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1. Introducere

Tesutul 0sos posedd o capacitate de regenerare crescutd, anumite afectiuni usoare, fisuri i
fracturi mici, vindecandu-se natural, n timp. Totusi, leziunile foarte grave, cu o suprafafd de peste
2 cm. (in medie, variind in functie de situs-ul anatomic) [ 1], nu se vor regenera fard ajutor (in engl.
,,CVD - critical size defects” = defecte critice). Leziunile traumatice, bolile degenerative, bolile
histologice, defectele congenitale sau indepértarea anumitor tumori pot cauza afectiuni serioase
tesutului osos, ce necesitd interventii chirurgicale pentru restabilirea functiei si vindecare

completa.

Studiul regenerarii afectiunilor tesutului osos a fost i incd reprezintd un punct major de
interes in lumea stiintifics. In acest punct de intersectie, stiinta materialelor, ingineria mecanic,
electronica, informatica, medicina si genetica sunt interconectate In vederea Imbunétatirii
metodelor existente si dezvoltirii de noi metode in ceea ce priveste vindecarea osului. Conform
mai multor surse [2,3] prevalenta afectiunilor osului este in crestere, fie cd este vorba de o afectiune
auto-indusd a organismului, fic cd este vorba de un factor extern provocator, incepand sa fie
afectatd si o buni parte din populatia de varstd medie, nu numai persoane de varstd fnaintatd, acolo
unde aceste afectiuni sunt inevitabile, tinind cont de natura umand. Tehnicile conventionale ale
medicinii traditionale lasi loc pentru dezvoltarea lor si pentru propunerea de noi modele. Nu in
toate cazurile aceste tehnici se dovedesc a fi cele mai eficiente. latd deci necesitatea cunoasterii,
propunerii si dezvoltirii de noi strategii, care s3 depdseascd nivelul actual de cunoastere si implicit

eficienta acestuia.

Ingineria tisulard pe bazi de scaffold-uri promite foarte mult in acest sens. Obiectivul
principal al acestui concept este de a restaura si de a imbunatati functia tesutului osos, oferind un
mediu stabil pentru regenerare. Cercetitorii din aceastd sferd se focuseazd pe dezvoltarea si
tmbunititirea materialelor care sd imite cat mai mult posibil mediul biologic nativ. Pentru ca acest
lucru si fie posibil trebuie luate in seama anumite proprietdti ale tesutului osos, care mai apoi sd
fie mimate in prototipul scaffold-ului creat, i anume: arhitectura, porozitatea, rezistenfa mecanicd,
adeziunea celulard, biocompatibilitatea, proliferarca celulard, mineralizarea si diferentierea

osteogenica [4,5].




Progresele realizate in domeniul biomaterialelor conferd un impact important ingineriei
tisulare, in special procesului de regenerare osoasd. Precum s-a mentionat anterior, metodele
traditionale sunt o solutie, standardul acestora regasindu-se in procedurile de grefare. Insi, in
anumite cazuri si circumstante, aceste proceduri pot fi inlocuite cu succes de un scaffold ce are in

componentd biomateriale cu caracteristici specifice.

In ingineria tisulard, scaffold-urile sunt structuri poroase 3D sau hidrogeluri celulare
remodelabile concepute pentru a defini si sustine spatiul in dezvoltarea de nou tesut, oferind suport

mecanic si furnizdnd local anumiti factori [6,7].

Numeroase scaffold-uri, produse dintr-o varietate de biomateriale si prin diverse tehnici de
fabricare, au fost folosite in vederea regenerdrii tesuturilor si organelor. Dintre aceste materiale se
disting: fosfatii tricalcici (TCP) [8-11], hidroxiapatita (HAp) [12-14], carbonafii de calciu
(calcitii) [15], silicatii [16-18] poli-D-lactida, poli-L-lactida (PLA) [19], poli-lactida-co-glicolica
(PLGA) [20], poli-caprolactona [21,22], colagenul [23,25], s.a.

Forsteritul (M2S; Mg»SiO4) este un ortosilicat de magneziu din clasa olivinelor [26,27].
Datoritd proprietitilor de care dispune poate reprezenta o solutie de bioceramicd activd in
regenerarea fesutului osos. Dintre aceste proprietdti se remarca: biocompatibilitate, bioactivitate,
ratd buni de degradare, solubilitate crescuta [28], precum si proprietati mecanice foarte bune [29]
sau costuri mici de productie [30]. Proprietatile bune de care dd dovadd pot fi puse pe seama
ionilor de Si si Mg. Studiile au demonstrat ci ionul Si are efect benefic asupra oaselor, in procesele
metabolice si in calcifiere [31,32]. Se remarcd prin reglarea producerii de colagen tip I, prin
imbunititirea bioactivititii, promovarea diferentierii osteoblastelor si in mineralizarea osului [28].
De asemenea, cationul divalent Mg?" reprezintd unul dintre cele mai importante elemente din
corpul uman, fiind responsabil, printre altele, de mineralizarea oaselor, de fragilitatea acestora,
dar si de viabilitatea celulard, contribuind la formarea osteoblastelor [33,34]. Mg este principalul
substituent al apatitei biologice [35]. Naghiu et al. [36] a demonstrat faptul cd forsteritul nu
prezintd citotoxicitate, ci chiar stimuleazd proliferarea osteoblastelor. Hidroxiapatita (HAp) a
prezentat un succes semnificativ ca bioceramicd in regenerarea tesutului osos, insd prezintd
proprietiti mecanice mai putin favorabile, precum rezistenta la fracturd mai scdzutd decét cea a
osului cortical. Forsterit-ul, prezintd proprietdti mecanice superioare fatd de HAp, si, in general,

fata de fosfatii de calciu [37].




2. Sinteza pulberilor si a ceramicilor pe baza de forsterit.

Pentru obtinerea Mg:SiO4 (M2S) materiile prime utilizate au fost azotatul de magenziu
hexahidratat Mg(NO3)2-6H>0 si TEOS. Raportul molar MgO : SiOz a fost de 2:1, specific MS. S-
a decis obtinerea, ca in cazul precedent, a 10 grame (g) MaS, folosindu-se 36.4685 g

Mg(NO3)6H,0 si 15.8780 mL TEOS.

P4ni la etapa de calcinare a pulberii obtinute, ruta de sinteza din cadrul M»S este similard cu
cea din cazul CS, diferind numai precursorii. Odati cu obtinerea pulberii fine de M»S, aceasta a

fost supusi tratamentului termic de calcinare la 800 °C pentru o perioadd de 2 h.

Pentru inceput Mg(NO3),-6H20 a fost dizolvat intr-un pahar Berzelius, in 150 mL etanol,
sub agitare magnetic timp de 20 minute, la o temperatura setatd la 60 °C. Dupd 20 minute a fost
addugatd, prin picurare, si cantitatea de TEOS necesard. Apoi, amestecul a fost agitat magnetic In
mod continuu, pentru incd 1 h, pentru ca precursorii sd se poatd dizolva in solvent. Dupd
omogenizarea solutiei, aceasta a fost pusé in cuptor, la 60 °C si ldsatd si gelifieze. Dupd formarea
gelului, acesta a fost pus la uscat, fiind plasat in cuptor, la o temperaturd de 80 °C pani cind gelul
s-a uscat complet. In urma procesului de uscare a avut loc deshidratarea completd a gelului. Apoi,
a fost micinat intr-o pulbere find, cu ajutorul unui mojar si ulterior s-a omogenizat cu ajutorul

sitarii succesive.

