dilatometer (Linseis L75 Platinum
Series) with28ram and boat was employed and tests were performed with heating
rate of 20°C ndimp to 1550°Gimilarly, isothermal sintering was investigated

Md compositionyith heating rate of 40°C'mmt0900°C 04100°Cand2 h

holdingime.

In additiorthe same type of green pellets was sintered in air atmosphere at
1400°C (heating rate 10°Cinfinhours holding time), and then alternatively
subjected to two different cooling processes: a controlledl@8Glingreinside
the furnace (C seriegy] a quickly @juenching outside the furnace (Q series).

Similarly, nMECP nanopowders were shaped into circular pellets (thickness ~3
mm, diameter 6 mm) by uniaxial pressing (for 5 min at 5 t). Dilatometry were carried
out at 20°C miimp to 1200°Cnd sintering treatments at 10°€ oprto 1000
°C.

2.5.2 Annealing

The possible recdlwPe pdiaBOP wasiniestigafed r et ai n
by performing an annealing treatment on previously sintered and -qi@&nched Mg
samples (QA series)o™iferent approaches were adopted: constant heating rate

(2 °C mi#) within the dilatometer (quartz boat and ram) and isothermal treatments at
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700, 730, and 775 °C for 1, 2, 3, and 10 h (Mgl composition, only). The latter samples,
after the quantifioati -phase by XRDw( weight fraction), were used to
investigate the kinetic of UYb reconver

Qo 0 p Q
(18a)

wheranis the Avrami parameter, depending on the transformation mechanisms,
andkthe kinetic factor, depending on the temperature according to the Arrhenius law:

QY QQ
(19a)

whereko is the prexponential coefficig@tthe activation energy of the
transformation aRthe gas constant. Both equations can be lireedetarthine
n, kandQ

a

iTidp o 1T &b

(18b)

(19b)

253 Isochronal Flash Sintering

Flash sintering experiments were performed on tricalcium phosphate powders (TCP
and nMJ CP) within the dilatometer above descripted. Cylindrical green pellets (d =
8 mm, height #22mm) were shaped by uniaxial pressing the DW@I&tRe,

and then ptad into the instrument between-®RlofRit electrodes following the

scheme in Fid-1. The electrical field was generated by a DC power supply
(EW5R120, Glassman High Voltage Inc.); additionally, silver paste was applied on the
sample surface to iaverthe electrical connection with the electrodes. Voltage and
current were constantly detected by a multimeter (Keithley 2100, 1 Hz), while linear
shrinkage and furnace temperature were simultaneously measured by the dilatometer.

For all experiments,stant heating rate of 20 °@& anid current limifaJof
2 mA mr(i.e. 100 mA) were adopted, whereas different E fields-2@0@& 500
cm') were applied and maintained constant since the dilatometer furnace reached
500°C.
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Once the flash event occurred and the system was switched to current control
(stage 111), the sample was kept in this condition for a variable time.

- Lvot electrodes
< z\\ sample
RS
°
& T § V. i, N DC supply
> { \
o | | |®
Ty Yy 4
{ ,\7_,/.;
® @ -
multimeter
\‘; tube furnace

Figure It 1. Schematic representation of the experimental setup used for the isochronal flash
sintering tests.

2.5.4 Isothermal Flash Sintering

Some flash experiments were also performed in isothermal condlitioa on dog
shaped specimens (sed2)g limiting the maximum current flow at 7.52mA mm

For this purpose, the synthesized nanopowders (nMg0O composition, only) were
uniaxially pressed at ~150 MPa, obtaining samples with a rectangular central section
of (1.5 x 3.1 x 12.0) mm, ansipered at 800°C for 30 min.

12.0 mm

3.1 mm

‘ 1.5mm
L 21.0 mm 1k

Figure 1} 2. Dogbondike sample used for the isothermal flash sintering tests.

Two throudholes allowed tosertdirectlythe Pt wireand connect the

specimen tihe electrical circuit described ;abow®nductive paste was applied.
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Then flash sintering treatments were carried out within a horizontal tubular furnace
(Nabertherm P330)-peated and maintained at 900°QKFigvhereas E field
was gradually increased up to 750.V cm

camera

~ sample

> DC supply

multimeter

\: tube furnace

Figure IF 3. Schematic representation afxperimental setup used for the isothermal flash

sintering tests.

2.6 Sintered body characterization

26.1 SEM
Scanning Electron Microscopy

The microstructure of sintered specimens, as well as the morphology of the
synthesized powders and the dimensibre dfardness indentations were
determined by Jeol JSM 5500 scanning electron microscope (SEM).

