dl) Al jiagal) 4 530 Jad) Ay ) sgan
aladl Gl g Ml addail) 3513
ks Bl gy Ao dasl

dluuoll - calitigy 20a0 daoly

Université Mohamed Boudiaf - M’sila

D.PHM/3C/01/15: J—emd! o3, de-g i

8algd o dodde
(LMD) eIt yghlt ol 53
13
Sl dwdid : j2ea¥
O ganl!

e}u\:w
9\3}-;-&‘:"-«3

e}g‘liﬁ\ éjz.m.aj @M\ Qmjﬂ\ o \5}“@1 2’\,,.9;7- g0 l.o\).}j J;-q&ﬁ

V] o

2019/ 06/04 :azduli A0
B e 15U £2BLLN & ol

Lo dws 380 (ol i
by (AUdt) Bloz gy ot dnslr I ol Bl
Iyds 9 B,dus (k) Clozgy o daal Sl ealadt Sl
Lowxd (Adt) Bloz gy ot sl JW ekt Sl
Lowd (1dikw ) ple > dnslr i ol Slwl
Lowd (AUdt) Bloz gy ot dnslr I ol 3l

2019/2018: il 4l

g...’é.U\j MY\

e dls

U S5y
Skw )

) d\“ o
s\l dabld Sy



Al dahaliasall dupifiall Ay ggand)
alal) ) 5 M) alal 55
Al Cilbsiags sans dasla

dluuall - waluhgr 2000 dooln

Université Mohamed Boudiaf - M'sila e ‘:m
e S eabel) Q8) £ al): anid

D.PHM/3C/01/15: J——aul) a8
da gkl

- -

dadia
(LMD) &JUl) ghall o), gi€a
SRR
A gal) Al :aualdl

Olgiad)
Byauag bl Cliugdl) (o B 4833 dga dulply juanl
agaialy)
2alae) (e

e (g)lida
2019 [ 06/04 : dadua) gl
$BATLY) (ha A gSal) Adlial) diad aldf

Laall A3l (alad) A dllly and)
Loty (Aaall) Cilpiagy tana daals | sualaa i e Al
ke g Byia (el Ciluag dana daals ) aideil) 0] Cpes claggl
Liaiaa (el Cilsags sana daaly  Alall abal) 3 TPy
liaciea ((1cisan )ube @l @ daals | ualaae Bal Lo ¢n

laies ((Asall) Cilucags tana daals | alae 3G e)ya3l dakald 40

2019/2018: duaalad) dicd)



slaa)

e Juasil 58 s s3lly aualgiall il 138 (sl
o oy S Ao U Chgan e ) el dany el gally I

L

ol Guly eae) S

aanls JS 63l )

ol isnia G (gyimall el e huiiag LS Ablall S ) apal LS
e Wlae ye BT aen
palgiall Gl e Gladl iy Uge W IS (e JS

IS



O ol e A8l oy oty < gad Yy anY J)as e dly dlow ) S
Sally ak ds gty G Olaall 50 e, tb\,ﬂ\ Jadll 13 5l2Y

@WM .-M 40{@5 e Quﬁx, J,au | 3! w,aa»ks tenlio,

Sall 8 e s by sy Jlo o 13555 bl Sl o6 e Eodl e -l

gmmyt;&w L3 el 1138, ol Vi o @il ) o o pally i),
slas

Gl el (g DYl Ayl Laslll & Jlast o 3ol sdolal ) Ll (s Sy e 5
Skl Uy ol ALl Py 53l Ul cAsdld) ad 3, duas e o S
s o ol 1 Al ) o Radlio Joih g gl il Sl )y 306 e
dosley e 55 b llys Ll 3l st (oo ISt o 23 S

ol s 5l4) 3 dd) wacls
Al sl ol 8 3LT S L pie Wy il alls ot T Ll 552 1S
bl A g S LS sl s el o ST 2oy Sl o 1S,
‘\JQW ud.) JW}}‘&\ \jfx

LG s Sl o o Al o S oy peesis o AW S o oY1 3 S
Cb\jmw\m



O ettt ee dale dadia

Lna yall Al al) 1Y) Suaidl)

D4 oottt A guad) 3 gall Jn Sla gae
D4 .ottt ettt ettt ettt bttt ettt ettt ettt n s e annans dadie
05 ettt ettt ettt ettt ettt ae s e eaene A sl ol gall oy jas

0B ettt et ettt ettt ettt esenenene | A saall ol sall ailiad

0 J Sl &8l il
0B ettt ettt ettt aeea s enes LSl (ailiadl)
07 ettt ettt ettt ettt eae e A saall 3 sall Cayial

072 L g Alalad) o gl

07 ettt ettt ettt ettt e et e e et eaeaneas Lgas 2dalil) 3 gall

07 OO sl bl Jalaa
00 ettt ettt ettt ettt ettt ettt aeae et ettt teneneas dalusall 3 sall

0L TSR Alsiall ) gall
L ettt e et e e e eneeeaens L gall 3 sl g il
LL ettt b Jual @3 3 5
1 5 OO S Jual (1
L0 ettt ettt en e A0 dpelaall o galall
L0 ettt ettt enenas 8 pbaall Apalaall o galall
L2 ottt ettt ettt naeans RSP
1 12U o deal e
2 et e et e e araeas alida jalas (e agah
£ J OO Ol all
L3 ettt n et n e, =bihual daal @13 (g
L3 ettt ettt ettt ettt et ettt et et ettt an s e s e, il el 5l
Lottt ettt ettt ettt ettt ettt et et e Slial sl
A Oolaal)
£ TR LS

1

1.1
2.1
3.1
1.3.1.1
2.3.1.1
4.1
1.4.1.0
2.4.1.1
1.2.4.1.1
3.4.1.
4.4.1.1
5.1.1
.1.5.1.1
1.1.5.1.1
1.1.1.5.1.1
2.1.1.5.1.1
3.1.1.5.1.1
2.1.5.1.1
1.2.1.5.1.1
2.2.1.5.1.1
.2.5.1.1
.1.2.5.1.1
.2.2.5.1.1
3.2.5.1.1
4.2.5.1.1
.6.1.1



LB ettt ettt ettt ettt et neeaens 4 sall 3 gall Gan 2.
LB ettt ettt ettt ettt ettt e ne s A seall il 53l 1.2,
£ 2R Lises dlaall il 5al) 1.1.2.1
£ O Lgaa ddadil) L 53l 2.1.2.1
£ TR s pabaiadl Al il jad) 3.1.2.1
19 ettt ettt LS aallS s sill L 5A) 2.2
20 ettt 4sall Clals 3.2.1
7 OO sl clala Hll pallad 4.2
22 et bttt et e he b et e s et e e eneereebeereebetens JsY) Juaidll aal 1
poeallsl) i gh 1 S uadl)
29 ettt ettt ettt psandlSl) i 68 1
71 RO dedie 1.1
29 e pomallSll il 8 e Cilie sae 2.1
C J TR p sl galal il 8 1.2.1 .0
33 ettt ee popallSl) AU Cilau b 2.2 .11
B, Da (AU Sl S Clded 122,101
3Bt G aspndlSll S Clawd 22,2,
K3 ST psmallSl il 8 5 3.2.1.11
3 ettt ettt reer e ee e enae LIS ¢S 5 i 5 4.2.1.11
3 et et ettt Jaall S b€ iS5 g 1.4.2.1.11
3B enreeeereeeeeereee e s ettt ren o AadlY) Al g€l i d.2.4.2.1.01
C 2SR osliie e LSSl cling3.4.2.1.01
38 ettt ettt ettt ettt nenene, il 5 gl 3.1
38 ettt ettt ettt ettt ettt teteeas daaie . 1.3.1.1
38 ettt ettt ans il g el Al 2 .3.1.0
Bttt iS5 el pallad .3.3.1.1
B3 oottt il g Ham G diladl 4 .3.1.1
Bh...oooeeeeeeeeeeeeeeeee et Gl 5 )3 S 5 3k 5.3 .1.11
Bh..o.oooeeeeeeeeeeeseeeeeee s o — o Jeliidhaul g aS @l 1 .5.3.1.11
Bh...oooeeeeeeeeeeeeeeee et el s il Ao 5y a3l .2.5.3.1.1

A5 e e e e et eaaaan da — Jsm Ao 5 S 5l

.3.5.3.1.1



BB ..ottt slally Jalail) ddas) o1 S 3l 4.5.3.1.1
BB ..o 3l olaall 48y ,h .5.5.3.1.11
BT oot e — 485K 48 5l .6.5.3.1.11
BT oot Alle 5l s da ) die L) .6.3.1.11
B8...oeeeeeeeeeeeeeee e CuillanS 5o Gkl Yl 7.3.1.11
B8t Al 5 4 5l gl il 1.7.3.1.11
50 e eveteeeeeetee et ettt ettt s et ne et rennenene e el SOE Cilau b .8 3.1
] JE O Dslie e a gl 30 i 8 .1.8.3.1.11
3 OO LAY o el SH SDE i 8 .2.8.3.1.11
5 ettt ettt renns B a aspudsll SO0 Ciliu b 3.8.3.1.1
52 ettt ettt ettt aeea e re e B osmallsll S5 i 1.3.8.3.1.11
B3 ettt et b et ne e a popndSl S Clawsd L 2,3.8.3.1.1
D ettt tteeee e e eeeeeeaa———eeeaaa——eeeaaaa———aeeaaa——eeeeaaa——eeeaaa——eeeaaaraeeeeaaareeeeaaararees P L [P EN W
Cma gl G Juadll
B ettt ettt ettt n et en et en e O 1Y) .00
B5 e veeeereeeeee sttt st Joa i sae 1.2,
B6 cveverrreeeeeereeeiee e i) il (o y (ailad 2.1
B7 ettt Y e g1 Ja) s 3.1.11
B8 eeveeeeeteeeete ettt ettt ettt ananeans &S — sl 1.3.1.10
1 JR OO LS — e i) 2.3.1.111
70 et Wl — et 3.3.1.111
700 e, o siad¥) (g 32uSY) L A1
T oo ee ettt s e G Juail) gl
il g @AY jadaad ok raal ) Juadl
78 ettt ettt en s ananan s Gl Al juass 1.V
72 J OO Al Y1 ) sal 1.1V
8 ettt ettt a1 Galudl Gau 2.1V
T8 ettt s Adlall Clial) Aol 52 (3l 1.2.1.1v
742 TP Gl Tase 2.2.1.1V
10 OO SISl Gl (3 )k adus 3.2.1.IV
B0 .ttt ettt ettt ettt ettt ettt ettt et et anetetin S Galudl 1.3.2.1.1v



Bttt ettt ettt ettt s e SSUl Gl

B @) Y Galul
82 ettt gl Al e i Al dal sl
83 ettt Gl Lazalal) o sal) o) 53l
B3 ettt ettt er et enens Gl — ol pUaill
B3 ettt ettt e et eae et arans e -0l alaill
B ettt ettt eeenes e - a oUail)
B ettt ettt ettt ettt en et ananans Jazal)
B ettt ettt te et erenn Gaalusal) Jaria
B .ottt el galal Ll 43y 4l
Bttt S8 5 onel) Lasll 45 5l
23 TR uall 44
B ettt ettt ettt ettt ettt b et te et eneete e ete et ere et eneete e enens il
<3S SRR ay yas
8D ittt ettt ettt et ———————ttttra——————— bl Ja ya
8B ettt ettt ns Giall JSi8) Al gyl Al syl
86 vt () saill 5 aisall) dpdass sl A1l
86 ettt (Raleall il all JCis) Al AL s )
87 ettt il die il HAl) alis
B ettt ettt ettt ettt na e e e wl el )
0 OO A Lall Allall 8 and sl
L RO RRR Jils jeda dga g anlall 4 )
R A lill apl i e 3 gl Jal g2l
S Alall Al 8 3y ) sl 4y ghall Y satll A ja 5 4]
2 S all Gl sl 5 Ayl pall Ay shalll 0 il 4y jJail) = Ml
93......... Aallaall )y An )y s die Ay ) jall 4 ghall Y gatll 4y plaill = 3lail)
DD e &
ariuall 3 3¢5 datial) Aoy 2l (3 kal) 1 ualdl) Juadl)
0L seeneen danivaal) 430 Y1 ) sall ailiad
10T ettt ettt (PN) (sraaball cilaw 5al)