Urmitoarea etapi a fost reprezentd de calcinarea pulberii. Calcinarea s-a la temperatura de
800 °C timp de 5 ore. Apoi, din pulberile calcinate au fost realizate mai multe corpuri ceramice,
sub forma unor pastile cilindrice, prin presarea manuald a pulberii cu o presd uniaxialad (presiune
de 15-20 MPa). Pentru a creste gradul de porozitate, In unele probe, s-a addugat sucrozd ca agent

porogen in procent masic de 20%.

Dupd compactarea pulberilor n corpuri cilindrice acestea au fost supuse procesului de
sinterizare astfel: la 1250 °C pentru o perioadd de 2 h i la 1320 °C tot timp de 2 h. viteza de

incilzire a fost de 10 °C/min.

In final, corpurile ceramice sinterizate au fost supuse caracterizarii prin diferite tehnici de

analizi.




Fluxul tehnologic care cuprinde toti pasii urmati in sinteza descrisé poate fi observat in figura

Ma(NO,J, 6H;0
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Figura 1. Schema de flux a sintezei forsterit-ului.
- Pentru simplificarea prezentdrii analizelor probele vor fi notate precum in tabelul de mai jos.

Tabel 1.Centalizator pentru probele de forsterit realizate.

Nume proba Compus Temperatura de Timp expunere Agent porogen
sinterizare (procent masic)

Fi MzS 1250 °C 2h 0%

Fy - 1320 °C 0%

Fi20s forsterit 1250 °C 20%

F220s 1320 °C 20%




3. Metode de caracterizare

Pentru a determina gradul de cristalinitate, dimensiunea de cristalit, modalitatea de
cristalizare si pentru a identifica fazele probelor s-a utilizat analiza XRD. Probele au fost analizate
folosind un echipament PANalytical Empyrean (de la Malvern PANalytical, Bruno, Térile de Jos)
in geometria Bragg — Brentano, echipat cu tub cu raze X cu anod de Cu (CuK = 1.541874 A).
Difractograma de raze X (XRD) a fost achizitionata in intervalul 20 cuprins intre 10-80°, cu un

pas de achizitie de 0,02° si un timp de achizifie de 100 s pe pas

Imaginile de microscopie electronicd de baleiaj - SEM au fost preluate cu un microscop FEI
Inspect F50 cuplat cu un spectroscop de raze X cu dispersie de energie - EDS (Thermo Fisher,
Eindhoven, Olanda). Atat detectorul electronului secundar, cat si cel al electronului de imprastiere

au fost utilizati la un voltaj de 30 kV

Rezistenta mecanici la compresiune a fost determinatd utilizand aparatul din seria Shimadzu

Autograph AGS-X 20kN (Shimadzu, Tokyo, Japonia).

Pentru a observa legiturile chimice si gruparile functionale din probele realizate si pentru
a demonstra obtinerea ceramicilor propuse, s-au efectuat analize de spectroscopie in infrarosu cu
transformata Fourier (FTIR). Pentru acestd analizd s-a utilizat Spectofotometrul Nicolet™ iS50
FTIR. Misuritorile s-au efectuat in intervalul 4000 si 400 cm™, la temperatura camerei, utilizdnd

modulul de reflexie totala atenuatd (ATR) si 32 de scandri ale probei la o rezolutie de 4 cm!,

Metoda lui Arthur a fost utilizatd pentru a determina caracteristicile specifice ale materialelor
ceramice sinterizate. , probele impregnate in apd sunt tamponate pentru a indepdrta lichidul de pe
suprafatd si se cintiresc din nou, in aer si apoi in apd. Formulele de calcul utilizate pentru

determinarea densitatii si a porozitdtii probelor sunt:

_ mixpy 3
pa = —"(g/em’) (1)
A= 0"7—;"@— 100 (%) )
Pd = ((rfn—“_‘—;‘% %100 (%) 3)




unde: m; - masa inifiald a probei; my, - masa probei impregnald cu apd, cantaritd in aer, my - masa
probei impregnatd cu apd, cdntdritd in alcool; pq- densitatea aparentd; px — densitatea apei (1 glen’); A -
absorbfia; Pd - porozitatea deschisd.

Contractia la ardere a fost calculatd prin masurarea diametrului (d) si a indltimii cilindrului
ceramic. Astfel s-a putut determina un volum fnainte de ardere respectiv un volum dupd ardere.
Pierderea de greutate a fost determinatd prin mésurarea experimentald a masei nainte si dupd

ardere. Cu ajutorul formulelor de mai jos au fost determinate C respectiv Am.

Am = 0™ L 100 (%) (4)
my
C= (lf;,‘—"—) £ 100 (%) (5)

1A

unde: m; — masa probei inainte de tratament termic (g), m; - masa probei dupd de tratament termic
(), Vi - volumul probei inainte de tratament termic (cm?), Vy - volumul probei dupd de tratament termic

(em’)

Determinarea viabilititii celulare s-a realizat folosit kit-ul Live/Dead Viability/Cytotoxicity,
(Thermo Scientific, USA). Imaginile au fost capturate cu microscopul confocal LSM 880 (Carl
Zeiss, Germania) din cadrul Laboratorului de componente nanostructurate pentru senzori
biomedicali, Universitatea POLITEHNICA din Bucuresti. Protocolul, prezentat pe scurt, a urmarit
cultivarea unui mediu de celule cu care, mai apoi, probele au fost insiméantate. Apoi, la un interval
de 24 ore, probele au fost din nou pregétite pentru realizarea microscopiei de fluorescentd. Aceastd
pregitire anterioard, a avut scopul de a induce fluorofori in materialele ceramice testate pentru ca
celulele vii, ct si cele moarte care au aderat la material sd poatd iesi in evidentd in urma
interactiunii. Acesti fluorofori au fost reprezentati de calceind, un colorant polianionic specific
pentru detectia celulelor vii (prin producerea unei fluorescente intense de culoare verde la
evaluarea microscopicd) si EthD-1 pentru detectia celulelor moarte (prin legarea de acizii nucleici
ai acestora i a producerii unei culori rogii). EthD-1 este respins de membrana celulari a celulelor

vil
3.1. Difractograma de raze X (XRD)

in figura 2 este prezenti difractograma de raze X a probelor de forsterit doar calcinate la 800

°C si a probelor Fy, Fa.
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Figura 2. Difractograma de raze X a probelor de forsterit: netratat (a); calcinat la 800 °C (b), F,
(c) si F2 (d).

fn cazul probelor doar calcinate se pot observa interferente de difractie de o intensitate mai
scizutd, fapt ce sugereazd ci fazele caracteristice forsteritului incd nu sunt formate si ¢d acestea
tncd nu se prezintd cu un grad crescut de cristalinitate. De asemenea sunt prezenti si indici de
refractie cu parametru FHWM ridicat, ceea ce inseamnd cd dimensiunile de cristalit sunt de
dimensiuni ceva mai mari, acestea incd nefiind tratate la temperaturile specifice. Atunci cand
temperatura este maritd, fiind adusd in intervalul specific cristalizarii fazei forsterit, se poate
constata in mod evident prezenta unor interferente de difractie cu intensitdti ridicate, bine
conturate, atribuite fazelor forsteritului. Prin acegti indici este confirmat gradul crescut de
cristalinitate de care probele dau dovadd. De precizat faptul cd se observd citirea si a fazei
secundare enstatit, insi indicii sunt foarte scdzuti in intensitate. De asemenea, parametrul FHWM
este foarte mic, confirmind dimensiunea micd de particuld. Cel mai intens indice de difractie este

specific unghiului de difractie 26=36.5°.