2.6.2 Densityi Ar chi medeés met hod

In agreement with ASTM ©838tandard, open porosiyen Pvol%) and

densi fihca)tioh tlhhe sintered samples were
method using an analytical balance (Gibertini E42S, + 0.1 mg) according to the
equations:

. ®w 0O
booemE

(20)



pmtmtO
” (b "Y
(21)

where D, S, and W represergdrys pended, and what ur at ed
theoretical density of the material (slel)T &b case of a mphiase specimen,
the overall density can be estimated as:

p 0

» n

(22)

wherew a n drepyesent the weight fraction (by XRD refinement) and the
density of thi¢h phase, respectively.

2.6.3 Vickers Hardness

The sintered M@P samples subjected to controlled cooling (C series) and air
guenching (Q series) were molded in epoxy resin, polished with SiC papers (180 to
1200 grit), and finished with 6 em diam
compositig were subjected to Vickers indentation, using an indenter set up to
achieve the applied load (equal to 5 kg) in 30 s, with 5 s holding time. The indentations
performed were observed and measured by SEM up to collect at least 3 acceptable
data for eachffgrent sample (i.e. 9 values for each composition). Vickers hardness

was calculated as:

pRy L TA

Ow o)

(23)

wherd~is the indentation loaddm@h+dz)/2, representing the average value
between the twimeasured diagonal length of a single iodentat

2.6.4 Mechanical Strength i Piston-on-three-ball test

The mechanical characterizationBCRIgeries was integrated by biaxial flexure

test (pistean3-ball load scheme) carried out on circular pellets (thickness ~3 mm,
diameter ~20 mm, 5 for each composition). The samples were shaped by cold
pressing thpowders at the same previously reported conditions (5 min at 5 t),
sintering and cooling processes being maintained similar to those for C and Q series
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described above. According to ndxSO 6872
(MPa) for a specimebijsct to this load configuration can be calcijlatajl as

® YD @
" 0
(24a)
T I ]
w p II'Y c v
(24b)
' |TG) .8
w p p v p v
(24c)
wherePi s t he failure | oad, 3 talthe Poi sso

radius of the circle passing through the 3 balls center (G129 piston radius
(0.98 mmR andt the radius (mm) and the ribek (mm) of the disk specimen,
respectively. Tests were performed at 0.026.eardisplacement control) with an
Universal Testing Machine (MWIFS 810).

2.7 Thermal modelling of FS

As already discussed in the Introduction, the real temperature of a material subjected
to FS conditions is a crucial step to understand the phenomenon and to identify the
technical parameters necessary to induce the process.

A green body of masand specific h&gtis considered; the following thermal
balance can be introduced:

(25)

More specifically, the positive power conthusiacdue to Joule heating
effect:
® ®O0YO wjY
(26)
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whereVis the voltagkthe current, aRthe resistance, according to the first
Ohmés | aw. C Whauie due © ehé tgmperatureedifféaremaesrbetween
specimenl§) and furnac@), causing a negative thermal flux from the material by
radiation<p ) and through the two electrode¥ (~

@ o, Y Y Y gy Y oY
@7)

wherelisgis the StefdBo | t zmann constantemthed t he
contactonduction coefficierts 8d Son the specimen surfaces involved in the
specific thermal exchange mechafisenin detathe second tedascribes the
heat losss through the imperfect interface between specimen and electrodes,
characterized bixedconductiomechanism through tlatact points, and
convection through the cavity / open gafegifthepresenmodebhssumes a
uniform temperatiséhroughout the specimen.

The overall balance can be therefore written as:

L Y D0 Y Yy oYYty
48 5, ©O, - c
(28)

Finally, the evolution of the sample templeehtgen twoonsecutive
instants anditican be expressed by:
) o
ao

wo , Y Y Y ¢Q Y Y Y
(29)

oy “y

This approach was further adapted to the two different FS configuration applied
on TCP. All the adopted physical constants are summarietaindTraither

discusseih Gapt. 3.1

Symbol Quantity Value Unit Ref.
G Specific Heat 0.7 Jgtkl  [115]
0 Optical Emissivity 0.8 /

heon CortactCanductivity 10 Wm2K1  [114]
Use StefarBoltzmann Consta 5. 6§ W m?PK#
Ry Gas Constant 8.31 J Kl mot

Table I} 2. Physical constants used in the thermal equations.
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An alternative way to deterfzireeto employ an electrical property of the
material, for instance the resigtj\uitat depends on the temperature:

(30)

Such equation shows an ArrRideusend, that is typicahabnic conductor
[82] withy osas a prexponential coeffici€gthe activation energy of the process,
andRy the perfect gas constant. In addition, the same relation can be extended at the
resistance of the samples, being the two quantities linked by geometrical parameters:

Y o0 Y Ao 0
ol Ry
(€]
However()x and}os (or By can be graphically determined by fitting the

measured resistivity before the flash everf &feaccording to the linearized
form:

.<|C1
<o

(32

Finally, by extending the Arrhenius behavior beyond the flash event, the sample
temperaturBxiracan be extrapolated by inverting the above equation:

(33)

2.7.1  Cylindrical samples i Isochronal FS

For the cylindricalespnens with radiusnd length, considering the axial

symmetry of the FS configuration adopted, the heat losaedyucdrasically

through the base surfaces of the ceramic samples, placed in contact with the flat
electrodes, whereas the radiative area corresponds to the lateral surface of the
cylindern addition, being the tests performed within the dila®pesiblg to

measure the instantaneous length variation and calculate the aatndesurface,

the hypothesis of an isotropic shrinéhtiee material:
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Q - —_
U |
(34)
Y ¢‘'io p Q
(35)
Y “. p Q
(36)
Eq. 29 becomes:
. o o ., . . N ey vy 3 ey -
Y Y —— o0 ¢ip Q , -0Y Y Qi Y
ao
(37)

Nevertheless, such thermal approach can be further used to predict the
conditions leading to the flash event or, from a different point of view, to estimate the
onset temperatui@ at which the applied electric field induces the massive current
flow insie the material, and its shrinkage. In order to do that, the electrical quantities
should be conveniently converted into their local forms:

(38)
O Ui
(39)
. L. O
W wOodi 0 +—"1 0
(40)

For these calculations, the satimplnsions are assumed constant at their
initial values: this is quite realistic being the shrinkage almost negligible up to the flash
event. Therefore, Eq. 28 becomes:
., agYy o o
a0 — ,,_A ab W

G DY Y 01 YUY
0o 10 ¢i1v , -0 i

and dividing both the terms for the samplée Volume

50



ay p © 0 S o ©)

(42)

w h e gregnis the density of the green specimen. Then, a change of integral
variable is performed on the basis of the heating treatment adopted (i.e. constant rate
v):

Y Y 00O
(43)
Qo TYju
(44)
(01% p 0 0 G oy . ¢Q .
Qv . do° "PPyw T Y v
(45)

and the overall equation is transformed in an adimensional form:

'Q'Y "A QD p 7 uY uY 7 uY uY
ay @ N @ ®

(46a)

(46b)

A representative example of the differential equation shape is refported in Fig.
4, correspondingEe 1000 V civ = 20 K mih) andlgreen= 1.80 g cf(~ 60%
of t he t he oTCB)The quationwhesohsed y Wolfmafm Méthematica
software (ver. 10u8)ng NDSolve command and impeosmqeal tdr at 300 kas
the boundary condition

According to the thermal model, the procesdiciaiedé two main steps:
- At the beginning, sample and furnace temperature are substantially the

same, being the current flow in the material negligible. Hence, the heating
treatment is governed by the furnace;
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- Upon the flash event, the sample tempEgatifieantly diverges from
the furnace temperature. The heating control is completely managed by the
Joule effect.

As a consequence, the onset of the flash event could be found by imposing a
switchover condition between the furnace and the Joule regimes, namely when the
Joule heatingpntribution(sa) equals the furnace heating by radidiandby
the imperfect ontactbetween specimen agldctrodeg~), the lattebeing
considered in thermal equilibrium with the[11116j266]

OA @D % SY @Y
(47)

this representing the red plot il4&ighe onset temperaflixgs given by
the intersection of the lines and is well approximated by the relation:

T&A@a% Sy By

(48)
w h e r en efmpiricaorreation coefficiimtompensate the approximation

between the switchover condition (Eq. 47) and the onset temperature prevision (Eq
48)[116]

0.16

—— Differential equation - Eq (46)
~== TR
—— Switch condition - Eq (47)

0.14

012

0.10

0.08

0.06 |

Sample Temperature, ad.

0.04 |

0.02 0.03 0.04 0.05 0.06 0.07

Furnace Temperature, ad.

Figure It 4.Graphical representation of the diéfetieermal equation (Eq. 46, black line) and

the switch condition (Eq. 47, red line). Dashed line represent3¢hekrelation
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Finally, returning to the real physical quantities:

(49)

This equation is used to fit the experimental data about the flash onset
temperature, observed by changing the eledfanfiettde length o f-TCB
cylindrical specimens. It is quite interesting that the system is completely described
throughhie electric features of the mat€palndj os, i.€. resistivity) and the heat
exchange parametdian(dhcon), wherea€, or Ugreerare no longer present in this
final expression.

2.7.2 Dogbone samples i Isothermal FS

For dogboHike specimens, despite the more complex geometry, the above
equations are simplified by removing the heat losses by conduction: the samples are
suspended by the Pt wires within the furnace, and the contact interface between
electrodes and m&eis not significant. The radiative Sudaees calculated as

the lateral area of the rectangular central seati®iz)( and assumed constant

up to the flash event:

Y ¢cO0 & e p wita
(50)
Therefore, the sample temperature evalntiEnexpressed by:

o )

Y Y —
ao

wo , - Y Y
(61)

whereTisois the target temperature of the furnace, which is a constant.