101 el il gall 4y jeadll A Al

2.3.2.1.1V
3.3.2.11V
4.2.1IV
.5.2.1.41IvV
.1.5.2.1IV
.2.5.2.1IV
.3.5.2.1IV
3.1V
1.3.11v
1.1.3.11v
2.1.3.11vV
2.3.1IV
2.1V
1.2.1vV
2.2, 1V
1.2.2. 1V
2.2.2. IV
3.2.2. IV
3.2.1V
4.2.1V
1.4.2.1V
2.4.2.1V
5.2.IV
.6.2.1V
1.6.2.1V
1.1.6.2.IV

AV
1.1V
1.1.1.V



103 e bl Glius gl diamall s 40l 4aS il 211V
D04 oottt et et Sliall juiass 2.V
106 .e.veeeceeeereeerereeeeeeseeeee e seses et Alaxinal) 3362 Y15 3kl aal 3.V
106 ..eeeeeeeeeeeeeeeereeee e i) AaBY) 3 gan Al 52 (g g} Jalail 13 .V
o [0/ 2 Aadi ya 5l s il o (8 Al 223V 2 jaay) a5 sl 1.1.3.V
1o /2 bl 3 ) Al a3 die diand) A8 2 jasY) ddand gy Julail) 2.1.3.V
108....cveveverrenn (TG) SN sl all Jilaill 5 (ATD) Akl 5l all Jalal 2.3.V
109 e, (FT-IR) ¢l aal) chad da5YL ikl Jilasl) 3.3.V
120, (MEB) geslall (5 yiSIY) jgaallddand 0 4 jeaall Al Jilas 4.3V
L2 e, Raman gl 4sdllas dau) o Jalaill 5.3.V
o OO 4 el 3a3all L d 6.3.V
102 ettt ettt e et dpanal) A1 a8 7.3.V
L3 et ettt e et e a e beeaeer e beeaeennanre e oAl Jaadll aa) ya
Lgeilia g Ay sl il 1 pualieal) Juaidl
posial¥l (3 gamua g andal) il gil) TaMAT Gaabical) dadlaa 10 gY) ) saall
1 2RO A Y1 ) gall Al all 1.VI
1 2RO Phsasdall cilan odll 1.1.VI
118 MEBzestall 35 SN gaall dlans) 53 Jalaill 1.1.1.vI
118 ettt Phesradall i sll (5 51 jall Jidal) 2.1.1.VI
£ J OO sl (5 saise 2.1..VI
120 et L) LY A o Jalasl) 1.2.1.VI
120 e, o sial¥) (3 sanaall (g ) all il 2.2.1.VI
1 SR ool (3 saia s oaadall i gdll JaiAT Gaalial) dAallas 3.1.VI
122 e Al g8 el dallee 1.3.1VI
122 e Al AV 3 s Al 5 dgbdas Al o 1.1.3.1.VI
126 oo o) yaal) Cind AV Adand 5 Auldas Al o 2.1.3.1.VI
(171 T bl axy Gaalisall Aallae 2.3.1.VI
129.......... TG LSl 5 ATG AL (o)) jadl Jalaill Jlea ddassl 53 dbidas 4l ) 1.2.3.1.VI
138 e DRXA kel 421 2 g sl 50 Jidail 2.2.3.1.VI
141 .......... DRXA ) all ciladaall say duind) 2a2Y) 3 goal) Jalash ddasd o Jalail) 3.2.3.1.VI
144 .o FT-IRe!_end) cand Lad¥) ddand o apidal) Julal) 4.2.3.1.VI



Lllad) 3 jad) cila 4d A 2lil) ay Gaalucall dallae 1 ALY ) gaall

149 .o bl 3l pall s )y (8 anlil) ey Gaalusal) 4l 2 2.VI
149 ..o ind) 2a8Y) 2 pa Slea Aand s Aldad A 1.2.VI
11T S Ol alahal Jlea Aol g dulilas 4 ) 2.2.VI
160...eiiieeeeieeeeerennnn. Ailaall 5 da gidall el 5 dpanal) ALY dassl 53 Jalail 3.2.VI
LB ..ot 4 yeaall Ba3lall ddaud o sl 4.2.VI
165 ettt ettt et ns A el Al Adand 5o Jalasl) .5.2.VI
169 e, Loyl d8la yyaas 6.2 .VI
L8ttt bbbttt b e ool Juadll aal 5a
Lalal) Ladal)



ﬁ-t
?’.
ﬁ‘
£

dale dadia

Ol Gl g Adlaliall o sall aadind) dapaill ) seandl 8 GlusY) of Ay ) ) el
JSll ALIE o e o A5V o) sall oda ()Y el Jal e IS Lgaling 38 3l d ) o) oamy JuS0
5 el (uSe e A 5al) ol el adii Cua S 3 gk LY Asean Lele Jgeand) (S
On sk saal guliil) Jlaal) 8 Jastiil] Lgilal Alade Ll 5 4l 18 Gailiady 4y suaall 3 sall
Gl s alaid B 3 e o sall odd Conual Cigll @l diag oo pdiadl AN Ale ) o3l
8 Apalall V) Cgail Aty el il Caline 8 il Jal) A ) e o il 5 Lgy Adlediall
528 aaf (pe ani Vsl Caling 8 Ledlaxin Glld 5 5aaa Ay san o) g (e Canll Y 5 8 A5 Y
(ol Jladdl 8 a3ty L Allad delin M ge oo 5ke & AU 4y pall cild A0 o gl
PRI “W S SUL P PPWEN PR IPTRN - PO P 5 AN 5 (N1 pEENPPTR RSN g JE K
o> ) g Wi

cpnanll 8 allaall (g Sl (B Ylanias] SISV 5 4 ganll ) gal) abl (g0 a5 sl yiiay

¢l il ae aday i 3 Glaill dids S5 e 350l Al 5 Lgas ddafil) ol gall e 22y Cua
Lag i ¥ JSE AL a l dpsedd) ol gl (uSe e canaldl e dpula < 80 o A a1
A ol ) alaal) dapal dglie Ailes dapa Gl el o (e a2l Al ull s
Opanil Jsla alag¥ sl a8y (g3 ¥ 138 5 cJlanin¥) 3 sane Allan Adimia LS pailiad
S g el e lilay) Gany Jaal s Jslall oda aal (a5 ASulSl 4ailad
On dle 385 e g siad (A Dandall bl Claead oy ple mllanas (Ph) anhll Cliu 5l
Aol a5l (e Badiine allall (8 dlis gl ) Al #0980 (M Sliu sl alas
G b ol 5 S Gl aalia il all ellia celld ) Ailayl il e Wil o <o 3l
o Alin g8l Al gall (5 5iad 5 Ao sl gaadl Clleall DA (e ClKES (dag) Gl i 8 230
Adbiaall il gl CS o aiea] gyl ALl 33l 8 5 (P, 05) Lst sill auST (e dille cilaS
Aol e ccleUadll e andl & sl g aladial Lgal e caill JS5 3 (CA0) el Sl 20l
Al o e JSE B Aeliall ) saend) (<G

o il dua Baaa 3 e Y sl Glblee (e ddee oa Al e Gad) dus )
&) Gl Ales b o Al s3a g o oSiall il ) G 5 AT 5 e alaiV) 5 Gaaliaadl S
ey 5 o sl dal e (G iy Bl e Gand) o Cum Aol jalie il )3 w0 Jaila
G L L) oy A8 ey B ) pe QST JladY) 350 ) Gany Jandll Al oS




dale doddn

bl i il (e Ll (oS5 4803 dge gkl 5 jpmad 58 Jeall 18 e o )l Ciagl
bl il G Jelall e dulall a5 s oladl apnialV) (5 5 el
Oe Lalad ¢ sSh Algdl) el o 5l skl 5o i Al all 23 DA (e g il (5 smina g
el 5 Calnd) (bl 5 Haed)

bl Clin @l idla J&a o a5 Gand) e Ll Al elld ) ALy
A e Gadl 4 aladiuly dakine A 3 & Jadall o3 e Lidd G ca saialY)

1 suh i ) el 13 sy

Caliday 4y gaall 3 sall Jsm Aale amtlin 5 Ama yo Al yo Joadll 138 il 1Y) Jacadl
Lellaning Ci¥laa 5 lge ) il

ooy Ailid) Lalall waliall 3 oly e (el dcapadd i o S Juadl)
a5 il 5 el IS 5 o ISl i il Al ISV AilaSI) 5 40 3l (ailiasll
(0 —=TCP 5P —TCP ) sl &I 535 i 5 Jia alla (0 AL ) 5haY)

g 281 5 Wl e sl 5 JESYT e YL Aileial) Galall aspliall (oany oy ) Jacadl)
2 sall 03¢ alad) aiaill Cililead padle aiy Uyl

Y gl aal Gl g o) gall 228 dlae) (3 sk s il Jaadll 134 A daags a0l Sl Jacadl)
A el dallad) A Guans

Ll 5l Jaadilly pda s 5 deddiusal) aladl o gl (ailiad daaps :Gadal) Juaill
Jaadl 13 DA daadioa) Ay el

oaaia g5 Ll s il Ay ) A jall Jeal) 138 (e YY) Jaadll 2ty ¢ 15
letle Jgemnll a3 ) o saialV) (8 smine 5 el i sdll LiMA Gailiad aniiy yuiaai]
VR NS PR JER A

v

v




Jodl adl

W (BN

J5-u

-

\_

~

1 lptlas A1 Fydl Sl oo o s il a3 iyl

ALl Lyl 187 clgedas oysluoy il lgolgly iyl ) LT U s

Motas] 35 3! o

/




doaa yall A ) Jg¥t Jaadlt

s Ay gal) 3 gall Jga cliagas 1.1
s dadie L1.1.1

Al o delihial o) se A (e ddiall Aol 5 4y padl clae V) Jlasiuly Lol lusy) ol adl
O aall 8 (e A slaall ot IS5 GEY) allae (e adaly 53 sikall Gliu) ey Oy il 8 Cua
oaibadlly 48 el el o (Sl o5 8 Band avall 7 A ) gy A o1 32 S eliac ) Jlaing Layad
OSUs g ool AN Y slaall (e il sl pa) oS Gl ey g (JEEIL i Ay g gl dan sl gl 5 Al 3l
223l LS (1] Y ol alos Aadiiosall ) gall € 13) Lo 48 yaa sl ahiad 3 5m 5 ade Cons Aals (b Lgaland
2] Gosmill el i) o L e X () saipeall

sy laudl s Gl (e (o ally Ay galdl ol sall Jlae (8 1 5aS 1 ki 5 A YY) Gl gl ¢ e 6l
Gua ([3] Aalll ddall Aal) el sale) s Abiadll allac] (aillay #3a) o auall sacludl sliac
4] eV Dsm ge edn A Ay gall ) sall ey olisl -] JSA

7 7’