Intensity (a.u.)

24000 +
22000 -
20000 +
18000
16000 -

10000 4
8000
6000

14000 --\l\‘u

12000 4 g ] I.
4000

2000 ‘ ! l

——F,20s

——F,20s
v V - Forsterite
¢ — Enstatite
v A9

V,
e AL

20 (degree)

Figura 3. Difractograma de raze X a probelor de forsterit: F120s (a) §i F220s (b).

Figura 3. este dovada faptului cd agentul porogen nu a influentat modul de cristalizare al

probelor, si ¢d odatd cu tratamentul termic acesta a fost eliminat, deoarece fazele identificate sunt

de aceeasi naturd cu fazele identificate in cazurile precedente. Mai departe in cadrul analizei SEM

se va evalua modul in care agentul porogen a influentat morfologia de suprafatd a forsteritului,

precum si evolutia suprafetei atunci agentul nu a fost addugat.

3.2.
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Figura 4. Imagini SEM de magnitudine x20000 (5 um) si x1000 (100 um) ale probei F (a) si
(b) si probei F120s (c) si (d).

In figura 4.b specifici analizei SEM a probei Fi la scara de 100 pm (x5000) poate fi observata
morfologia suprafetei neregulate, de-a lungul cireia este vizibild structura porilor, insa intr-un
numir relativ scizut. Dimensiunea medie a porilor este de 150 nm. La o magnitudine mai ridicatd,
la scara de 5 um (figura 6.20.a) se observd forma particulelor, preponderent sfericd, nsa gi cu
prezenta anumitor particule poliedrale neregulate. Dimensiunea medie a particulelor este de 91
nm. Prezenta porilor este vizibild gi in acest caz, insd precum anterior precizat, Intr-un numar
relativ sciizut. Atunci cind in proba de forsterit F; a fost addugat agent porogen in proportie de
20% procent masic, inaintea etapei de sinterizare la 1250 °C timp de 2 h, prezenta unui numar mai
mare de pori este evidentd (figura 4.c si d). Acest lucru demonstreaza faptul cd agentul porogen a
influentat porozitatea materialului. Tn schimb, forma cristalelor de forsterit, precum si dimensiunea
de particuld nu au fost negativ influentate de aceastd aditie de agent porogen. Mentinerea gradului
de cristalinitate ridicat al fazei forsteritului in proba Fi20s a fost demonstratd si anterior in

prezentarea analizei XRD.
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Figura 6. Spectru EDS proba F120s

Figurile 5 si 6 prezinti spectrul EDS specific probelor ¥y §i F120s. Se poate constata ¢d in
cazul probei F120s spectrul EDS este acelasi cu spectrul EDS al probei Fi, ceea ce inseamnd ca
elementele prezente in agentul porogen nu au rdmas in structura probei. Incd o dovadi a faptului
ci singurul aspect pe care agentul porogen l-a influentat este cel dorit, si anume cresterea
porozitatii. Acest lucru va fi evidentiat §i ulterior in cazul analizei porozitdtii prin metoda lui

Arthur. Spectrele EDS au identificat elementele specifice forsteritului: Mg, Si, O.
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Figura 7. Imagini SEM de magnitudine x1000 (5 pm) si x20000 (100 um) ale probei F» (a) si
(b) si probei F220s (c) i (d).

Figura 7 prezinti imagini SEM ale probelor Fa si F220s, tratate la o temperaturd superioard,
spre deosebire de cazul precedent. Astfel In imaginea 7.a este prezentati morfologia de suprafatd
neregulatd a probei Fa. De asemenea este evidentd si forma preponderent sfericd a particulelor,
precum si prezenta porilor. Dimensiunea medie de particuld a probei F2 este de 300 nm. (crestere
cauzatd cel mai probabil de aglutinarea particulelor). Scizénd magnitudinea putem observa mai

bine modul in care se prezintd morfologia suprafetei, precum si frecventa porilor(figura 7.b). in
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ceea ce priveste proba Fy20s (figura 7.c si d) in care a fost inclus si agent porogen, anterior

procesului de sinterizare, se constatd un numér mai mare de pori prezenti in structura probet.

Asadar, in urma analizelor SEM a probelor de forsterit, a fost demonstratd sugestia literaturii
conform cdreia temperatura optimd de tratament termic pentru obtinerea forsteritului a fost n
intervalul 1200-1300 [129,136]. In cazul lucririi de fata proprietitile optime s-au gisit tot in cazul
forsteritului tratat Tn acest interval, mai specific la temperatura de 1250 °C, cu dimensiune de

particuld bund, in medie de 91 nm. §i cu prezenta semnificativa a porilor.
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Figura 9. Spectru EDS proba F>20s.
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Spectrele EDS (figura 8 si figura 9), ca in cazul spectrelor anterior prezentate nu diferd cu
absolut niciun detaliu in sensul ci agentul porogen nu a influentat in vreun fel spectrul de emisie
FTIR, ceea ce inseamni ci odatd cu tratamentul termic acesta a fost indepartat din probd. $i in
aceste cazuri in spectrul EDS specific probei F2 de forsterit este vizibild prezenta elementelor
caracteristice acestuia, si anume: Mg, Si si O. Acelasi lucru se poate afirma si pentru proba cu

agent porogen F220s.

3.3.  Spectroscopie FTIR

Imaginea 10 aratd spectroscopia FTIR a probelor F1, F120s si F3.
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Figura 10. Spectru FTIR pentru probele Fy, F120s si Fs.

Avand aceeasi fazi principald, forsterit, In cele 3 probe legéturile chimice nu sunt schimbate.
Lucru vizibil in mod clar si in urma analizei FT-IR. La banda de absorbtie in jurul valorii 980 cm”
! poate fi identificati vibratia asimetricd de ntindere a legaturii Si-O-Si. Benzile de absorbtie la
870 cm™, 615 cm™, 505 cm! pot fi atribuite vibratiilor de intindere ale legaturii O-Si-O. Banda de

absorbtie din cazul valorii de 420 este justifica vibratiile de Intindere ale legdturii Mg-O.

3.4.  Porozitate si densitate aparentd

Figura 11. prezinti porozitatea probelor de forsterit diferitele temperaturi ale tratamentelor.
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Figura 11. Efectul tratamentului termic asupra porozitatii si densitafii aparente.