As for the FS descriptive equations, a slightly different approach is adopted,
based on the isothermal model proposed by TddbpAetording to that, if the
difference between the constant furnace tempesatnde the real sample
temperaturk is expressed as:

Y Yoty
(52)
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the produced powafr and the evolved powék) can be written, for the
specific geometry, as:
i}

@ ooé)—A@D,Y.,Y Ty

(53)

(54)

and represent, respectively, the heating and the cooling curves of the system.

The flash event occurs when, by imposing a sufficiently intense&lectric field
the heating curve increases to become tangential to the cooling fléBction (Fig.
Theredre, once the material is overheated beyond @ Thjicaleans of Joule
effect, the power losses increase less than the power produced, and a thermal
runaway mechanism takes place. The condition of tangency is realix&id when both
=WoutanddWy d op T ouf=d gddWerified:

) 0 . . o .
oug—AQDW ¢cov a, - Y YY Y
(55a)
., 0 0 0 L . o
oug—AQ)D(Y N Y Y Y Y wo a, -°Y YY
(55b)
which allow to define the ciiaabp T
TG—Y A 4 Yoy Y m
(56a)
. wo a, -"Y L 0 o !
o 03 7 Ag R~ v Y YV
(56b)
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The material heating is then usually limited by the power supply system,
switching the control froitage to current. The produced power starts to decrease,
up to intersect the cooling curve and achieving a new equilibrium, according to:

O 008" ABR—T—y

(57)

o0 W, -V control

Wm- I control / /

40t

Power, W

20

0 200 400 600 800
AT, K

Figure I} 5. Graphical representation of the coolingVauiizg. 54, blue line), the heating
curve$Mhin the voltage control step (Eq. 53, red lines) for different electric fields, and the heating

curvedMnin the current control step (Eq. 57, orange line). CriticaBcandifidase also
reported.
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Chapter 1lI

Results and Discussion

31Solid state reactionsTCPMagnesi um d

This chapter is partially based on the published work:

Frasnelli M, Sglavo V.M: Effect2ofdbfgng on betdpha phase transition in
tricalcium phosphate (TCP) bioceramics, Acta Biomaterialia 3822916): 283

3.1.1 Powder characterization

ICROES data are summarized onlFBlkproviding (Ca+Mg)/P atomic ratios very

similar to thetoichiometric value of 1.50, typical for TCP. Other elements, such as
Na, K, Sr, and Fe, were detected in quantity lower than 50 ppm. Conversely,
Mg/(Ca+Mg) molar ratio, especially for the Mgl composition, is slightly different from
the nominal value. &itlveless, such variations are taken into account in the
following discussion by plotting the measured quantities as a functiorfof the real Mg
amount (i.e. by ICP).

Sample nominal Mg Mg/(Ca+Mg) (Ca+Mg)/P, Formula MW,
mol% mol% at. ratio g mot
MgO0 0 0.00 +0.04 1.500 + 0.00: Ca(PQ). 310.18
Mgl 1 0.79+£0.04 1.507 +0.00: CasMgo{PQ). 309.86
Mg2 2 2.03+£0.04 1.508 +0.00: CaoMg.o{PQ) 309.23

Table I+ 1. Chemical composition of the synthesized powders, detd@RQEEShy

proposed formula and estimated molecular weight MW.

For what concerns the crystalline phase composition, all powders show the
typical r e f-TCP polyimarph, aprapbrtec il HiBydnitreabing
the dopant content peaksgtaquals hi ft t o higher 2d angl e
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incorporation of Migns within the TCP structure and the consequent distortion of
the crystalline cell. In addition, no signals related to MgO are present in the spectra.

Anyway, small amegligible amounts of HA can be detected and quantified by
the weak peaks at ~31.77°, in agreement with the positive deviations from the Ca/P
ratio of 1.50, as predicted by theR&ai0H0O phase diagram of F&{28]29]

Most likely, this is due to the incomplete reaction fe@verd HA at ~800°C,
during one of the last thermal decompositions leading to the formation-of TCP by solid
state routfl09]

o600 00 ¢O00 ©OpmwWOdLO @O0

(58)
’ Mg2
A;.,ug._vﬂwl%\lwu’ i ‘mk_/\/\.,,J~J./\_,;M'\A,.J“Jvﬂ_ﬁwr“-’\./vw._)
i ’ Mgl
é DT R _J‘m'.w‘ L,J‘.J A,'J‘x.,k_,l ‘..N'—\,J‘A. AN AN )I‘_M s WA N
£ , Mg0 |
T
s L]
g M S *\_J\_qu‘ Laadhalln i s s AmsinsMa s
> B-TCP
(A \“\. T T AT TRV
10 20 30 40 50 60

20, deg

Figure I} 1. XRD patterns collected on the synthesiz&PNgwders. Blue vertical lines
r epr er€rR#0O16%) JCPDS reference.