- —

7 ’; 1971

% g, 1909 1930 1940 1973

¥ ¥ 1907 1926 @ 1935 1950 1970 1977
: A---- - :‘ ‘ ‘ ‘ ‘ A ‘ ‘ f ‘ T ‘
3 E 37 A
g g z7 $ = 2 ¥ | 3> 2 - §
g §1 i1i 3| E¥Z7Z % § ¢
F L 8- 5 3 § 5 28 - ° T A
- ” - = - ) & L
R = - ¥ " g 2 c = 3

8 / & N - - = - S

- ’ 5 o = - = : =

: I - g ~ y

= 5 a
"

4] 0o Dse e sl M sall (and Lulidil) geka o -] JSAN




doaa yall A ) Jo¥l Jead)

t Ayl 3 gall Gy 252,110

Jiae djma o dlaie Yl (81 5 s juan gl Linnl o slaie Yl Capad ¥ gall dlsall 3
oot g5 i e 5 JSEl Ay elibua) 5f oruls llaal daiias alse e e b clelboil
Aphall @l V) i dpeluall Gal kY delia 8 caendinl  ASS 5 A0k el lpailas 8
eebila¥) ¢l gl Jualia g 3l AL dpmand) Clac bl ;e GtV v 8 Wil ) dal (e gAY
Jilsudl 5 all dail) pa pilie Jsll e 05S5 Of ) agh Gumy [B] Anla ) Guall o 24 JS)
) Jala galad drd 3y 6l and O 950 (e auall (8 sime ol s gl Jlagin) ol dadleall daa ol 0l
i sy Cag ymall 5 ey guall ) gall A5 5V Apmaall i) (Basial) ASlaall) ylundl paise oli Cus <[]
An e g oa gl 3 pall (L le g el oy a3 il 21991 551986 (e (B el Gl
238 (S5 85 ([ 8- 7] ol GASH (o sl il e (BE) G855 s Apmn Ha lllaial Jaxtins
dads ) A (pe Adlide YIKET 3L Cua 438348 2 ge sl s SU LS ja gl cplal o diana W) 3l gall
e gie S

Sl a3 ALl ) gl g1 il mm alasind e JUia 1241 JS&Y

J9] (€ls) Jeaie Jlasin) - eliall duadd))




s dggaal) 3 gal) ailad 3.1

Lellain) @lld g A Hl) Gaibiadll asen elliad o b b callaall JaS 4 gad) o sall aladiis) callayy
Al 3ok e A9l (atladll Calins |l Jad o) f gad ¥ o5 dall daaL Juasy) e ol
AL 3l (585 o g peall (e Aad¥) Gand Aills Adliaa) Al Ll b Sl
dagl Als 2 JUd Juw ey Al Aea e s A e 1 apn IS Jagid ST Plasl
oaalii e gae [7] 3lee ASuilSia Gaillad 5 saa daglia Ly 3580 33l #Uiad osteosynthesis
¢ 2 ) el 8 Lgte ] e camy ) A paad) o) sall ailiad

:(Biocompatibility ) sl (@86 .1.3.1.1

Cuny eabinll il Sl @lld 5 4 gual) o) sall (e 30be (ol LeShiad o Gamy A Al dpalal) 4

e die ggsand) G815 oy e [4] Lo Ansaall A Al 5] Al 3 g0 Ay gual) B2l e Y O g

sall) Adlad & aSailly eanst b asdll el e )l Ay gaall Balall (b 5l Glldg oy puual s e Jyshe
. Jash 2aY 4y gal

Llaiu) ae Lgalatin) o Lo sale 5,08 " aly o gualdl 38153l 41987 ale 8 UV 2 SBY) Cajey
38 5l O Gyt Cun 21998 ale & YLS) ST Cay g oyl 3 [10] 1 G Gkl 8 Clnaall dailia
Lalal) i dalaall Zom gl sl 45 5 ¢ 4y Jaenall Jans o 5 Balall (g0 Alalgial) CHEMall (o G sana™ o8 (5 sl
J11] " A sl Lo ¢ Alagall o A48l ¢
1Al gailadl) 23,1

Of paall (ad Il caliall Lglaaty 31 Gl ABLas 3 S A0S0 ilalgal ) A gad) o sall it

g 8 gl Aal yall ol oLy A W juS 5 LSS LlSU pial 3o A80i1S0e (al 52 3 sall 03gd () S5

Adiai | [13 - 12] L sSis LelSagn Jagi 55 Al 4 soad) salall ASlSal) il o) 48 jre Cangy XS 5 Jranl)
J14] Lemimi A8y sl 5 Leh oS5 e pulad US04 sonl) 3 sall A0S0 400

st Jalaa s Ll 5485 ¢ Adlall 5 4 yall 1 lle A albaal) Jilad A8 Gal sl (adlis
- oSl SY) e el Ailia e ) i Sl 5 dl ) ) Jeade 8 dpclilaaY) cil jlaY: Jie




s Jie L yrae cang Al 5l Gailadl) 8 Jias 4l dage oAl Galliad 4 gall ol gl aa 8 LS
(DY) daslia el lan dage ogd bl ALl (ailiadll douilly Wl g ) jall aaall) 5 &G
albaall Lapeiy &l 8 dpelihiayl GilhY) Al 4 dgadic dgals (S e os il (JSE ansY)

J15]lndlS sis 8 Slaal jom & 53 e I e
s dygaad) 3 gal) Ciiuas 4,1.1

ol shall oda Las Cum allaall A 4 gall ol sall aladin) 5ok e haad alsh sac day )y oSa

b Aliaiall A gl gl Al oy COllEl (a5 3 ([16] duadl dawal) J8 e Dlaiuy) daadle Lol

(@& A e o Ael) ) e ge e DOl ) de g el saladly Aaaall A0l 5 Abal) Ans)
1[17] S e gana ol A Hench J8 e 4 saadl ) sall Cluia &) 58] &5 4ia g

:(bioinert) L dlalal) 3 gall 1.4.1.1

Gt 5o all S ana Jala g5l cllee 3 Alasisad) 3 gall J51 1 e L san ALAAT) o) sall 228

Laadl ol 4 Cumy ¢ Ggume e il A g U8 8 Linslon i g6 5l Jals g3 das) Alaia

Zadall o3a claws daing £ 53l 5 alinl) mansill (o Al 5 (5 (S Al Ll LS cdnaia g e lgil) Jelis
4 18] Al clalea Yl Lol 5 £ 1) @ a5 ALalall 4y sanl) salall g s 48 1 4l

: (bioactive) L dadil) 3 gall 2.4.1.1

Aada G Hench Jd (e 30 JsY Lses Al 3alall (5835 meal 5 0 sgde guag i 21969 ple (8

3alall Agaly (8 Badaa daa ol gw Al (e L S Balall oo b gs ddadall saladl " LS [19] st

S S il sl Jlae st cnll el Biay " S pall A1 o A5 055 ) g2 s
el ) 5 Fnln S Al sl ¢l ) LS el (e yoal Jaiid




ALaladl af sall 5 Alaiall of gall G Apdases 5 B3le Lgi sS (B ST Ly g A8 g ) 50 (o 2 AT iy et A
ASa) e Lae il 103 (55 (50 planl) e e Jlad] GIA (8 i 8 jaae Faaldy wiadi oy g
baku o Ak JS& 55k ge @l muill s Ladas G GlailY) dlSa) 35508l 028 (S5 dlglalSs
iy maill G Ada ) SIS Y 525 Laa hand) (e U s Jadil) CuilibanS 5 jaed) (e 5 st (g 53l
e Y Ledad 2% ol sall o2 S [20] de el salall Ala 8 (5 gaadl Jadl) 2 ) Angi s B3I
Olxe )l o dgabaall g )5l Alia s (8 dda)) ) SIS o dday gl 5 ¢ 00 G el A il
J21] e s sad) 3 ) e (e ) aLanl)

galkl 5 o353 5 Hench J8 e plai (ala))) Liss dbadi sale Jsl S i a3 21971 ole (A
Oe Al e ) e (5348 salal) s2a & ® Aaala N il AN o ymy 2 S all 585 45S5 il Leale
[22] alall ) g 550 (e Ay JSl Y1 8 (355 A anad) Jals JladY) 350

a3 Balall (g gual) alial) ulisy W g Hench Ji (e dals duia ji ) 58) &5 41944 Zow B
- sl Bl Jalre caa Led daa s’ ) ol Lae L soa 3dadil) o) gall Glail) Jalae Giluny @lliS

s g oad) Bladl Jalaa 1.2.4.1.1

A 0o s ((tospp) ceolh Gl Gy Salall (g sl LaLaall (5 giue 2any (o3 Jaladll s
;:\,ﬂtﬂ\ SJL.\:J\_} Lﬁ}.—.ﬁj\ Ll Jalas iy da:\;.a]\ @“d\ g} saldll O :\.Lg\)&\ Jjja'j

Cpball e de g ) el salal) mhas (50 % 50 e ST BLaiiB a3 e 3 g g S
Dl Al ) gall il Gae 53 Saed () LSy 4ia g

) 4585 : Jia 8 ssbun sl S (s Bl alaa e (5555 il Ao ganall oy s | iiall o

DAY asgbars Bl AaudYU Jin g alaally Gaaili o LeiSay 3 gall 038 () 1 (® Al il
23] dae2adl LAY Capl (e LIS Jing Balall edas (18 () saaly 5 iy jad s

stall e Slel (K15 8 e JBY1 (s saadl Lalial) Jalas i Al o sall de sane 25 3 @ bl o
ool adanll il i geaili ) 5 e L) il pugll Bala: Jia




IS S gl 5l Jlad) o g & ASY adaid) ) Als yay el G Was g & doala 50 ) sall e gac
[24] ( CHA) <) il S (S5 508 (e Al

: dpabusal) 31 gal) 3.4.1.1

3 sall Clebise 8 Aall UDIAN o AlSa) (8 (eSS dpalisall af gall alasiind ) ol 3l 5 Sal) G

Jomanll Jemsy Lo AoV 58 500 G lan S oDl mhane LY Glld 5 lgBA (g Jin g de ) 5l
e il a5 e ad) ASH Jals el Jagusil g il 138 Jlaniad iy i yad) 13gd 5 el 4y 8 Aleas e
o labuaall o2 (685 Gl daJidy ¢ g3l mlad a5 il JS olaal) o35 S LgilSa (g LS jald pae g
Jiais Ly Lt Abeaia a5 [ 28] 1000-500 5 [27] 160-80 5l [26] > 100 5l [ 25 |50 um 45,
Gl Al (8 S Eliad) e lbad) e i€ 3 2ea o) AU aaall e % 30 Jiss
398 e aa gy I aBlgall (8 Baane Wl 8 Laladin) (e aay Laa Lgdl i) Jeu ) SIS0

: (Resorbable) 4dadiall 3 gall 4.4.1.1

lee SR aggalsh Gl JSLaall daad) ol oo I3l AL 2 gaad) ol sall o cpfialid) Gians 5
sl Asall e g gl 138 @Bl A cdpalaal) dail) aaat Flandl ok oo dashll ) e g 0
MBS A gt ) (s L] 48K s ) Apla e 1) cillalil Aagi Jadl Lghe) ) die
SIS 5 ([29] A sgus UK 3 sall 028 (ye dailill Jall cilaiie e siun oGS Gl anas Of Gy dgalaall
@3 S e Laea Axia | Gl meas 23atia (e de gian (Al mll Al JOa3U ALE o) ge o8
AN 2T 6 sbaal) JIas )

0585 O sl (e asandl o canns ol it Y (O iy g 5 3k e salall a3 I il 5
oald IS ¥ a1 Gaiad Cmaay Cun ¢ alind) oLl A8 a e Ay 58 3l sall 038 a3y A8 ja
130] & oY ddlee pdwi 8 ALald A ) alkaiy