Aceasta analiza nu face altceva decét s confirme faptul cd agentul porogen‘este foarte
important atunci cAnd vine vorba de porozitatea materialului forsterit. Se poate observa cd in cazul
forsteritului tratat la 1250 °C porozitatea este semnificativ mai scdzutd (18.53%) decat in cazul
forsteritului in care s-a addugat agent porogen si tratat la 1250 °C (22.11%). Crescand temperatura
la 1320 °C se constati o porozitate (20.95) apropiata de cea ca In cazul probei forsterit cu agent
porogen tratatd la 1250 °C. Totusi, se pare cd odatd cu cresterea temperaturii efectul agentului
porogen nu mai este semnificativ, proba forsteritului de la 1320 °C in care s-a addugat sucrozd
neprezentind o porozitate mai bund decét In cazul probei de la 1320 °C fard agent porogen. Acest
aspect poate fi explicat de cresterea suprafetei specifice a probelor si aglutinarea particulelor

acestora la temperatura 1320 °C, restrictiondnd spatiul porilor.

Comparind rezultatele obtinute cu porozitatea tesutului osos se poate afirma faptul ca

forsteritul se incadreazi 1n intervalul de porozitate specific osului cortical 5-40% [39,40].

3.5. Contractia la ardere si pierderea de masa

Figura 12. aratd contractia la ardere gi pierderea de masa, conform ecuatiilor prezentate la

sectiunea generald a capitolului 3, a probelor de forsterit in functie de temperaturile de lucru
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Figura 12. Efectul tratamentului termic asupra contractiei §i pierderii de masd.

Este evident faptul ci in cazul probelor F120s si F220s contractia la ardere (33.23%, respectiv
33.49%) a fost superioard probelor Fy si F2 (29.88%, respectiv 31.58%) odatd cu expunerea la
tratamentele termice. De asemenea, si pierderea de masa este mai accentuata in cazul probelor in
care a fost introdus agentul porogen. Explicatia acestor comportamente se regéseste in faptul cd
sucroza a fost indepirtatd odatd cu tratamentul termic la care probele au fost supuse. Iatd deci Incd

o analiza care confirma, alituri de analiza XRD, SEM si EDS, ci sucroza nu mai este prezentd in

Fl F2

F220s
Figura 13. Rezistenfa la compresiune a probelor.

structura forsteritului.

3.6. Rezistenta mecanica
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Rezistenta la compresiune a probelor (figura 13) a fost masuratd utilizand aparatul descris la
capitolul 3. Se poate vedea cum proba Fi20s, care a dat dovadi de cea mai mare porozitate, este si
cel mai predispusi la cedarea incdrcdrii compresive, fiind deformati la valoarea de 40 MPa. Este
astfel confirmat lucrul deja cunoscut din literaturd conform caruia odatd cu cresterea porozitdtii
unui material 1i sunt afectate rezistentele. In cazul forsteritului temperatura a influentat negativ
rezistenta la compresiune. Astfel proba F» care a fost tratatd la temperatura de 1320 °C a prezentat
o rezistenti mai mici la compresiune, de 94 MPa, decdt in cazul probei F) tratate la o temperatura
inferioard. Cea mai rezistentd prob# in urma testelor efectuate a fost proba Fi, cu o rezisten{d foarte
bund, in jurul valorii de 132 MPa. Se incadreaza in intervalul rezistentelor la compresiune ale
tesutului osos cortical, depasind cu mult rezistenta osului trabecular [166]. Incd un punct favorabil
in ceea ce priveste temperatura optima de tratament a forsteritului ca fiind intre 1200-1300 °C.

Proba F220s a rezistat pind la presiunea de 62 MPa.

Conform lui Choudhary et al. [41] intervalul de rezistentd la compresiune al tesutului
trabecular este Intre 0.1-16 MPa, iar cel al tesutului osos cortical intre 130-200 MPa. Raportandu-
ne la acestea, proba F) este potrivitd pentru ambele tipuri de os. De standardul fesutului osos
cortical se apropie si proba Fa. Pentru tesutul osos trabecular toate probele forsteritului sunt

potrivite solicitarilor compresive.

3.7. Testariin vitro
3.7.1. Comportamentul in SBF

Imaginile din figura 14 prezintd analiza SEM a probelor Fi si F120s dupa imersarea in SBF.
Diminuarea evidents a dimensiunii porilor sugereaza faptul ¢ In interiorul acestora stratul de HAp
a reusit si pdtrundd, mineralizand astfel suprafata. in figurile 14.d si 14.b se poate observa cum
suprafata probei tinde sd devind mai compact, lucru care poate explica dezvoltarea agregatelor de
HAp. Acest lucru poate fi observat atat la magnificatii de x1000 (100 pm), cét si atunci cand

magnificatii este maritd la x20000 (5 pm).
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Figura 14. Imagini SEM x1000 si x20000 ale probei Fy (a) si (b) si ale probei F120s imersate in
SBF timp de 14 zile.

In figura 15, in care se regisesc probele F2 si F220s se pot vedea aceleasi fenomene ca si in
cazul anterior, si anume: porii par a se inchide, iar suprafatd devine mai densd. Aspecte ce pot fi

explicate prin depunerea particulelor de HAp.
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3.7.2. FTIR dupa imersare SBF

Figura 16 prezinta benzile caracteristice gruparilor specifice fosfatilor de Ca ce au aderat pe

suprafata probelor de forsterit.
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Figura 16 Spectru FTIR pentru probele F, Fi20s si 2 dupd imersarea in SBF.

Figura 16 prezintd emisiile gruparilor specifice hidroxiapatitei aderate la forsterit. Pe langd
legaturile principale din cadrul probei de forsterit, se poate observa prezenta legiturilor O-H, la
vibratii de intindere specifice la 1700 em™ si in intervalul 3500-3900 cm™'. Este prezent si ionul
carbonat, prezentd justificatd de vibratiile de intindere gésite in analiza acestei probe in intervalul
1500-1555 cm™. De asemenea, o scddere a intensitdtii vibratiilor legdturilor O-Si-O vizibile
tnaintea imersirii si aparitia dupd imersare a unei noi benzi de absorbtie la 440 cm™, poate explica

prezenta ionului fosfat in structura probei.
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3.7.3. Microscopie de fluorescenta

Conform microscopiei de fluorescentd se poate observa modul in care celulele au rispuns la

contactul probele de forsterit tratate la diferite temperaturi si cu arhitecturi diferite.

a) b)
Figura 17. Microscopie de fluovescentd ale probei F (a) si (b) si ale probei F120s

a) b)
Figura 18. Microscopie de fluorescentd ale probei F; (a) si (b) si ale probei F120s

Astfel, se poate observa, in figura 17a specificd probei F1, o usoard incercare de aderare a
celulelor la substratul probei. Aceastd probd, in comparatie cu proba Fi20s (figura 17b) este mai
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promititoare in ceea ce priveste adeziunea celulard. Trecind mai departe si observand probele Fa
(figura 18a) se poate constata ci acestea prezintd o viabilitate celulard ceva mai buna. Celulele
par a adera mai usor la suprafata acestei probe tratate la 1320 °C. Continuénd observatiile proba
F»20s (figura 18b) prezintd cea mai buni viabilitate celulard dintre toate probele de forsterit.
Celulele aderi bine la mediu. Se constatd cd aceastd probd a reusit sd stimuleze cresterea celulara.
Comportamentul bun al celulelor la interfata cu materialul poate fi datorat arhitecturii

microporoase induse prin addugarea de agent porogen.