Spectrum refinement (THB) by Rietvelthsed software allowed also to
determine the cell paramedensdf) for the MCP series, confirming the gradual
cell contraction as a result of theOM@)d stabilizatidi 7] Also the average
crystallite size is subjected to an evident drop, moving from ~700 nm (Mg0) to ~300
nm (Mg2), similarly toSkdoped HA systenhd@. 3.3) where the presence of
secondary Nteons promotes the crystal nucleation and inhibits tHait &iowth
has to be pointed thétcrystallite size values higher thaB020Om can not be
consideredbsolutely mearfuig due to the predominant contribution of the
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instrumental broademinghe peakhowevethe observed treasl a function of
Mg+ presence thought to sillsignificative

Sample b-TCP, a, 0.1 nm c, 0.1 nm XS nm HA W%
wit%
10.4357 + 373890+ 706+ 2.0+
Mg0  98.040.0 0.0006 0.0002 90 03
10.4259 + 373850+ 515+ 60%
Mgl  94.0+00 0.0006 0.0002 37 0.4
10.4071 + 373540+ 301+ 20%
Mg2 ~ 98.0+00 0.0003 0.0002 24 03

Table Il 2. Refined unit cell parameteasidc), crystallite size§y and phase quantities
obtained by XRD.

The thermal behavior of the synthesid&cPMmpwders is reported as DTA
plot in Fig. I

Mg0 | Mgl

DTA, EXO >
DTA, EXO

100 1400 1500 1600 1700 1800 1300 1400 1500 1600 1700 1800
Temperature, K

Mg2 Mgl Mg0

In(T:/v)

DTA, EXO -»

00 W00 100 1600 100 1800 ’ N
Temperature, K 1047, 10'K*

Figure 11} 2. DTA curves of the synthesizeB®gpowders, carried out at different constant
heating rate, and corresponding Kissinger plot: light blue défst(@dkiagise dots (5 K
mint), and dark blue dots (10 Kymin
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According to the literaf6@] two endothermic signals characterize all the
compositions: a weak peak around %000 K, related with bY
postponed by increasing*Mand a more intense event at 1750 K, associable to
UYUNj reverse transformation.

The isochronal approach points out how by increasing the Wéatithg rate
same MJCP composition, peaks are gradually shifted, shaweesands for
the bYU event (inserts), linear fitting
equation (Eq. 17) provides the activation energy of the process for the different
specimens (Tal-3). For the undoped composition Mg0, a 2alukoail/mol was
calculated, in good agreement with the value 250 kcal/mol reported in the literature
[46] This significantly large amount of energy can be justified taking into account the
reconstructive nature of the phase transition considered, involving a drastic change in
the lattice from rhomboHednmaonoclinic structures. Conversely, the substitution of
0.79 and 2.03 mol%‘®y Mg leads to much higher activation energies, 310 and
421 kcal/mol, respectively, associated to the thermodynamic effect of the enhanced
structur dCPpslymarph. | i ty of b

Mg0 Mgl Mg2
Differential Thermal Anal
bYU temper

at 2 K mih 1469 1528 1586

at 5 K mih 1485 1540 1597

at 10 K min 1498 1552 1605
Kissinger fitting, Eq. 17

Slope, K 119277 156004 212142
Intercept -67 -88 -120
Re 0.999772 0.994097 0.999789
Q, kcal/mol 237 310 421

Dilatometry

bYU temper 1501 1553 1682
Shrinkage at 1800 K, %  2.24 5.76 9.01

Tablelll-3.Collected data about the thermal behavidr6fRMgpowder s: bYU t e mp
by DTA and dilatometry, final shrinkage and Kissiuggaifgting
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The positive effect of Mg has implications for the sintering behavior of the
powders as well. As it can be noticed from the dilatometric plot of Fig. 14, sintering

starts

at

~1200 K,

but once HBYU transi

arrested, as a consequence of the TCP lattice efgRinsievertheless, an
increment of transition temperature from 1500 K (Mg0) to 1680 K (Mg2) leads to
enhance the final shrinkage from 2 to 9 %, respectively.

Linear Displacement, %
-

Temperature f to a, K

1700,

1650}

1600/

1550

1500}

o1

Mg amount, mol%

Mg2

A

200

400

L L L L
600 800 1000 1200

Temperature, K

1400 1600 1800

Figure Il 3. Dilatometric plot of the synthesiz&@CRIgpowders: light blue line (MgO0),

turquoi se

l'ine

(Mg1),

and dark blue I ine ( Mc

additionally plotted as a function of Mg amount (insert).