4 saanl JlrdY) 350 ) (e Ao sanay 3l sall JS (e Wyt (ge aaii Ly son Al 3ol o ) 8 et
O hlady L " Lgs hadil) cpdill M eds Al g )5l ) (g dAlasll (8 Gaas Al 4yl
LAe sana JS 8 4 sl o) gl Glany e ALl (11 Jgaadl)




doaa yall A ) Jg¥t Jaadlt

Of Say lama 3185 o bt 5 Al Alaie Mse ) AL 3 ge (e By saadl o) gl LS sl Calias
oo daaas el Judus (3-] JSA ) cpn Aladl salll s sl il (g Al L) e 3aad
pdaall Lol JS Ladie | gos Tl s 51 ol

(a) Aaiaall 3 gal)

('E 60 |~ /“f,f/"_../v .......... A 45S5®4als )y ol
l 7 — ,,’/'/' B ®Jus
= ol A o g C 5284.3 ciéja
T “ 8" L% @il 5
E s // D A/W 2l casall
ﬂ" ® & >
= > 4 E HA
3 c /D77 e g
o 231 L nEF, 1 1 & 3 3351l il “1):1“1 13 11
3 10 1N 1 000
(psd) Cuadd) a5

J17619] Ao 503l & sual) cild Ja0) Caliaad (g soall LaLiall kel Jiag 13- J&b)

-

] gl 3oLl £ 53

e 328 Al A gall Sl alsd ¢ LSl g (alaal) @ ¥AP\EG
s (Zircone) oS W (Titane) okl
(Alumine)ce s s (Polyethelene) ¢lid sl

eSS 5 (HAP) CuillnS 5 hnedl o delacs @
¢ o sl il gas ¢ o sauaSI) NG it @ daie o

(Polyloctique) _aes

LS 5 5uel ¢ L ddaiill Cllala 5 e by dhls o

31] Aseal) 3 sl Calia e ALY Giamy e 1-1 Jg2ad)

10

——
| —



s 4y gaad) 31 ) 1651 5,101
ety (e 5 ) Lgdiom a3 el all (il gl alaall J0S 4, guall o) gal) aladiind ¢Sy

oo LLi,Y1 I3 gty A el AWy o) sl o Al Al oLil manss Aaliaal) g1 5391 038 G 52

CAauaW/e o0 dgal sl e (L i e glsd ) AuiliaS Al 3 COle L iy adly (5 s bl

: b Jual @3 3 ga 15,101

,@\ﬁ&aim)gﬁedﬁaidﬂiwélﬁﬁﬁ“ﬁ

Sl @lliy A1 3 gall (e Ll g5 ST A aal) salal) lsY) abie ey 1s s Jual (4 L1.1.5.1.1
: L;:'LQ Clas Lfdé:d\ C_u.d\
:(autograft) 4503 dzakial) o galal) 1.1.1.5.1.

Lol g (yoay yall alaedl ¢ 3 (ge A 220 (1 (paddll uti e 35ake (g i alie i (0 3 e o
sale Juadl 4350300 o grdall el [32] Sliae ssan lely Lolandl o8 dasi iy (yiay yall Guiil JAT adge )
okl eliall Jaail) o Lt )28 8 4l Lginila) apeda

OsSLar¥ mpall ians (o LS G Aal ja a ge allaly 45K clan 5 S g 0 e sl 138 e s
DI e A Laal) il g 48N dihial) priaiy g0 e gl 38 Jidd alaal) e S (5535
dihia (e (A axkall 335 8 6 Al dga s adll JAD e A8 4 gkl o Jseanll Lo i 3hil)
Ly sai 8 ddkiall oda b abaall Y (sl A a sal
:(allograft) 8 abal) dsalial) o galal) 2.1.1.5.1.1

g sl Gl (K1 Cpilise Cpasa Ga gl AT padd e 3sale 5k alie i Ge Ble (A
sps &iall el (e el (e ade Jgeanll Sy Yianin] SISV agalall (e g sl 138 0y oa sl sl
letle o jlaiall doeliall lia gad ol ya) & 50 (e Allall oda 385 5 celaeVL gLl Alee 8 aild
bl 522 G A slaalll LAY Chlaiatie 5 4y seal) 5 a3l 8 381550 e

11

——
| —



doaa yall A ) Jg¥t Jaadlt

s CmaYesl 3.1.1.5.1.1

LSl aal gay sl ALE e Gl JSE il b a8 ssaoge AN 2 LA (g e
e Y5 Alally A s daa Y15 U Y1y Cajbaslly GlwYls alaal) Jie dail) e dpaall A )l
Lt sbie Uil aet 3 il JS8 5 alael) iy 3 sk oo Cpn Y 5S) 5) ly alaell 3 [33]used
s Agabiall ol gadl) an b Crendinl My 2l (5 8 A gliay Jualiall ey G sSI iy e il
Bl 305e38 Aladall & skl # S|

sl Jual e 2.1.5.1.1
:( xenografts ) 4dlida jilas ¢ agak 1.2.1.5.1.

oany aldaaS dpalisall Ay o sadall sda ety ) guall @) 53l (e Ayl Asail) e 8 Jia

sk Al Agalaedl Gsaall Sla g asedaill VA Bake Ledeay Lae (5 i) alaad) A dgliiall ) guall
acall il s i yad o b pail) el ) 4 guaall U oSl paen A1 5Y 3a0nte Al 5 A0l 38 3k
ot laaSy 530 Aali (e Jumdl) asalall e g i) 138 2ay g Ay guald) Aalil) (e S ST manay el

. 8l gdaa
calul) Glaall gaas Oi i Al dralaal \(’9’“)“5\ yiad S

ge gleniy) 5 LY e aadll 338 e a5 2 Osseointegration ) alial) JAsN) o
Legin Jeady (8 i 352 ()50 alanll o

Gae 3l LA s (i a3 o aadall 3,8 Ly a5 ( Osteoinduction ) aliall call o
[8] ALay) Uaall a8l e L allaal) (35S e dnl) IS

saill aey o aliall aadall 58 Ly iy ;(Osteoconduction ) ceaisdl Juasill o
linl ook o ¢ alaall pai saleis Ay gl 2 sl Apdd) Apalsll S oy aliall aland)
aband) Jua gil) ading 5 5alal) ae Juad) (& ) adial) ppil) (g gla) 5 3 gedl) Dy Y]
[34] Gl Bl plasall s e i

Aadlall LAY (o a3 e padall 38 Ly aaly s (Osteoformation ) (el Jedill o
35] s abie JSE5 Jal (e alaall

12

——
| —



s gl 2.2.1.5.1.1

0S5 e Aladl 3 sl o3 Jaxind CulS Gy 1970 A e Aalindl dalyall b (emyal) Jlaxind
Ll (5S35 5 ¢ [35] porite & 5 ¢ ( madréporaire ) o all iamall JSull (g it 3l il
Al dain i [36] ( Aragonite) Jiw S JSE e (558 Sl 5 % 97 Aty a ol clisr S (e
o Sl il %50 s e 8 Cams i Al 55855 ol AL el e
i) alal 353 g sall ol Lalas BSSial ailiasll s38 4085, 200 pm 5 150 pm

A ull (Vasculation ) IM& e Gmn Ol ssaall ol o Jaa gl cda sl sl Al o) oL
sale) A8 ja dasi yiy abaall ganil) )5 583 s3¢) Galiaial) sale) ) shay de siie (5S35 ) Jal) digall
39 - 36] Jerivsall s yall g s SIS g ) 51 a8 gy paliaial)

s SUba) Jual @ld e 2.5.1.1

O asadall danilly QIS5 il g il 5 e a3l e ) gaadl Jaal) @l o gadall Badeiall o gaad)
Gl ) (ool Laa 65 laall o gadall of A0 o galall Alla 8 abaall (e 5 e ilaeS glae) 3 syl Jual
daaall Glatiall sda JCIE Y dua diclibial) Gl e padll 4a s Ao 5 alaall 3aaa Jila oo
A sl sl 5 400 ) Lpailad 5 Lty Cun (e L )5 (S 5 Aled ¥ liaSy 88 5l 4 5 dpana Hlala
| 40] A iyl 18 5 Lgaladiin) 5 o) sall (e ddkida &) 3l Al 50

: Clad ) 1.2.5.1.1

aal e g allaall dal a8 dald dygal) olsall Jlae (8 auls @l o @l el ) i
L8 axe e a2 )l o5 [42 - 41 ] QlaiSY o oo a) jie JS0 aadiud ) 3aaall Gl jed sl
il s Adling dlae il iy Ja e (s sind ) A€ il Aan) g0 2 gall 038 (aliaial 8 aSail) & iall
Ghlie ) 3)LYL L et ddle 4SSl sl s 8 elly ) ALYl SlaSOU) Gaea ) Jlas
RV 3 as Aiame Aindy aghay o A8 je (85 O 8ar ¢ 15005 g8 3 gl Jie il dle dpakie
.[43] osseointegration (sek=ll

13

——
| —



fis Jalaa 3l Jadil) s slgaY) inia A 50 ) sall 3] SlSpal) & gl Conm g padally (Saall (10
Sl s A (ailiadl) e s dasmall 23l 5 30 jall da 3 1 Jiat 5 AT dalse 5 dSlall
A adl) Ja gl (e sl Uile i 5d0 Adl) Ay yad gall ) sall 45 )l (8

: el ped) 2.2.5.1.1

cla jpaic chl.pﬁgﬂ\éy\ﬂ\ﬁjﬁ A gall ale (B 2 Coila Al Me CBLESS) 3

2 leinki OVl aoad Al g s S glu s ddle jleail Bl a da oy Jadlil Jame 8 g (s eac s
omS ) shad (Al < gl sl 8 cobaadl LS pacan S e i il g el € canlST Jads
b Al de gane e dalad) o) gall o 3 cAbadl Aol )30 OVl (8 aan AlSa) ;e il Al
fage Al il W o LS )l Jealiall i el phoat o (S A geal) il SR e
GlliaS ia Jaiasd () (S5 el ilalaa o) 3ol Grany Jlasia) 5 a5 dallea 8 Lgaladiin) ¢ Jia
o 08 A gl AN UL 5 st el aoiall dpay s Aacaal) o sall (ge RHge Sl Jiad il
o x 138 5 (Dl asliill ) Galeall ¢3S aadiud o oSy LS i gl BaS S cle) )5S aaais

7] 3 sall (5 sandl (38 53 Calan) gl cand g () (8 LSS 5 4 gall Aila Sl Gailiadll (s
: Ol | 3.2.5.1.1

¢ faall o gall paall : Caleal) s Jie Alladl A0S0 Lpailadd Lulal aadiud o sall 028 ()
) g 5)) alaadl dal a8 Lalad ) sall oa Jlasins) i 13gd daii€ 5 Cally & g g ySI) o sl
& el slan] &5 aa IS5 (g al) Ll Gl del ) G IS (L g ¢ adbaag
b GealidllS anall o) jal Gans agd Jlaiind o Lisin G e goadad) Gl a5 allall elail aen
DB ek by ) Al il 3 e VA (i @lld pa s [8] Aueliall il LY 5 ol 5 AN
Lonall Jas gl ae ey @l gl) 3 Jelam g ALl ol sally Uil and (el 028 (e daalill 5 jluzall
(laall / s pall el Iy 8 Lay Slan g 568U e Jladll Ll Al 5 e 5 eI ST i
Aldaal) (Ui s AISia Y] Gailiad 5 LSS ol ) ae oSl dulial) Ja iy dueliall Jadl) 250 )5
delii (g2l s plaa (33Ua) M &) 5l diade (e Aalall ¢ 5adl dlad (525 (o eadll da 5 o
[ 45 - 44] o) Jad) 30U & siia cabaal) il gl