4. Concluzii

Proiectul a urmarit sintetizarea ceramicilor de forsterit situatd in sistemul binar din sistemul
oxidic MgO-SiO2 si evaluarea comportamentelor materialelor raportate la aplicatia vizata,
regenerarea tesutului osos. fn urma studiului literaturii de specialitate, pentru obtinerea ceramicilor
a fost aleasd metoda sol-gel. Precursorii utilizati au fost sdruri pe baza de azotati de Mg si TEOS.
n urma obtinerii gelurilor uscate specifice fiecdrei ceramici, pulberile obtinute au fost supuse
calcinirii pentru a se fi indepdrtate fractiunile volatile gi impuritatile din proba. Apoi, in urma
presdrii pulberilor sub forma de corpuri cilindrice, si tindnd cont de temperaturile sugerate in
diagrama congruenti binard a sistemului MgO-SiO2 probele au fost puse la sinterizat. Procesul de
sinterizare a urmirit si densifice probele, sé cristalizeze fazele dorite, s micsoreze dimensiunile
de particuld si sd creascd astfel suprafata specificd a particulelor, pentru ca acestea sd formeze

conexiuni puternice in reteaua probelor.

fn urma obtinerii probelor acestea au fost supuse analizelor: XRD - pentru identificarea
fazelor constituente, gradului de cristalinitate al probei si formarea unei idei despre dimensiunea
de particuld; SEM - caracterizarea morfologiei de suprafatd, a formei si dimensiunii particulelor;
spectru EDS - pentru confirmarea compozitiei elementale a probelor; FTIR - identificarea
legaturilor specifice grupdrilor prezente in probe; determinarea proprietdtilor ceramice - evaluarea
porozititii si a densitdtii aparente; contractia la ardere si pierderea de masa; microscopie de
fluorescentd - evaluarea adeziunii celulare la i in structura probei. Conform acestor analize s-a
reusit identificarea proprietatilor pe care materialele studiate le dobandesc, comparativ cu
literatura, precum si cu standard-ul osului. in cazul rezistentei la compresiune proba F; este de
departe cea mai buni, obtinind o valoare de 132.65 MPa. Desi fard o porozitate considerabild,

proba F; se tncadreazi in intervalul porozitdtii tesutului osos. Tinind cont de acestea s¢ poate
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afirma faptul cd forsterit-ul prezintd potential pentru aplicatiile de regenerare ale tesutului osos
cortical. De asemenea, s- a evidentiat faptul cd forsterit-ul prezintd o mai bund afinitate fatd de
fosfatii de calciu, pe suprafata tuturor probelor s-a reusit depunerea unui strat de hidroxiapatita.

De asemenea, la microscopiile de fluorescentd a fost observatd o viabilitate celulard foarte bund

5. Diseminare rezultate

Rezultate stiintifice prezentate in acest raport au fost trimise spre publicare, conform

contractului de finantare cétre o revista cotati ISI, reprezentativa pentru domeniul lucrarii.

Titlul lucrdrii este ,,Synthesis and characterization of porous forsterite ceramics with
prospective tissue engineering applications”, autorii fiind Adrian Ionut Nicoara, Ionela Andreea

Neacsu *, Gabriel-Costin Balaceanu si Vladimir Lucian Ene.

De asemenea, in calitate de autor de corespondentd, am contribuit la diseminarea unor
rezultate stiintifice bazate pe ceramicile din sistemul ternar CaO-MgO-SiOg, studierea cérora a
reprezentat scopul principal al proiectului finantat de AOSR. Pornind de la aceste considerente au
rezultate doua lucrari stiintifice prezentate ce poster la conferinta “4th International Conference on
Emerging Technologies in Materials Engineering “ desfdsuratd intre 4-5 Noiembrie 2021 -

Bucuregti, Romania.

De la semnarea contractului cu AOSR, am publicat urmitoarele lucriri ce contin

afilierea la AOSR:

1. Maria Eliza PUSCASU, Stefania CHIRIAC, Laura-Madilina CURSARU, Radu-Robert
PITICESCU, Adrian-Tonut NICOARA*, Prediction of mechanical performance of 3D
printed CaMgSi206 arhitectures, EMERGEMAT, 4-5 Noiembrie 2021, Bucuresti,
Romania.

2. S.Chiriac, M.E. Puscasu , R.M. Piticescu, A.I. Nicoara*, A.LTudor, Additive
manufacturing of diopside based architectures, EMERGEMAT, 4-5 Noiembrie 2021,
Bucuregti, Romania

3. Vasile, B.S.; Dobra, G.; Iliev, S.; Cotet, L.; Neacsu, LA.; Surdu, V.A.; Nicoara, A.L;
Boiangiu, A.; Filipescu, L. Thermally Activated AI(OH)3 Part [I—Effect of Different
Thermal Treatments. Ceramics 2021, 4, 564-575. https://doi.org/10.3390/
ceramics4040040.
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Abstract: In this papet, the thermal decomposition of crystalline AI(OH); was studied over the tem-
perature range of 260400 °C for particles with a size between 10 and 150 um. The weight losses and
thermal effects occurring in each of the dehydration process were assessed using thermogravimetry
(TG) and differential scanning calorimetry (DSC) thermal analysis. X-ray diffraction (XRD) patterns,
refined by the Rietveld method, were used for mineral phase identification, phase composition
analysis, and crystallinity degree determination. Moreover, the particle size distributions and their
corresponding D10, D50, and D90 numeric values were determined with a laser analyzer. We ob-
served a strong relationship between the calcination temperature, the initial gibbsite grade particle
size, and the crystallinity of the resulting powders. Hence, for all endothermic effects identified by
DSC, the associated temperature values significantly decreased insofar as the particle dimensions
decreased. When the gibbsite was calcined at a low temperature, we identified small amounts of
boehmite phase along with amorphous new phases and unconverted gibbsite, while the powders
calcined at 400 °C gradually yielded a mixture of boehmite and crystalized y-Al,O3. The crystallinity
% of all phase transition products declined with the increase in particle size or temperature for all
the samples.

Keywords: aluminum hydroxide; alumina; thermal treatment; crystallinity

1. Introduction

Alumina (Al,O3) and its partial hydrates prove to be extremely valuable materials in
many practical applications, usually as desiccants [1-3], fillers [4-6], adsorbents [7-10] for
the removal of oil and grease from industrial waters [11], organic powder coatings [12-14],
porous ceramics [15-17], high-temperature ceramic oxides [18-20], ceramic filtration mem-
branes [21-24], and catalysts [25-29], only if the precursors are properly prepared and
thermally treated [30-32]. Among the desired properties for these applications are a specific
pore size and pore size distribution [33,34], a high specific surface area [35-37], and the
degree of crystallinity, which also plays an essential role [38—41]. When discussing the
synthesis routes for a-Al,O3, the thermal transformation of aluminum oxy-hydroxides
remains the most studied [42].