3.1.2

Conventional sinterg

Tab.llH4 summarizes the XRD quantitative result$ ©P Mgmples sintered at

1400°C, and then alternatively cooled at 10°C/min (C series), or quenched in static air
(Q series). The target temperature was chosen accordingly to DTA observation, in
order to compdet y
investigate the dopant influence dh rifeastability upon coolingdetail, the

ma X i

mum bYU

transform

temperat

eT&kand, io thimpaysto t i on i

ure at 10AC/ min

(i

was determined for Mgthposition equal to 1332°C (1605 K); in addition, two
additional hours of isotherms should ensure the thermodynamic equilibrium of the

entire specimen.

Crystalline compositions of Mg0, indeed, confirm the previous hypothesis:
regardless the coolingitmeat, at room temperature the sintered material is formed

60

1



entirely H€Pmenastapket®d. Conversely,
phase, this proving the pTlaGR iifd8@R ocanbd s p
upon the cooling process. By simgeshe dopant amount, Mg2_C is even
compl et el-KCP.fToerefore,dt cah lye pdinted out that Mg also provides a
positive contri buti on -stabilizionsigoracbdling,i z at i o
very likely decreasing the activationgepe o f the UYD process
proportional to the dopant amount, has further kinetic consequences. By observing the

Q series, Mg 1l c o fMPR wheleas dvig2 appearscpartalyy| et e |
reconverted (64 wt % DnothérevergsjMgecrdase® quen
the critical cooling rate required to 1

acceleratethepsst nt er i ng-TGPrcenpaumie Nt s of b

b ph U ph jn

Sample wit% wt% g cnd

Mg0OC 0+0 1000 2.86
Mgl C 46+2 54+0 297
Mg2_ C 100+0 0+0  3.06

Mg0 Q 0+0 1000 2.86
Mgl Q 0+0 100+0 2.86
Mg2_ Q 642 36+2 299

Table 1H4.Crystalline composition (by XRD) and theoreticphdétigtgintered NIGP

specimens, subjected to controlled cooling (C series) or quenching (Q series).

Popen Poiosed  J #n,} HV, Us,
vol%  vol%n % MPa MPa

MgOo_C 251 51 70 817+60 31%1
Mgl C 20+2 6+1 74 1109+153 18+2
Mg2 C 8+1 8+1 84 1370+83 322

Mgo Q 29+1 11 70 439+84 91
Mgl Q 22+1 21 76 675+91 113
Mg2 Q 11+2 41 85 856+104 5+3

Table I+ 5.Open porosiBpen closed porosRyoseq relative densjtyin, )Vickers hardness
HV, and mechanical strengtbf the sintered NIGP specimens, subjected to controlled

cooling (C series) or quenching (Q series).

61



For what concerns the microstructure
measurements (THB5) arein good agreement with the preliminary conclusions
drawn by dilatometry: shrinkage was arrested upon the first sintering stages, when
porosity is still predominanB@2@ol%) and interconnected. Only for the Mg2
composition, b Y U er porasnae ipartially isolated, keeapenp | a c e
porosity is comparable with closed porosity, and 85% densification was achieved. As
expected, cooling process does not seem to influence such features.

Further microstructural evidences can be found by bbs8BAhgniages
(Figl1H4) of the polished and indented sample surfaces. Within the impression area,
plastic deformation induces the closing of the interconnected porosity; diagonals are
clearly visible and no cracks at the edge are present.

Figure Il 4. SEM images of representative Vickers indentation eFCthesintgred
samples: C series (first row), and Q series (second row).

Vickers hardness results are summarizedlikbBatal, as expected, the
values grow with the dopant @mé&om ~800 MPa (MgO_C) to ~1350 MPa
(Mg2_C), being the hardness strictly related with the microstructure and sintering
behavior. At the same time, quenching introduces evident thermal stresses, leading to
a decrease of 4800 MPa but maintaining time $eend (Fitt5). Moreover, the
samples presenting the most disperse data are Mgl_C and Mg2_Q, the only two
cases of biphasic composition (b and U

Surprisingly, the mechanical resisiarofethe sintered pellets does not
increases linearly witB*Mwp regular tendencies along C or Q series can also be
observed. The only clear conclusion is that the thermal stresses induced by quenching
reduce the material strength. However, the spetémapsng the linear and
positive trend along the single series are, also in this case, the biphasic composition
Mgl_C and Mg2_Q. Despite the lack of performed measurements and the few
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compositions considered, an explanation of this effect bidsedl sireseses can

be proposed. More in detail, b to U tr:
vol umetric expansion which completely i
U completely. I n this waalgqgconsidesng thas a | str

high temperature involved (1400°C). Then, upon céofng, Mmot es U t o
spontaneous reconversion, associable with a volumetric shrinkage. If this reverse
transition takes place completely (Mg2_C), residual stress canrbestneaagai

during the controlled cooling. Conversely, if the reconversion occurs just partially, and
both U and b phases are retained at roo
~10 MPa arises within the material, decreasing the final rrecigginical s

30 p 1 {1100
——C series 4

{1200

{1000

_vol%
HV, MPa

{800

P
b

{600

a,, MPa

Mg amount, mol% Mg amount, mol%

Figure I+ 5.Open porosiBpen relative densjtykn, jVickers hardned¥, and mechanical

strengtflis of the sintered NIGP specimens, as a function of Mg dopant amount: black line (C
series), and red line (Q series). Crystalline phases detected by XRD have been also reported for
clarity.