14

——
| —



s el 4.2.5.1.1

JSy cal Caagiaal) aadail) clillaie aas Al aobaisd W dom o g B0l () AREa L i ) A0S )
Ol (n S el 3l sl 0S5 ) gall (g0 paal) pailiad dlliai A8 ja 3l e skl pfialll BLd ) oanh
(il ol a3 jacie Lo jd Gilan g e 0S8 O (S Al sald) G e a2 U e 0 aaia ST
e oy ale LilasS Logiy Jeliil) 5l Laghin clogra c(pisSa e (3oh o A el ) sall gaiea o
oald Sy LS pall (oS Wy el (Sl larall g el QB el sl e LYYyl
sile alaall a5 lag) LS Jualidll Jlaid pailadll e e sane lla®i 31 A gall 3l
e lilaca¥) Gobaall ddasiy Gialdl) Giany A8 daalaal) s S osseointegration cpesid 5, oliuY)
Clis 58 e enpolylactide o se Jaes o ¢ 3 A1 LY 8 s sl 48] o gaallSl) i 5b (o Ak
5l el all 4SSl Ll 53l 5 resorbability s (Saedl e Gilas dali e Al casuallSl)
1] <50 Ll

Sl b 8 (SNyHG ¢ AQoHGs <AgaSN ) A 150 (e ST Xia Ao sl LS yall Caaaiiad
Slo ssind Gl el sda O V) Lgaladind Algen 5 Aumbdiall LIS Co 1385 W pda (i al ol
[46] 4 5e e e Lealain) dra (21 ¥ Aaludl 530

Galaal) Gaila yall (e Jeldil) Chea ol AN As el cidi jlad S pall 8 Chraall Bl G (g
Ll Slsall o S Juadl s ol Ladind A8 yall ol gall ¢ Logee (L SuilSaadl oY) 8 (muids
Ay sl ddal) cliadaill o) e S Lgalasin) (8 o) 98 138 a5 jeaic (e de siadl)

s 4 gaad) 3 gall il (lase .6.1.1

toh Lo Lgia SN Bagae Ay gaald) 3l gal) laydal

15

——
| —



doaa yall A ) Jg¥t Jaadlt

L5y any Jlaiay) ¥law
lwaall - Osall
. &JJ)'“ -
OB gia o e iyl Gl

QL) a5 ane yic
uASSj\ K] M}l\ ;tL] 33\.‘:;‘ -

(el sl e sSN) Apelibanal Juslie- allsall Zal ja

Aaza jis aaall Jladin) -
aldl) - 4 sedll Ape NI 5 ldl)

il il Jaga 5 jeal-
(o= lilaaal i

Apelibaal K- SIS Gl
S o -

Glaai N e 50 - Aabiaaill As) jal)
.= lilaual ala- Lalall dal jal)

Aol jall o ladll
Aol daadUl o) gall-

Aalalldagd o

[47] ) Jlaal) 84 saa) ol sall iVLarind) (e ABY) Giany 1241 Jg2a
A gaal) 3l gal) any 2.

s Ay gaald) cild AN 1.2,

ey s el s ud) 4 sl cda) Aphall clilaall e aaell 6 3 sadl il Al aadid
camall 2l g 5538 Ay yall V) Jlasin 5 callaall Luelidaia¥) il Y sl o) suSll 5 cpaliall 2 sedall
AlaasS 1T Canas W Alala 5ol 4dly ansty (5 301) claal ypaall 20T (g0 2 guadl il Jall @ it g 2 saad) ) sally
s Lo clagiud ) das) 058 JlaSing ey awal) Jals lpaliata) &3 Al g1 ) (auad) &
Gale i anty cdpdane o) Ak juse 5l dpnliall i 5l Aol 585 YT ngs doal) AnsY) g Gigus 38053
Lemny ol 8] a6 cpby sl LA e Sl A Lada dandiiiaal) il SR (aliasy 2 guall o) sall g
Ganil 4 8 Ainnn 2ulST (e Ly () 585 WS il Aoy 45 oSl 3l sall S i g

[ 16)



Tomayall Al )

Jg¥) Jeadll

o shsndl AUl Jals Ledsd AV b sl Galioal o L) Aol 3y a0 i oSy
o shnnall ol e Ll e lalaie) 5 ol oSt

Lo Aladd) il jal 1.1.2.1

¢ 4adl) a;\AL?j.LéAJ\ U.I\S.ﬂ@jlﬁusku)@ latiu) aa g e oS0 Ladie Lﬁm Sl yuudl sa

[48] peal

A5 Zr0; LSS5 5 ALO; coas¥ Lisis AL ) 5aS Aleninnall 2 il 38 520 31 5all sl (e

el s Gl e andied g 3l Alead Basal A al ) el dulle ASES Lol s 5 5 dlle 3 o
Jetall Jiay 5 it del 3 8 5l Al elilaall &gl (e 33l dalie Gl ) Giadl alaall Aal e 3
5S35 Copm IS g sl 3201 2 all iy il a3

oaiaYlabe [ o llabe [ LSl e s Ayl Gailadll
97 <ZrO, | 99.8 <Al,03 % S Al
2.1-16 6,05 3.93< (g.cm™®) aasy
0.4-0.2 63 (um) Sasall aas
0.008 0.02 (um) zhadl & pia
12-2 230 —100 2000 4500 (MPa) Laxall 8 4 5 yall 2a

150 -50 1000 595 (MPa) ) 3 455 5l aa

0.5-0.05 307 150 400 (GPa) &is Jalas
12 -2 15 6-5 (MPa.m™?) K, dd

o A Sl o 4 a5 ZrOp 5 Al O; sl 4 5201 o sall 4 5l pailasl sl 2 341 Jsand)
1] ol

——

17

et




doaa yall A ) Jg¥t Jaadlt

s Lges dadil) LB AN 2.1.2.1

Lgall i AN 8 03 cabiall e W Aol L asadl dals g5l G daadan cOlelss 3lad
JiSin sale) olee 288 o Lo Wle el pe Alaiadly ol (U s gl gl Japsall Jas Alaia) a3 1)
A padl s () sy allanl)

il o) 5 Bioglass® sseall gladl b L ((Aadl ) il 285300 el aal e
il ) B = TCP Sy 55 Clingé 5 Cay(PO,)g(OH), <uilionsS s yugd) ¢ Jie (SullS sins gill

(4-1 Jyll
LIS 5 i b Gl s gl sl zla 3l A8l ailiadl)
Bioglass®
B-TCP HAp
(L5 %) <bsS yall
0 0 245 Na,O
54.2 56.8~ 245 CaO
0 0 0 MgO
0 0 45 SiO,
45.8 43.2~ 6 P,0s
3.07 3.16 2.66 (g.cm’™>) 48l
687-460 1000-500 - Tl i dig el oa
(MPa)
154-140 200-115 42 o gl aa
(MPa) )
90-33 100-80 35 (GPa) s Jalas

JAT Lses Al il AN 4SSl pailiadd) 5 AiLeSll LS jall 2441 Jgaad)

18

——
| —



s Lga Galaiadd ALWAY cld il 3.1.2.1

Ay B gl 5 e pe L )i Jlail daanad of Al QSN avall (8 Adle L3 ALE 3 ) sal) o
(PUaad) 3323 Ji8) AlSaal) (g2 S 1Y) Sliadd) Jall IS8 A 5 ccinimal) gy Lo )3 Ledlasia)
LAY Gile gane 2333 5 5k e ) el ebisad a5 L 3lal o 508 dmulal) Aasl) saa
Gilatie (85 o gosomall Go A 5 dedlagin] (Sar pabaiadd ALED 3 sall e 308l cilasll )
O 2ng 2l 138 ULV daad 38 ¢ SIS S Al 13) | (i) dplee Lgae st () Sy 5 Al e Jlall
© oo Aaiaal) ol sall aal e s Aleall A jlaall & alasiuSU ALGE o sl

TCP (Cas(PO,),) Calcite (CaCc0;) «CaS0,<DCP
p ASandlS shu gl cibid 3301 2.2, 1

poeallSl) ilds 58 ¢ Jia and s aUaall Jilay (e il Lead (35S o Al 5 8 aaiall Ao ganall 028 ()
PO, orthophosphate <liw s 55 5 sV 5 (Ca'™? ) pssdl U sl A5 Calaall (e dlea (o 0 3
Osd Ul ( P,O;* pyrophosphates — <iliwsés il ) metaphosphates <l sitiall
B 30al Aa s elall asay e sl il 3 psaallSI i 8 iy LS s el sl S el
RENIEP

G 385 Ll o ol gl Jass gl 8 Jla Ll o (aliaiadld A4 Bale p gl Colios b yia
Dol LaS Lt i il anal) Lgaiamy (e W 30l (pe OS] ) gall 03¢ (5l oAl AGLE alias liaa
(CayP,0g) i dll a sl &l ; < Amorphous Calcium phosphate st a gl e 6
alpha-tricalcium phosphate asdsll Cliwgd S35 g < Tetracalcium phosphate

< beta-tricalcium phosphate Caz (POy), sl clinwg S B < Cag(POy),
. Cay9(PO4)s(OH), Hydroxyapatite <uibius 5 uel)

19

——
| —



doaa yall A ) Jg¥t Jaadlt

il 5 Cayp(POy)s(OH); 4bbesll dapall 53 (HAP)  cuillbuS g yuell Lal ol

sie LSalind ga 35 e s o o) o 5l Jans g1l 3 LIS QY ) S sall e 585 [50 - 49] Ca\ P =1.67

chdl o o3 Jaats ) 2580 o sal) aal e piays . stad) Jasll Gpeplal) Gia gaal) s
(somad Jaak aadiial) Q) Sasall

e 13y Apabisn 5l G085 O Sy Ak s e lia 5l A sl Angds 3 22 L A o2a

B 0585 Al A s S labuaal) a5 ctilaball (e e 55 ASannllS i i) il AN 58 LeiYLasiud

& ol A5 100um e S| OS5 A Apig Sl Clabuse 5 AlasSll c¥alil) lSa jiied a5 10pum

Cilabusal) Capnsy @lld 5 adaall saill Aale XS ganallSH s 5 il Sl yiat La gae G o) gl LI (0
I51] a1 Y5 lel) el (g s W 5 A5 Sl

:(bioglasses) gl clbalaih 3.2.1

52380 a5l g0 38 ililaia) ) 2 o sl i gla " e 4y gl Slala 3l Hench <
dealy ot Aol A saall da ) ey eclin gill 5 WSl 5 sl gl e (g 5iny el mlan e
eslem Gils a8 g8 4555-Bioglass & dsomal Lgall clala 3l duadly M [52] e
sl (ol ¢ 5 S RS A2LE el an i Lol (S5 sl 3l Jangl) (558 (mlilal ¢ liaa
asaall & Lany) dailsa) Led 0sS3 Cuny A e Gl Lo Ldgeas g adde (g giad 63 I
aUaall del 3l Sie S8 asal) e g sl 138 addie dle dpeaa DS Jaads el a5 )
S5 51 Jsa mass PoO5 « Ca0 « N3O <Si0; b ) LilisSa 5 i) e ,3,
b Ae 5 el 4 sl s 51 Jane