Gibbsite (AI(OH)3), a natural aluminum trihydrate, is a component of bauxites, beside
boehmite (AIOOH), and diaspore (AlO,H), and without any doubt, as an industrial prod-
uct, is the only one manufactured at an industrial scale among all the hydrated aluminas.
Diaspore is a remarkable product because it is the only aluminum oxy-hydroxide that
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can be easily and directly dehydrated to a-alumina due to its structural resemblances to
«-Al, O3 (a hexagonal close-packed structure). The transformation of boehmite to diaspore
is possible only if very high pressures are applied [43]. Boehmite is an aluminum oxy-
hydroxide with important applications in its natural state or as a precursor for different
materials used in catalysis and adsorption processes. The most known research target in
the low-temperature alumina domain is growth promotion of the y-AlO3 phase [44,45].
Gibbsite AI(OH)3 is industrially produced by Bayer’s process and its final particle size and
morphology are strongly influenced by the process parameters [46,47]. Normally, gibbsite
is fully transformed into a-alumina at 1100-1300 °C. This high calcination temperature
leads to large crystallites with peculiar grain growth and to a decrease in density associated
with poor mechanical properties for the sintering of ceramic bodies [48]. Tt is therefore
necessary to reduce the calcination temperature and several studies suggest doing this by
reducing the initial gibbsite particles’ size [49,50]. Jang et al. [50] concluded that milling
the gibbsite for 8 h leads to a transformation temperature of 1000 °C, while Tsuchida and
Ichikawa [51] achieved this transformation at a temperature of 1100 °C after 30 min of
mechano-chemical activation. For instance, Kano et al. [52] reported a temperature reduc-
tion from 1350 to 1020 °C by grinding the gibbsite powder for 60 min, with no additional
improvements if the grinding time is extended. This effect is expected to happen also
when the gibbsite is calcined at a lower temperature to obtain the transition aluminas as
precursors. The successive decomposition of gibbsite, after the thermal treatment, did yield
combinations of different compounds, the most common being boehmite and /or transition
alumina phases (including x, x, v, 8, 8, and n), that were more or less amorphous [38,41].
From a structural point of view, these intermediary products have the aluminum atoms
surrounded by oxygen atoms in a tetrahedral and octahedral structure. The ratio between
the AlOg units (characteristic of octahedral coordinated x-Al;O3) and the AlOy units (char-
acteristic of tetrahedral coordinated transitional alumina) changes for different polymorph
phases, which ultimately modifies their properties, including the crystal packing, electronic
structure, and dielectric constant [32,35]. Important aspects of the gibbsite dehydration
process and the corresponding transition phases have been studied for years at various
heating rates. After extensive research, the literature reports unanimously indicate the
order in which the compounds are formed during the thermal transformation, but not the
kinetics of the dehydration processes or their associated mechanisms [53].

When a higher heating rate is applied, the fine gibbsite particles are partially trans-
formed into an amorphous product (p-alumina) with increased reactivity and thermal
stability until 800 °C [32]. In particular, when the heating rate is in accordance with the
equilibrium conditions, the dehydration and the crystal lattice transformation happen
to take place at the same time, resulting in crystalline oxidic compounds (boehmite at
temperatures higher than T > 180 °C and x-AL,Oz at T > 250 °C) [37].

The purpose of this paper is to investigate the physical, chemical, and mechanical
properties of a specific aluminum hydroxide material produced by a specific technology (a
Bayer-modified technology), finished off through drying, milling, and classification, and
ultimately calcined at low temperatures in order to produce low-temperature aluminas.
The selection of the properties to be evaluated was made because of the disputable quality
of the raw material in terms of granulometry and purity. Thus, the thermally treated
products from this raw material might find applications in domains such as fillers, adsor-
bents in heavily polluted industrial water, oil and grease removal from industrial waters,
organic powder coatings, extenders in other types of coating materials, and fire retardants.
Additionally, to improve the quality of the thermally treated materials, the temperature
and time of treatment were selected in such a way to promote the emergence of amorphous
phases.

According to the literature, each industrial aluminum hydroxide grade has similar
properties to the other grades, but also certain specific properties. Thus, during grinding,
heating, and other thermal or non-thermal treatments, the final products differ mainly
in terms of phase composition and properties. Hence, the thermal decomposition of
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crystalline AI(OH)3 was studied for particle dimension classes between 10 and 150 pm at
the following temperature values: 260 °C, 300 °C, and 400 °C. Actually, these temperature
values were placed in the phase transition interval as follows: 260 °C at the beginning of the
transition gibbsite-boehmite; 300 °C close to the end of the transition gibbsite-boehmite;
and 400 °C at the beginning of the transition boehmite—y alumina.

When the principal properties of these low-temperature aluminas are well known, the
accumulated data will help us to determine the destinations of each product: a commercial
product, a precursor, or a raw material for another product with a particular use.

2. Materials and Methods
2.1. Sample Preparation

Various samples of aluminum hydroxide powders were received from SC ALUM SA,
These samples were produced by Bayer’s process and further collected from the newly
built line for the production of special grades of dried, milled, and classified aluminum
hydroxide that was recently presented by Dobra et al. [47]. In order to study the thermal
transformations, the received powders were firstly dried at 60 °C for 24 h, and then heated
in an electric furnace (in an air atmosphere) at 260 °C, 300 °C, and 400 °C for 2 hwith a
heating rate of 5 °C/min. The samples were afterwards slowly cooled in the oven until they
reached room temperature. The choice of heating temperature in the thermal treatment
was based on literature data concerning the aluminum hydroxide’s activation by advanced
grinding, and eventually on expected changes in the phase transition mechanism and
amorphization rate. More information regarding their classification and calcination can be
found in Table 1.

Table 1. Samples of dried, milled, and thermally treated aluminum hydroxide classified by particle
size dimension.

Sample Code Dimensions after Milling Calcination Temperature (°C)
GDAH-02 <45 pm = 98.29% -
GDAH-02-260 <45 pm = 98.29% 260
GDAH-02-300 <45 pm = 98.29% 300
GDAH-02-400 <45 um = 98.29% 400
GDAH-03 <20 pm =92.13% -
GDAH-03-260 <20 pm = 92.13% 260
GDAH-03-300 <20 um = 92.13% 300
GDAH-03-400 <20 pm = 92.13% 400
GDAH-04 <10 um = 76.28% -
GDAH-04-260 <10 pm = 76.28% 260
GDAH-04-300 <10 pm = 76.28% 300
GDAH-04-400 <10 um = 76.28% 400
GDAH-05 <45 pm = 0.001%; >150 pm = 6.54% -
GDAH-05-260 <45 pm = 0.001%; >150 um = 6.54% 260
GDAH-05-300 <45 pm = 0.001%; >150 pm. = 6.54% 300
GDAH-05-400 <45 ym = 0.001%; >150 ym = 6.54% 400

2.2. Characterization Methods

The kinetics parameters of the thermal transformations studied in this paper were
measured by recording the weight losses and thermal effects occurring during the various
dehydration processes on a STA 449 F3 Jupiter device (NETZSCH-Geridtebau GmbH,
Selb, Germany). The samples were heated at a constant rate of 10 °C/min from room
temperature to 1000 °C in a dynamic atmosphere of air with a flow rate of 50 mL/min.

The phase analysis studies by X-ray diffraction (XRD) were carried out using a PANa-
lytical Empyrean diffractometer (Almelo, Netherlands) at room temperature with a charac-

teristic Cu X-ray tube (A Cu Ky = 1.541874 1&), in-line focusing, a programmable divergent
slit on the incident side, and a programmable anti-scatter slit mounted on the PIXcel3D
detector on the diffracted side. The samples were scanned in a Bragg-Brentano geometry
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with a scan step increment of 0.02° and a counting time of 255 s/step. The XRD patterns
were recorded in the 20 angle range of 5-90°. The crystallinity and phase composition were
refined by the Rietveld method using the HighScore Plus 3.0e software.