3.1.3  Annealing

The dilatometric plots of the sintered andeduBtgfiCP specimens,
subjected to an annealing treatment at constant heating rate (2°C/min), are reported
in FiglIk6. All compositions exhibit a very similar thermal expansion, with an average
linear coef°€Clicient of 11.2A10

Then, just for the doped samples, a linear contraction is clearly observable
around 1000 K, more intense for Mgl A composition. By considering the
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corresponding results about the crystalline phase composition by&@RIBgTab. 111
eventis associablewmi t he r econvelrGR oinntoof bBt:h eu nrdeotpa
is still formed by U phase, only, where

08+

0,6F

04F

0,2F

Linear Displacement, %

0,0F Mgl

0,2+
200

400 600 800 1000 1200

Temperature, K
Figure IIt 6. Dilatometric plot of the sintered and quendi@E Bégnples (A series): light

blue line (Mg0)rtquoi se | ine (Mgl), and dark
temperatures.

bl ue |

Actually, this transition can occur also in absence of any dopant agent, as shown
by Monma et §6] although the annealing treatment was applied to finer powders
and not to massive bodies. Simply, if the activefdhdauarticles is reduced by
sintering, a reconstructive process |i
therefore, strictly dependent from the temperature, would require longer time to occur.
Once again, Mg acts on the activation energy ofithe abmsing the complete

reconversion into b and proportionally
b ph U ph UYb temp
Sample wit% wit% K
MgO A 00 1000 /
Mgl A 1000 0z0 1038
Mg2 A 100+0 00 933

Table IF6.Cr ystalline

composition

(by

XRD)

and

quenched MECP specimens, subjected to annealing at 2°C/min by dilatometry (A series).
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Mor eover, it should be recalled that
expansion; thevef, the inverse reaction is likely combined with a contraction,
proportional to the amountofsneta bi | i zed U. Therefore, a
for Mg2, having only 36 wt% of U after
measured ~1% forMg® i ng 100 wt % U.

As an additional information, XRD spectra of Mg2 composition is reported in Fig.
IIF7 by varying the thermal treatment adopted.

v [B-TCP
* a-TCP b
: o . | Mg2_A
: ‘I v
5 3 P u ‘mw J:/"N%MWJ_&;W
@
2 \ 1 Mg2_Q
g i \ 1
g v“"/\* \:' "H .'\/‘ " L' bad ’L_,N&\,- »«rl\.ﬁ’"‘u/w/
f\'{ \ Mg2_C |
©
£ v v fv v/ \ v M v Livy
5 AR | M ‘L_/J qu '\/\,LJ\,H_J ) AM_
= \ Mg2
v
e b
NI\ NS 'J“‘”'Cﬂ"' % AT T AT
20 25 30 35 40 45 50
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Figure 11} 7. Crystalline phase evolution of a representative composition (Mg2) as a function of
thedifferent heating and cooling treatments: controlled cooling (Mg2_C), quenching (Mg2_Q),
and annealing (Mg2_A). Symbols are referred to JCPD® chreisHOP( btue triangles),

#090 3 4 -§CP( réd squares), andGAB2 (HA, green circles), resplgctiv

Finally, the kinetic of UYDb was inves
treatments at different times and temperatures. Mgl sintered and quenched
specimens were selected for the test, being possible for this composition to completely
retainUTCP at room temperature. As it can be noticedIi8 (Eigntral),

experiment al poi nts sTCBtanstormedfrgaimoi dal i n
by increasing the annealing time and temperature. For instance, after 3 h treatment
(ibe.10800s I'n t & 9.3), 15% (700AC), 34% (7
occurred.
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Therefore, each temperature series were fitted by using the linearized Avrami
equation (Eq. 18b), leading to the determination of the corresponding kinetic factors
k(T) Slopesf the model lines, corresponding to the Avrami cpéificeeheen
forced to be the same for the three series. In addition, activafaf treergy
process was calculated from the linear regression of kinetic factors, performed by
using the Arnhieis law (Eqg. 19b). T, shows the fitting parameters and the
achieved results: for Mgll3Zand®o66i ti on,
kcal/ mol, substantially | ower than the
and compatible with the previous considerations.