(Si0;) OsSibaall 3ulST o oty IS Aaniaaally Ay paall Aaiill Ciliala 3 alana 5SS

Wiy Y15 Lladin) SV zla 3l (Py05) Ustwsdll 5 (Ca0) pseedl) 5 (N20) pseosealls

281 9% 24.5 <NaO, i» % 24.5 Si0; % 45 w 0sSe ) bioglass 4585 (x wisS 58 Lasloy

s A caiall 8 Uagdgn dhdl 2ol ool zOI 1 caiat o (P05 % 6 5 pspdSll

Lvgll s yee die (g aall Jlaall 5,08 ) (g sonl) Ll 138 an 0y oaslsn hii j85 el Q&
s> s) s 5l

20

——
| —



Tomayall Al )

JoY¥ Jeadll
<l el <l Al Aala 5l b 54l <l Al gl gl
Lals Lals Cerabone als S45PZ 2145S5 saladl)
Bioverit lImaplant LI A/W ceravital
LS Al
(U5 %)
8-3 4.6 0 10-5 24 24.5 Na,O
8-3 0.2 0 3-0.5 0 K20
21-2 2.8 4.6 5-25 0 MgO
34-10 31.9 44.7 35-30 22 24.5 CaOo
15-8 0 0 0 0 Al,O4
54-19 443 34.0 50-40 45 45.0 SiO,
10-2 11.2 16.2 50-10 7 6.0 P,O5
23-3 5.0 0.5 0 CaF,
2 0 B,0O3
@il zla i) zls ) i) 2l A=) A=) A=) B
phologopite | B-wollastonite | B-Wollastonite |  c.sLy)

J17¢19] Lk e ) a3 4 sl Cliala S A0Sl LS jal) 25-] Jga)

. l‘.g\g,,nl\ Glala W jailad 4.2.1

DA 1385 L) g gl e ol Jail) 3 b Rala 31 LS 5 0 sl oa Ll (eSS

S G Lmidie LG Gailiad L (o a3 3 5 al) el GLaily) ) el 3 o
A o o] gl Jons sl 3 5 lgadans e S o (e LS el 311 AS00 e 3 sl il
gl phe o GlSa 5 AibeS Gl i Gasdc el Gl JMA L Gl (S puell s S e
skl 405 300 50 )S HAP 48k 85 ¢ adaw Pladl &igas a2y ¢ lgadan o ddalill il ) ol Cas
Cuda 3] [54] Uasale alaall sai oS LS ST sl QU8 2lasl) of WS [53] alaall jiaaall

——

21

.eUéud\ Qe C)u.a\] oLty Lis ol gn idaial) Glala Hl)

et




sl Js¥ Suadll

[1] M. Hubert. Modélisation de la transformation de biomatériaux par un modéle de
percolation. Médecine humaine et pathologie. Thése de doctorat, Université Blaise

Pascal - Clermont-Ferrand Il, Francais. (2011).

[2] S. Baroth. Développement de céramiques phosphocalciques injectables pour la

reconstruction osseuse. These de doctorat, Université de Nantes , France (2009).

[3] F. Barrere. T. Mahmood, K. De Groot, C .van Blitterswijk. Advanced biomaterials
for skeletal tisue regeneration: Instructive and smart functions. Material Science and
Engineering. , R59, 38-71 (2008).

[4] S. Yala, Modification de la surface de I’hydroxyapatite par greffage de polymere
(polypyrrole), Thése de Magister, Université Abderrahmane Mira-Bejaia. Algérie
(2010).

[5] T. Crouzie, Films multicouches a base de polysaccharides: étude de la composition
interne et délivrance du facteur de croissance BMP-2. These de Doctorat, Université
Montpellier Il, France. (2010).

[6] H. Ohgushi, M. Ishimura, T. Habata, S. Tamai, Porous ceramics for intra-articular
depression fracture, Biomaterials and bioengineering handbook, Edition: Marcel
Dekker, New York, 397-405. (2000).

[7] 1 Ahivd daals ¢ ol 53835 83 . s suall (pa Lol 43 5l A gual il A0 Ay ¢ g50 3, m
.(2013)

[8] D.F. Williams, Definitions in biomaterials 2" Concensus Meeting, Eur. Soc.
Biomat, Chester, UK, Ed Elsevier (September 1991).

[9] J. P. Marcier, G. Zambelli, W. Kurz, Introduction a la science des matériaux,
presses polytechniques 16, 452,483- 484. (1999).

[10] D. F. Williams, Tissue Biomaterial interactions, Journal of Materials Science,
1987 (22) 3421-3445.




&) el Jg) Jeadl!

[11] P. Exbrayat, La biocompatibilit¢ des matériaux dentaires, Journal des
Biomatériaux Dentaires (13) , 177-202 ( 1998) .

[12] B.J. Vernon. Introduction to Engineering Materials . 2" Ed. MacMillan Co.
Simon & Schuster, Book , New York, (1983).

[13] I.J. Levinson , Statics and strength of materials. Prentice-Hall, Englewood Cliffs,
NJ, (1971).

[14] H. Autefage, role osteoinducteur d’un revétement d’apatite carbonatee
nanocristalline Sur des céramiques de phosphatede calcium biphasique, Thése de

doctorat, Université de Toulouse, France (2009).

[15] H. Breme, V. Biehl, J. Helsen. Metals and Implants. Metals as Biomaterials.
1998: 37 71.

[16] L.G. Donaruma, L. L. Hench, E. C. Ethridge, Biomaterials - an interfacial
approach, Journal of Polymer Science: Polymer Letters Edition, (21) 677. (1983).

[17] L. L. Hench, Bioceramics : From Concept to Clinic, Journal of the American
Ceramic Society, (74) 1487-1510. (1991).

[18] olusiSas Al ¢ oaadall cuill oS5 uell Apn gl sl 5 ASlSal) Gaibiadll Gt ¢ (il ya ]
.(2016) ¢ Sl ¢ Aphind S st EEPIEN
[19] W. Cao , L. L. Hench, Bioactive Materials, Ceramics International, (22), 493.
(1996).

[20] L. L. Hench, Bonding mechanism at the interface of ceramic prosthetic materials,
Part. I, J. Biomed. Res., Vol. 5(6), pp. 117-141. (1971).

[21] H. Takadama. and T. Kokubo. in vitro evaluation of bone bioactivity.
Bioceramics and their clinical applications, Kokubo T., Woodhead publishing in
materials: 165-182 (2008).

[22] L. L. Hench, Mechanisms of interfacial bonding between ceramics and bone, J.
Biomed. Mater. Res., Vol. 2, pp. 485-497. (1971).

et

23

——



sl Js¥ Suadll

[23] J. Wilson, A.E. Clark, E. Douek, J. Kriegger, W.K. Smith, J.S. Zamet, Clinical
application of bioglass implants, Bioceramics, vol.7, ed.6, Edition: H. Andersson & A.
Yli- Urpo, Butterworth-Heinemann, Oxford (1994).

[24] K. E. Wallace, R. G. Hill, J. T. Pembroke, C. J. Brown, P. V. Hatton. « Influence
of sodium oxide content on bioactive glass properties », J. materials science: Materials
in Medicine, Vol. 10, pp. 697-701. (1999).

[25] Z. B. Friedenberg, W. H. Simon , Bone growth in Tenon sponge. Surg Gyrecol
Obstet (116:588) 92. (1963).

[26] S. Hulbert , Investigations of the potential of ceramics for surgical applications. In
: Bement Jr AL, editor .Biomaterials . Seattle : University of Washington press,
P.3)77.(1971).

[27] B.A. Rahm, J.Nei, A. Leutenegger, R. Mathys, S.M. Perren. Integration of
synthetic apatite of various pore size and density in bone.In : Christel P, Meunier A,
Lee AJC, editors. Biological and biomedical performance biomaterials .Amsterdam :
Elsevir science Publ, P.21)6.(1986).

[28] P. Predecki, J.E. Stephan, B.A. Auslaender , V.L.Mooney , K.Kirkland , kinetics
of bonne gowth into cylindrical channels in aluminum oxide and titanium, J.Biomed
Mater Res (6:375)400. (1972).

[29] B. H. Robert, Engineering Mineralogy of Ceramic Materials, proceeding of the

international school earth and planetary sciences Siena (2001).

[30] L. L. Hench, Bioactive ceramics, in Bioceramics: materials characteristics versus
in vivo Behaviour, Ed. P. Ducheyne & J. Lemons of NY Academy of science, 54
(1988).

[31] A. C. Derrien, Synthese et caractérisation physico - chimique de géopolyméres.
Application: cinétique de minéralisation de géopolymeéres et du biomatériau CaCos

Synthétique, These n° d’ordre 3042, Université de Rennes1, France (2004).




aal al) Js¥) Suail

[32] O. Richart, Les substituts osseux en hydroxyapatite : nouveau procédé de
fabrication de pieces macroporeuses a gradient de porosité,Thése de I'Université de
Valenciennes, (1998).

[33] S. Menashi, A Study of some physical properties of collagen, Thesis from
university of London, (1977).

[34] H. Petite, Medecine/ sciences, Vol. 18, pp. 995- 1002 (2002).

[35] W. R, Moore, S. E, Graves, G.L , Bain, Synthetic bone graft substitutes, Journal
of surgery, 71, 6, 354-361. (2001).

[36] G. Guillemin, J. L. Patat, J. Fournie, M. Chetail, The Use of Coral as a bone graft
substitute, Journal of Biomedical Materials Research, (21) 557-567. (1987).

[37] G. Guillemin, A. Meunier, P. Dallant, P. Cristel, J. C. Pouliquen, L. Sedel,
Comparison of caral resorption and bone apposition with tow natural Corals of diffrent
porosities, Journal of Biomedical Materials Research, (23) 765-779. (1989).

[38] J. L. Irigary, H. Oudadesse, G. Blondiaux, D. Collangettes, Kinetics of The
Diffusion of some elements evaluated by neutron activation in a coral implanted in
vivo, Journal of Radioanalytical and Nuclear Chemistry, (169) 339-346. (1993).

[39] H. Oudadesse, A. Cderrien, A. Lucas-Girot, S. Martin, G. Cathelineau, T.
Sauvage, G. Blondiaux, In Vivo Mineral Composition Evolution of a Synthetic CaCo;
Aragonite Used as Biomaterial for Osseous Substitution, Instrumentation Science and
Technology, (32) 545-554. (2004).

[40] E. Rquiti, Frittage, Propriétes mecaniques et fonctionnalisation de bioceramiques
mono et diphasees, Thése de doctorat, Université de Valenciennes et du Hainaut-Cambrésis
(2011).

[41] BL .Eppley, AM Sadove, RJ .Havlik. Resorbable plate fixation in pediatric
craniofacial surgery. Plast Reconstr Surg. Jul;100(1):1-7; discussion 8-13. (1997).




sl Js¥ Suadll

[42] P .Zhang, Z .Hong, T .Yu, X .Chen, X .Jing. In vivo mineralization and
osteogenesis of nanocomposite scaffold of poly(lactide-co-glycolide) and

hydroxyapatite surface-grafted with poly(I-lactide). Biomaterials. (2008).

[43] DP .Link, J .van den Dolder, JJ .van den Beucken, VM .Cuijpers, JG Wolke, AG .
Mikos, et al. Evaluation of the biocompatibility of calcium phosphate cement/PLGA
microparticle composites. J Biomed Mater Res A. 1;87(3):760-9. (2008).

[44] TP. Schmalzried. The posterior stabilized total knee prothesis. Assessment of
polyethylene damage and osteolysis after a ten-year-minimum follow-up. J Bone Joint
Surg Am;78(9):1446-1447. (1996).

[45] AM. Young, CJ. Sychterz, RH. Hopper, Jr, Engh CA. Effect of acetabular
modularity on polyethylene wear and osteolysis in total hip arthroplasty. J Bone Joint
Surg Am;84-A(1):58-63. (2002).