Particle size distributions in the analyzed samples were determined using a Malvern
Panalytical Mastersizer 2000 diffraction analyzer (Almelo, The Netherlands) in the dynamic
range of 0.1 to 3000 um. Samples were dispersed in water using ultrasound and mechanical
stirring, The Mie scattering theory specific to the instrument’s software was used for the
particle size distribution assessment.

3. Results and Discussion

Differential scanning calorimetry (DSC), thermogravimetry (TG), and X-ray diffraction
(XRD) are essential tools in determining the kinetics parameters for all phase transitions of
gibbsite. Figure 1 shows the TG and DSC curves of aluminum hydroxide powders heated
up to 1000 °C at a heating rate of 10 °C/min. The first decomposition/transition step,
between 215 and 260 °C, is best observed for the GDAH-05 sample (minimum at 231 °C)
and can be attributed to the partial dehydroxylation of AI(OH)3 accompanied by a mass
loss of up to ~5.63% (which is about one molecule of water for four units of AI{OH)3). This
reaction was hardly observed in the DSC patterns of the fine-grained gibbsite samples.
The corresponding endothermic effects are visible at 231 °C (for GDAH-03 and GDAH-04),
231.4 °C (for GDAH-05), and 234.7 °C (for GDAH-02) but they take place with an insignifi-
cant loss of water. For sample GDAH-05, this first transition process was quickly followed
by the second decomposition/transition step, between 260 and 320 °C, with a 20.51%
mass loss at 306.2 °C. For the samples containing fine particles (after milling), this second
endothermic effect has a much higher intensity, covers the first one almost entirely, and is
associated with a mass loss of 26-27%. This step has a minimum point between 292.9 °C
and 306.2 °C in all samples and again can be attributed to gibbsite dehydroxylation, with
AIOOH most probably the final product. The results are in good agreement with litera-
ture data, which indicate two concurrently occurring processes at this stage, namely the
formation of boehmite and the transformation of gibbsite in some amorphous or x-Al,O3
phase [41,42]. The boehmite will undergo transformation to y-Al,O3 above 320 °C. The
main endothermic effect for this process was observed at around 500 °C. The final product
represents ~64% of the initial mass for all the samples.

Each chemical and phase transformation that generates the overlapping endothermic
effects is firmly influenced by the experimental parameters, such as heating rate, water
vapor pressure, and particle dimension. It is easy to observe a connection between the
temperature at which the decomposition steps occur and the initial gibbsite particle size.
Hence, for all identified endothermic effects, the associated phase transition temperatures
considerably decreased when the particle sizes were significantly diminished. For instance,
the GDAH-04 product, 76.28% of whose particles are <10 um in size, decomposed to form
transition aluminas at 484.4 °C. In comparison, the GDAH-05 product, whose particles are
mostly between 45 and 100 pm in size, displayed the same effect at 519.1 °C.

Similar results were first reported by Brown et al. [54], who identified a combination of
boehmite and transition aluminas as decomposition/transition products of large-grained
AI(OH)3 particles by observing distinct peaks for each transformation in different thermal
analyses (DTA and DSC). These results were further acknowledged by Yamaguchi and
Sakamoto [55], who demonstrated that the resulting boehmite was the product of an in situ
dissolution process of AI(OH); followed by the recrystallization of AIOOH, a theory later
confirmed by several studies [56,57]. The rate of this internal dissolution process proved to
be highly dependent on the AI(OH); particle size, since larger particles have an enhanced
ability to retain a higher volume of water and thus facilitate boehmite formation [58].

All these transformations of gibbsite and the chemical composition of the calcined
samples were confirmed by the XRD analysis as shown in Figure 2 and Table 2. For the
dried sample without the thermal treatment, or samples calcined at a low temperature,
gibbsite was the main mineralogical phase identified (ICDD PDF4+ [01-080-6432]), while
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for the samples calcined at 400 °C a mixture of boehmite (ICDD PDF4+ [04-010-5683]) and
crystalized y-Al,O3 (ICDD PDF4+ [04-005-4662]) was also formed. There were no X-ray
peaks associated with the other polymorphic phases of alumina identified at this stage.
However, some amorphous phases with variable concentrations in the phase mixtures
were found in all samples. The results are in accordance with literature studies [41,59,60].
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Table 2. Effect of the calcination temperature on the phase composition and amorphous materials.

Mineral Name Amorphous
Sample

Gibbsite (%) Boehmite (%) v-Al, O3 (%) Phases (%)
GDAH-02 62.54 0.00 0.00 37.46
GDAH-02-260 4642 415 0.00 49.43
GDAH-02-300 34.60 5.82 0.57 59.00
GDAH-02-400 3.32 7.45 10.61 78.60
GDAH-03 61.67 0.00 0.00 38.33
GDAH-03-260 45.41 2.80 0.00 51.79
GDAH-03-300 38.33 499 0.44 56.25
GDAH-03-400 0.05 5.44 12.81 81.70
GDAH-04 62.59 0.00 0.00 37.41
GDAH-04-260 53.23 2.62 0.00 44.15
GDAH-04-300 4326 5.48 0.64 50.62
GDAH-04-400 2.28 6.86 12.98 77.88
GDAH 55.56 0.00 0.00 44.44
GDAH-05-260 4348 8.28 0.00 48.24
GDAH-05-300 33.81 11.94 0.00 54.25
GDAH-05-400 0.05 12.86 13.79 73.32

In order to improve the extraction efficiency of alumina and to prevent boehmitic
reversion, Alum SA Tulcea applies a modified technology for the processing of alumino-
gibbsitic/goethitic bauxites. The major differences between this method and the standard
procedure are: (1) the digestion temperature is raised from 100-110 °C to 140-145 °Cin
order to increase the reaction rate; and (2) the alkalinity of the Bayer caustic lye is increased
by changing the factor a, = C(NayO)/ C(Al,03) from 1.35-1.45 to 1.75-1.85 in order to
prevent boehmitic reversion [61,62]. The newly created conditions of a higher temperature
and alkalinity make possible the homogeneous nucleation and growth of bayerite particles,
which will later serve as germs for the precipitation and agglomeration of the gibbsite
particles identified by the XRD analysis.

In agreement with the thermal analysis data, the Rietveld refinement results from
Table 2 show an increase in boehmite content (%) when the temperature was raised simul-
taneously with a decrease in the sample’s gibbsite content (%). The thermal treatment at
400 °C proved to be insufficient for the total transformation of the gibbsite to boehmite
or any other crystalline phase, mainly in the case of small particle size samples. Further-
more, the highest amount of boehmite was observed in the case of the GDAH-05 sample
at all calcination temperatures. This can be attributed to the same increased ability to
retain water on the larger particles’ surface, enabling boehmite formation, since GDAH-05
contains particles that are mostly between 45 and 100 pm in size [63]. Additionally, we
observed that the crystallinity degree decreased as the thermal transformation temperature
increased when the initial gibbsite phase was heated. Since a greater number of defects
in the less-crystallized materials occurs very often in similar well-known experiments, a
possible explanation might be the production of defects in the crystal at a high tempera-
ture, associated with a high degree of mobility at the atomic level when the gibbsite was
calcined [38]. Literature studies consider the loss in crystallinity to be a result of the porous
surface layer that forms when gibbsite is calcined in air. In these cases, the pore diameters
shift with the temperature from 5 (170 °C) to 20 (500 °C) nm [64]. Moreover, from Table 2 it
can be seen that up to 400 °C, neither of the two phase transitions mentioned above are
fully finished, in accordance with the purpose of the experiment—to promote amorphous
phase growth.