R*=093119

700°C x
/. =

700°C

8 10 12 096 098 1,00 1,02

Int 1000/T, 10° K"

08

0.6

700°C

0.2

00—

Int

Figure I#8.Avrami plot of the isothermal annealing treatments performed on Mgl composition:
black lines and points (700°C), red lines and points (730°C), and blue lines and points (775°C).
From the left, linearized fiféyand cumulative plofof the transformed phaseOn the

right, kinetic coefficient as a function of tem{mrature
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TemperaturéC 700 730 775
Avrami linear fitting, Eq. 18
Slope 1.3151 1.3151 1.3151
Intercept -13.9 -13.3 -11.5
Re 0.955917 0.964365 0.918607
Avrami coeff. n 1.32 1.32 1.32
Kinetic factor k 9.109/ 1.69/ 1. 09/

Arrhenius linear fitting, Eq.

Slope, K -33224
Intercept 20.1
Re 0.931190
Q, kcal/mol 66

Tablelt7.Li near

activationener@o f t he UYb transition

3.14

Isochronal Flash Sintering

The following chapter is partially taslee published paper:

have

fitti QP weight feacti@ofeviglsconopbsitidn ffbsg
XRD) as a function of annealing time and temperature. Estimated Avramancbefficient

been

b

al so

Frasnelli M, Sglavo V.M: Flash sintering of tricalcium phosphate (TCP) bioceramics,
J. of the European Ceramic Society 38 (2628%. 279

3.141

Flash sintering behavior

The undoped TCP powder, shaped into cylindrical spetipfered within the
dilatometer, was subjected to different flash sintering tests at constant heating rate of

20°C mif, as reported above. Hig shows the linear displacement detected

during the sintering process, under constant electicdieléntional dilatometry

(i.e., with no field) is once again reported for comparison.
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Figure It 9. Dilatometric plots of TCP cylindrical specimens under conventional (i.e. no field)

and FS conditions (10 min at 2 n¥A Numbers refer to #pplied electric field (M)em

vertical

dotted

l'ines

derivative of the conventional curve.

The FS curves show three effects:

represent

t he

temper af

- the starting point of the shrinkage, coincidiet @nget temperature
TonOf the flash event, is strongly anticip&edony 1125 K (900 V cm

1) to 965 K (1500 V{gm

- the shrinkage takes place very rapidly, with an average rate of ~2 um/s,

whereas the conventional sintering proceeds at ~@uid, jaftés the
sl owly

transition bYU,

even mor e

(0

- for the entire FS process, the furnace tempertaeed below the

bYU

temperatur e.

As a direct consequence, the final shrinkage after only 10 min current control is
around 20%, much highan 2.3% value obtained without field: the relative density
is 79% (900 V €m86% (1000 V&mand 93% (1500 Vizmpparently, no phase

transition occurs.
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Figure I} 10.Representative example of FS test carried out at 10@0evtridreld,
current, power density, and resistance as a function of the process time; raw data (red lines) and
smoothed data (black lines).

The behavior of TCP during flash sintering can be better understood through the
evolution of its electrical featugeHKFJ), which is quite similar to that reported in
the literature for other matdfi@R] Basically, the first stage of the process is
characterized by the absolute constancy of the voltage and by the linearity of the
logarithm of resistance, according tohtéeids law (Eq. 31); current and power
density are both almost negligible, due to the limited temperature. As the test
proceeds, and consequdnthcreases, the resistance decreases and the current
starts flowing gradually through the material. This increment is not linear, but much
more rapid: in few minutes the current limit is reached, and a power spike is detected
in combination with a resistdrap. These phenomena clearly identify the onset of
the flash event, as well the beginning of the rapid shrinkage observed by dilatometry.
Then, the process must be switched to constant current mode, although all the
electrical variables appear verjerszht The extended interface between the
ceramic and the electrodes, indeed, seems to enhance the continue creation of
multiple current paths, causing sparks and instantaneous variations of the field.

After these phenomenological considerationgluémee of the main
technological variables, i.e. applied elecaitdfieitial sample lerigthon the
overall FS process is quantified in télsmsTbE aim is to determine the physical
conditions inducing the flash event in TCP materieldhadiescriptive model to
explain and optimize such technology.
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Figure 14 11. Experimental onset temperddwoéthe flash event, as a function of the applied
electric field, for sample lengttequal to 3.5 mm (red dots) and 5.0 mm (blue dots). Colored
bands represent the best fits by using Eq. 49, considering an error ofgt 0.1 mm on

Figure 1#12.Experimental onset temperddwoéthe flash event, as a function of the sample
length., for applied electric field61000 V chfred dots), 1200 \Vidiiue dots), and 1500

V cnt (green dots). Colored bands represent the best fits by using Eq. 49, considering an error
of + 20v crmtonE
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