[46] T. J. Berrt, J. W. Oshorne, Effect of zinc in two gamma-2 dental amalgam
systems, Dental Materials, 1 (3), 98-100 (1985).

[47] F. Z. Mezahi, Caracteérisations physico-chimiques et Cinétique de bioactivité des
biomatériaux: Hydroxyapatite & Verre bioactif 5254 élaboré par fusion et par voie sol-

gel , Thése de Doctorat, Université de Constantine (Algérie), (2009).

[48] D. Bernache-Assollant, Les biocéramiques : élaborations et propriétés, L'Industrie
Céramique et Verriere, n°883, 6/93, pp. 421-436.

[49] K. De Groot, Ceramics of Calcium phosphates: preparation and properties, In : K.
De Groot, editor. Bioceramics of Calcium Phosphate - Bocaraton : CRC press, P100 -
114. (1983).

[50] K. De Groot, Effect of porosity and physico-chemical properties on The Stability,
resorption and Strength of Calcium phosphate Ceramics in : P. Ducheyne and J.
Lemons, editors. Bioceramics : Materiel characteristics versus in vivo Behavior, New
York : Annals of New York Academy Sciences , p268-277. (1998).

{ 26




sl Js¥ Suadll

[51] G. Daculsi, O. Malard, E.Goyenvalle, Efficacité et performance des substituts
osseux pour remplacer les allogreffes et autogreffes, ITBM-RBM, 2005 (26) 218- 222.

[52] L. L. Hench, Bioactive materials: The potentialfor tissue regeneration, Society for
Biomaterials 24th Annual Meeting, San Diego, April 22-26, , pp. 511-517. (1988).

[53] K. E. Wallace, R. G. Hill, J. T. Pembroke, C. J. Brown, P. V. Hatton, J.Mater.Sci:
Mater in Med, Vol. 10, pp. 697- 701(1999).

[54] P. Ducheyne, Q. Qiu, Biomaterials, Vol. 20, pp. 2287-2303. (1999)




L}Lﬂ\ M\
J5-u

4 )

5 A8yl palabl jany Gilell Ll galil) Juail) a3 Wls
Ay Syl IS ) iyt 2,80 363 30,5
a0 —TCP ,B — TCP Jt d\& - 1523 Y

\_ J




p sl Sl e, b W Jeadll

s poseallsll cilduigd 1,11
: dadia 1.1.11

QS o Loy 5liai ol sall sda (Y ¢y ganl) ol sall Jlaa b U sale | ) shi 3 paY) ) eanl) Cingd
b Yl b s @l o crendinl S a gl Sl il 8 el (e 5 ¢ eadindl il e a5
dga aladin) Gask oo Gyl 52z [1] DO jong o8 Lexic 21926 ale 8 13 OISy callandl 5 (linY)
V) Ay elliag ) p sl i g8 s aa aldaall alaa g 4L Cllia b s g and) 4a8Y)
Laplal) dpalaall danil) Al dgilie lpaibad Y deiipal 85 Ua ol dadi o Sl i b ()5S0
12]

Jilsl G el a sl Cliv s o adiad 4 pa 283 5ale pladinly g ) dlee i 61a)

Liae 8 4y ol 48 )8 o) el Caardind 98 calaall 0)5S5 e (g piadl) il sl o5 Lesie ¢ pdal) ¢ 8l
O Al amy il D A el U8 cld il dpalaall Cospadl Glany 2 3lad (TCP) asandlSH 500 i 5
dal s e 8 cy ol Gl Glag) Calise 8 o spulll Cilin b o 2l o sall aladia) a3 ¢y el
O e B b€ g pan il ghand Gan g3 Y @il e gOUY) & aiay (|4 ¢ 3] Al
3] Wasale Lo 3y gy el il o guudlCl) s b o) is ¢ 41980 ple s [3¢5] Y]

Jaill Ll AlSa) 5 ¢ Sliaall (o sand) Led 58 Cann Ay gaad) o) gl (g B aaie 38 a2 gauall S i g JSES
e i s o sauallSl) il g g 5 casuadlSI LS i g 1 g Aldiaall A gl gl Aol 5 (g gal
sl M i 8 5 il 5 )3l ca spdlS))

;e”dlﬁ\ &Gugéahﬂguw 2.1.11

Gl 55l 5 (Ca?T) asmllSll Clisl (e e @l laall o asedlSI Cilin b Alile () 5S3
i g Huell Gl o gaasaell Ulals (P,047)  Clivsds il S clisdlive ((POST)
& Saasl) Al ey [6] Al 8 5 Axplall (B IS5 dan ol gull Wil (e IS G p sanllSl) i 8
zohal el sale Y a gallSll i 5 aladiind a3 (Qlawd) s plaall) Caliall (5 il il Sasall ) Sl

73] sl ) amy ciiaa ) f Caal gl amy e Al gl 5l Apalaall SV

29

—
| —



p sl Sl e, b W Jeadll

Aayds Ca /P s cunli Ciges ([8] amal zland) 5 pH 5 ¢ S5kl Aadls « Ca /P il pal A
o st T g 3 gl Ll oyl (s sl 3 s 155 (530

el o anullll cling (4 Ca / P sl dul a8 Jias Ul [9] os0als Liu s

Giob 00 2.5 50.5 0n CaP At o pspnllS i 8 (e e pana e J sl 3 285 ¢ 5l sl

Jia Cuna sanallSI i g8 s 1 e 30 4015V Aleliiall o gall (Ca/ P dund ) 5t 5iS siaal) Joawill
LA ) kY Calida s dill dpaall 4l Caua Ca/ P A gall Al it 111 Jg2ad)

Azl ) 5k Ca /P s Ll

STCP (e suaa gkl 5 0.75 50.5 o sy Al
.Ca,P,0,

TCP s a5 5 <@l skl aga g 1.33 51.0 o Al Al

(B pa 40aS ) 5¢la s TCP skl 55 1.5 A Al
HAp Lkl

HAp Js.» 1.6 Andl ) Al

Dkl 0e ) selalls Ca0 skl lay 2.0 52.5 o dalal) Al

olam) Y ds yall a5« HAp

9] Al ) sl Calisa 5 il Apa3el) 4 Cua Ca /P A gl Al Caiaat 11| Jgandl

sl Jsaall e s LS

CalP i 33 ae pmilis aboal) ana Ja gia g il ans Lavigia @

.Ca /P i saly ) pe a sedlSl i b IS ) dalise (ddS o
Cli g s die JlieY) 8 e3al Cang as age dale 58 asadlSl) i b (40 Ca /P s o il L
J10] plaad) lanlat Calisal o srllS))

=11 J8&Y o)) 6l Ca0 — P05 sk bbhae Gl [11] 0s0als Kreidler a8 ¢ 1967 ale

30

—
| —




@w\ J.mj\

1.67
2200 15 2 Ca/P
Ca/P=2 2630°C
calP=1.5
2000 } o ——
\LiQuip [ w) o'-C;P + LIQ.
\ —y 3
1000 I L / A1 Ca0 +LIQ. ]
A\ P -. .
. 1lcp+La
1600 } ]
LiQ. e
. ,—-C4P + o'-C4P |
WO b s — \r\ [CiP +0-CoP |
g "
= ~C,P
1200 } Ca/P=1.667 1-C2P o 0-C3P+p-C,P+
i 110 Je-CPl L
i B-C2P
1000 } +L1Q
C,P; + LIQ.
B-cP
800 | +11Q
P,Os+ LIQ.
'2/5 - .,: a 3, o| CsP+Ca0 |
“ o ! § s -
a0 E e+l || R |51 2| 2|0
(3) = il + | +
sl 2l >] %%
a00 } al % |Q!%|Q|
P05+ CP, o (3) A : (&) ca | al
I
200 - ; ; . - :
0 10 20 30 40 50 60 70 80 90 100
P,0s Mole % CaO caO

J11] (P = P,0s¢ C = Ca0) « Ca0 - P,0s alail ,shll alaia :1- | JSd)

e oalddll ge g Gl ZOY A (2- 1] dtadl) B Aaall ca sl i s g3y 5l dulle
s Jie Adabital Cligh Loal aa 88 LS o pndlSY) 0T A 5y ) ghs sill jmead AabiSal) diia genl)
e 3 HPOZ™ 50 POF™  <lisd e JS e (s5ind o (S il i) 5l POCP «whitlockite

(TTCP )

5 S Hued Je Bl LG e a3al Gle Jpaall Wnd (Sedl

. Tetracalcium orthophosphate

) o sil) (man Amgen Cilidal Jliad) Galidl) A gaelill (meall Jeli c¥alae Jid

H;PO, + H,0 < H,PO; + H;0%

H,PO; + H,0 <« HPO? + H;0%

HPO?™ + H,0 > P03

+ Hy0%

31

12]

PK,, =212 a25°C

PK,, =721 4 25°C

PK,; =12.67 225 °C

—
| —



p sl Sl e, b W Jeadll

lai o ggini Al apulll) Glingd sl e deiie degene 20 [ Jgaad) Jed
st a3 5 sl e dalye sl A sk Jlshl ae GlS,Al o2 35 Ca(OH),—H3PO,
o) el a2 Y Cada g duinad) A3V 3 pa Adaid) o

Al Jbaiall b Sl Anpall Cildaa gd 5 ) )
Ca/P a sl
Cilaw g8
0.50 MCPA Ca(H,PO,), Y
0.50 MPCM Ca(H,PO,), .H,0 Sl 5 g
A sl SIS il 5b
1.00 DCPA CaHPO, (monétite) Sy
1.00 DCPD CaHPO, 2H,0 (brushite) <l uel) s
assllSI) Sl il 8
1.33 OCPT Cag(PO,),(HPO,),.5H,0 Jeall S
1.33 OCPa Cag(HPO,),s(P0,)s5s(0H), s Ly
1.33 OCPam Cag(P0O,),(HPO,), .n H,0 Jshie e
ST L FE
1.50 TCP(a,pB) Cas(PO,), B sl a
1.50 TCPa Cay(P0,)s(HPO,)(OH) LiilyY)
1.50 ACP Cay(P0O,)s .1 H,0 sl e
SluallS g ob CuililuS 5 j0m
1.67 HAP Ca,,(P0O,)s(OH), Stoechiométrique
1.67-1.33 PCA (Caig—x [1,)((PO,)e—_(HPO,),)((OH),_, [1,) NON-stoechiométrique
2.00 TTCP Ca,(P0O,),0 tétracalcique <law 6

J12]p sl SN lins i i 51 alida 12-11 Jgsad

32

—
| —



p sl Sl e, b W Jeadll

LAY il o saallSll i sl Apanl SY) ALl 5 Al 5l atbaddl (ny Vi aniia

Clin g 5 ol S i gl olal Gliugd ol Ca /P Awd aelal i

D)) axe e AUl ) gl aal 5 cuslilanS s puell Jald iyt ) Gk o LS clullS 6
ol A il g ¢ Jie il 5 Hael) Ay

: PJ.'.“"‘S&‘ Lgdlai cﬂu.uajé d.2.1.11

Atbasll Raall (30 (5 3me 3 S0 b5 ety e Y UK (6 sl (gl i 2

Ji Gle e ang 5 0.5 gskd Ca/ P dws ol galal Glind dllie «Ca(H,PO,),
s Sl Jaal) A58 G pdise (A (S Vg g8l aast o4 Cus Ca(H,P0,), . Hy 0 S1oa sise
o Al i 5 <l pugl) galal i il um gige slheY (s oall G b skl de