The particle size distribution and characteristic diameters (D10, D50, and D10) of the
milled samples thermally treated at 260 °C, 300 °C, and 400 °C for 2 h are given in Figure 3.
The variation in characteristic diameters with temperature indicates that the fine-grained
particles have undergone aggregation and agglomeration processes during the thermal
treatment, which leads to an increase in particle size [65].




Ceramtics 2021, 4

571

Sample DI0 | D50 | D% T ':lr"
N 6| — CpAHT240 | 1603 | 6828 | 22188 N
X 5|— GDAH02300 | 1712 | 6122 | 18208 7 AT
B’ 4= CPAH02260 | 1376 | 4915 | 15449 ol \
= 3= GDAH-02 1695 | 7.004 | 22585 A/ \ \
=2 4 N \
g 2 , \
1 AW
i N
8.01 0.1 1 10 100 1000 3000
Particle Size (um)
Sample DI0 | D0 | DW
— GDAE{-OS W00 | 1398 | 5026 | 14001 //A l
< 6= coanmam | 1332 | 4599 | 12658 | s
o —
— T GDAHW260 | 1331 | 4385 | 1142 / \
g 4i|— coanws Al | 462k | 1199 |L— gt
3 A\
2 2
| K%J-\
8.01 0.1 1 10 100 1000 3000
Particle Size (pm)
Sample D10 | D0 | D% IO
6|~ coanorim [ 1265 | 46 | 15503 ===
;\3‘ T GDAHO1300 | 1242 | 3968 | 12.265 /,
: 4 -—  GDAH-04 260 1.249 3943 12.542 /
—  GDAH-04 1316 | 4199 | 13532 || 27
5 I
O 2 / -
> | N
/| \:&‘\‘* T
8.01 0.1 1 10 100 1000 3000
Particle Size (um)
15~ Samiple D10 | D50 D90 I } .
— GDAH:05-400 | 17.307 | 55351 | 9423 \
) —— GDAH-05-300 | 23038 | 77.424 | 11945 |
< 10| F=GoAts260 [ 17505 [ 71.454 113467 ;}{k
) — GDAH05 24.384 | 72924 | 11679 /{
: i
> 5 /
1IN
8.01 0.1 1 10 100 1000 3000
Particle Size (um)

Figure 3. Particle size distributions for each powder, overlapped before and after calcination. The ins

erts show the D10,

D50, and D90 numeric values for each sample before and after thermal treatment at 260 °C, 300 °C, and 400 °C.

Tn contrast, the GDAH-05 sample had a narrow particle size distribution when com-
pared with the other products, with the median diameter D50 sharply reduced from
around 70 pm before calcination to around 55 um after calcination at 400 °C. The same
phenomenon was identified also for the other characteristic diameters D10 and D90, in
accordance with similar studies [64]. The thermal treatment triggered therefore a decrease
in both the coarse and fine fractions of samples containing mostly large particles. The
results can be correlated with previous studies on mechanically activated boehmite from
the thermal decomposition of gibbsite [63,65].
All our results are in good agreement with best approaches to the subject found in
the literature [66-72].
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4, Conclusions

Aluminum hydroxide (gibbsite) samples with particle sizes between 10 and 150 pm
were subjected to a thermal treatment in an electric furnace (in an air atmosphere) at 260 °C,
300 °C, and 400 °C for 2 h. At a temperature between ~200 and 350 °C, the dehydroxylation
of the gibbsite crystal lattice into the less-crystalline boehmite took place in two steps, with
a considerable decrease in the phase transformation /transition temperature, when the
particles sizes were significantly diminished. Additionally, the higher reactivity of the
samples containing fine particles was displayed by a decrease in the AIOOH—y-AlL,O3
transformation /transition temperature. Calcination of the aluminum hydroxide samples
produces, at a low temperature, a highly crystalline gibbsite phase, while at 400 °C a
mixture of boehmite and y-Al,O3 with a lower crystallinity degree was formed. Taken
together, the experimental data suggest a strong correlation between the initial gibbsite
particle size, the calcination temperature, the crystallinity degree, and the particle size
distribution in the resulting aluminas calcined at low temperatures.
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In bone tissue engineering, 3D printing technology Using 3D-BIOPLOTTER EnvisionTEC Starter Series diopside based scaffolds were
represents a promising means to obtain complex obtained via 3D printing technology. Considering the input parameters of the 3D
architectures with the possibility to control precisely printed architectures, CAD 3D structures can be obtained. The CAD models of the
the pore size [1]. printed architectures can undergo computer simulation of their mechanical behavior
Diopside (CaMgSi206) is a biomaterial which has in order to predict the mechanical performance of the design.

the ability to induce in vitro apatite formation and in
vivo growth and differentiation of the osteoblast.
CaMgSi206 is a biocompatible material that
possesses good bending strength and fracture
toughness, bioactivity and slow degradation rate.
Due to its outstanding properties diopside has
tremendous potential in medical applications (2,3].

The aim of this study is to investigate the mechanical properties of previously 3D printed architecture using SolidWorks 2019 simulation tool. The
CAD models of a 3D printed diopside scaffold is generated according to the printing parameters. Considering the material characteristics, the

METHODS AND RESULTS
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static simulation of the mechanical resistance of the designed parts is performed.

o Using SolidWorks 2019 the architecture of the 3D
printed diopside structure was reproduced;

o In the designing process were considered
parameters like: infill type, rotation angle,
distance between strands, nozzle diameter, and
3D structure dimensions;

o The designed model was subjected to static

20,00

simulation;
o In the simulation step the mechanical o L\
characteristics of the material and stress similar
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to the one that the trabecular bone withstands Designing of layer according to the printed part point for the simulation

were taken into account.
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printing parameters process

v According to the simulation results the 3D structure
will not yield or fracture because the maximum value
of von Mises Stress doesn’t exceed the vyield
strength of diopside [4]. Even so, the resultant
displacement indicated that the 3D structure can
undergo a significant deformation under the stress
that the trabecular bone bears.

] Type Min Max
b VON: von Mises Stress 0,0000+00 N/m?2 1,141e+08 N/mA2
VON MISES STRESS RESULTANT DISPLACEMENT URES: Resultant 0,000e+00 mm 1,344¢-03 mm

In this study a 3D structure was designed according to the printing
parameters of the manufactured architecture.

The designed part was subjected to static simulation to a pressure
value similar to the one that trabecular bone withstands. Promising
results regarding the mechanical characteristics of the 3D part were
obtained.

Static simulation could be an useful tool to predict the mechanical
behavior of the 3D printed structures. This approach can provide a
better design for the 3D architectures allowing the fabrication of
structures with personalized characteristics.

A prospective for future studies could be to identify the
differences in simulation result for different printing parameters.
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SEM images of the 3D structures immersed in SBF for: a) 7 days, b) 14 days + EDS results
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