- la LelSa s ol dae &l (e 3 ke

pUaill 8 Ly auaa o 385 oy <l sl 88353 50 MPCM a5 50 sanallSH (galal i 58

B L 8L DA ey Aasdiall B ) jall da 3 A jEee g8 5 (Orthorhombic) A& el

U lall Gl:u.;l 110 °C 5100 °C oo skl (e aalie il o 55 50 Cldus o8 288y 63 ) jall 4a o

o)) Uk 43ld 200 °C 5 150 °C O sl 3 83 30 25 Lo Al (e Aluud a0 553 138 5
[[13] Sl Joliill 1 5 ol ) ghus iliall (maas § Cildas g8 5 50 (g Jadlas

2Ca(H,P0,), ——> Ca,P,0, + 2HPO; + 3H,0
: pgpeallel) AU i b 2.2.1.11

058t 5 Agmplal) Al & Cilin @l 138 2 g La 1500 e 38l aleal) galal Cilin sy Ul oy
[13] ¢l sha sf elan b o sl dapae @l 5k JSE e

11 b Ca /P s olSTia Il (pdliae (plS5 8 o gundlSI AU Culdi g ) 5l

e el e 31 (DCPD ou Brushite) <lus (S o saunllSH AU Cldu b o
.CaHPO, x 2H,0 Jsi
.CaHPO, J83 e Aies Lgiapa Al ((monetite st DCPA) e Y wla o
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:(Brushite) <l i (A a gadlsl) AU cliagh 1.2.2.1.11

5 <[14] Lanlh @b i sl padla sadad ok e W) (Sl dav s 8 Brushite o J sl (Sa
s> 15 °C 55 a An 0 die S jo8 Cua [15] Dl gil) mla g o ganallSH el 2 90 50 Jlad 2ol
.d=2.317g/cm®

Galll daud g0 X 5 ) dril 2 gua o) 53 [16] Jones S (e S el 13 4 ) 5L diall sy o
(monoclinic) Jull salal Uaill L Brushite sl s sl 3saall aladin) ok 0e[17] Curry
Brushite 4 of [18] Hall Ji (s cujsal A clul ol A jelal 285 (13 bl de sana)
Brushite Y1 4, 5L Adall sladf Cus «( CaS0,. 2H,0 ) gypse ouall (e i) <l dlae o
T

a=5812 A° , b =15,180 A° c=6,239 A° et B=116°25.

) sie Judh o g sind il Aageh 315l (Ual i) LaSS e AU Brushite 4w Jlie) (Sas
& Brushite <l sh sl s 8 a0l Gl POST sl ool ) (e 4SS ()5S 5 4y g
) ornbll laa s A /2 1 ddlisey pand) Lpany (e iliall 2a [19] Uil Ulaly milba o Sisale
«CaHPO,.2H,0 (o Sliiis 4 e A8l 0 oS58 Cua dlaginlad slall il ja Jia) &y b 5ol

Ay e Col G g ) Gl D &) 5e S
:(monetite) (Alad a gaadlsl) AU cildaigd, 2 2.2.1.11

st ) [21] @oall diadl Gk oo | ([20] sutaad) s o (MONetite) e Jpmanl) ey
(180 °C e cpawilll) Brushite ¢ sl Jiadll

AlaY sl Cus ([23] P-1 :elad de sanay) [22] ( triclinic) daall 4536 40 3 monetite L sk
[18] JulS ¢ sSi V)

a=6,906 A°;b=8,577A°;c=6,634 A°; « =93,99°; f =91,50° ; y = 127,6°

4al (e Brushite 4w s 4gnd a5 CaHPO, (o Sl 4 e X monetite 4SS ¢ &6
aspallll gl (585 5 Ca -PO,-Ca Judall 13y Leday a0 45 ) siadl Judldl 5 ilaall a5

aa O Cpa gl QY adse aaa S5 &l Liayl Brushite Jis 5 ossaSt 8 5 7 s dduliie Ca?*
.monetite 4wl
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monetite (» Aald il Al cliud @i g0 G Ay B« o ;o (allotropiques)
.(CaHPO,)

:monetite Gaawd & a sl Sl i g gy S il D ) 45, HLall

320-340°C 700 °C 1200°C
CCLHPO4 _— y_Ca2P207 —_— ﬁ_Ca2P207 EE— a_Ca2P207

LI slayl Can ([24] (P4 :sbadl) de sana) (quadratic) sz il aldaill 8 B ldu b5 sk
b S o A5y

a=b=6,684 A°« et c=24144 A°

( P2,/ n: dglzaé de sanar) monoclinic Juall saad pUaill 8 sl gliv sy ) dadlly L
[[25] (b LS oa A5V AR sl G ([25]

a=12,661 A°;b=8542 A°;c=5315A°; 3=90,3°
s s ¢S ) el gh 4.2.1.11

OS8O (S« Ca/ Po= 1.33 1 )3 4y s Aty (OCP) clanllS 535l i 8 ey
3oy ¢ Gslie e JSE SIS Ll 5 o(apatitic ) <asY) i ( triclinic) del) (336 0 La G ) sk
sl da g 5 ONA (e dal el o3 e J sacasll

s Jaall A oS 618 of ciliaa g8 . 1.4.2.1.11

LU Ahes)) Al Jle (OCPp ) ded) O LSS cliugd sy
[26] sitie (1585 L Wle JSuedl ddass jall oLl A0S oSV ¢ Cag (HPO,),(PO,), X 5H,0
0o s HAD st e A iall Jalall (& (OCPy) Jaall (O clauallS i€ ol il s 393 5 (S
Aalaiall Gl paY) (e byt s Ll 8 G aa g L 1S5 [26] Al Golae dady s sl
sV Ol Ama Lin gl 68 ) ge (B3 sk e Jaalg lan B Bk JSE A lagae g ¢ 27 - 26] oelSill
J19] A
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Sim (P slucaill de panay) dal (B30 Alaill (3 (OCPy) daall (30 il €451 i b ) 1y
1[28] SIS & A5V Aa) ala

a= 19,692 A°, b=9,523 A° , ¢= 6,835 A°, o=90,15°, B=92,54° et y= 108,65°.

Sl Jaill b e Ll Gdeabad Gl sl SO0 LS g1 clin g e Jgean) (S
[31] el el 55k e i < [30 - 29] Brushite

¢[32] Brown sy s «cuibll e Jaisa 38508 OCPy daall (S ludlS i€l i b ) ) o
Aokl pliall sl haai Gl (AT Aea o L Slall Cuillns 5 el dgal sl JSued B3 g i g 4ild
3 OCPy Jl asa s o LDl AL 4y e Aol (gl oS53 a) celld ay  oadindl il & 4 3l ) L4
Adaall s 8 Aals (il (a3 Saall Jal yall

O lSE 3ga s e gl bl el jeall chad AaiY) Lkl A s oL ([33] Fowler ekl

JSE 5 ¢ ddall KB "l S A sale Jaa3l «OCP (A) U8 :OCP, dell (20 lullS g€ i 8

O Aa Y1 e sanal dilidal) il il ae OCPy (e O3S i3 « nujol 8 s sl « OCP (B) LAl
Ly 1550 qaali a3 Aa 50 b a s Al A8l b o) s sy HPOZ™

¢ il eludls oS of il sh 2.4.2.1.11

Oe ALSE 4 « Ca /P dsws Bl (5 5ing apatitic «S e 58 (OCP,) elisll b€ g€ f cilin 5
Dbty sl e ((OCPyy) Lskiall & OCP (gel) da e 80°C ~ie (b (A cadaill 335k
PO;™ e senall o Canall 55l ) Jlaill juady s OCPyy

[34] S sal e Caggaill U Jeléil) Cany Cun
Cag(HPO,),(PO,)y, —> Cag(HPO,),;5(P0,)35(0H)g5
Jskia e OCP elisly) OCP

e Ala3al 558 ey ll3y e g3l sl e S OCP, il S 5651 i b 225y
e ey Ol Lt 300 5 5 ¢ oiDla e ol 435S 3 ) ALYl ¢ el
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s sl e LS giS o ciliugd 3.4.2.1.11

& Al Jpanll &b 5 ((OCP,y) skie e lillS oSl i sd 29a5 o= [35] Zahidi <
JIad e Sl 1agd S il A8k Jiati aaall Cus (e % 50-50 Aoy hawsidl JslY) /sl
6 5ind e i Lasanll Aa 0 pHs 37° C ie ol sall iy slasio L 585 31 ol (e (Y 7 59 e
5oelall b L (Sl s e Jpanl) (S il Gl s psaadlSll mle e JIll e
Jsiy)

il ¢ e i 5 £ 5313 ms e il J3all uls b palisd) ) sa%e Il ofd elasac
[36 - 35] shiiall e o sansllSI i b a5k Ly (HPOZ™

e Gy S sl il 8 Calinal DRX il 428y Jalaie 2 ] JS&N i sy

L. | 1. M‘ |‘|| ||| || I||. Lhl, |uh-.“. i

L "".|.'|.”"~""|“"'" T D

position [2Theta(%)]

B eﬁJ\Sﬂ\Qm}é}ﬁ (d)c'y eﬁJ\SﬂC_\m)é)ﬁ:(c) “;SMM\eML&”JQGM)é:(b)‘QU%@\

(el (0 el € s b 2 (F) o sl i iy g () ¢
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s bl g ued 3.1.11
s dadia , 1.3.1.11

ol 5 lale (oging A LS ) G Sl anall Cua 1aa Fega g€l il b Alile yiad
Cliu g qpen & glsill B e 5 1)) SY) JSED g i€ s juell Apduaal) Al 5 daglal
Nl aal g Liel 5 e ol al) il gl 5 Cilindl) el pan Analall 8 Gl W) a5 e sl
5 el Ll s @y Gl 5 el b Jlae 8 dald cleatind o2 pUaell AL
a_h.n‘_,,ﬁ scheele & oG &d\ i) all il < 39 - 37] ngﬁul\ (Jaaﬂ (el skl & @jlﬁ.d\
e Ol s alall dpaed) Apndl Apud N Sl o Al ASY) z)a) alaaiudl L1971
s o) Alle )l da y Ak BBA (e il 5 sl alane JSUIS o ([40] CutblansS 5 )0l
bl JidH 5 jrae dpaliy Gl 5 paell Sadhy e JS0y 35k Ay Gl ) (aulill JAd)
42 - 41 ] Uasall Abeal) AansV) e dibasS Ayl ) JiSE3 e g 50 2my 45538 5 (g 5

s il 5 0l A 1.3.1.11

5¢Cayo(P0O,)6(OH); o Aasll aiapa s Lpidadl) i) Ao sane ) il s juell oty

Aoulaw Agsh A A sl [44 - 43] 1.67 & 4« Al Ca/ P Ay psnd Sl Claé o

sy s ) HAP 33le 4yl oS gin Alls 8 PBy/m Blaill (4 ¢liad 4o sane ae hexagonal
[46 - 45] LS A0V Letla slad Jiami (@l g2

a=h=19,418 A°, c=6,881A° et p=120°
3.156g/cm ® & &y il dpeasll 3K 5 [45]V= 528,80A% L ea A0al ana 3y Cua

Gl il Gusi 0 HAP O5Sh Cun oCuilanS s puell )l 4l 31 Sl edays
:C usaall 433 54l (tunnels) SEY) e Cpe 53 JSE ) i 5dl)

Cash e Mind 055 2,5 A° s el ki ddy sy pea Jhi agal 0 JgY) @8 e
il Jiah o 5 i 5S Aa f 4802 8220« Cay 5o (HAp s & (Mey) Me <5
[ 48 -47¢45] PO, =L e CpansST )b danii L T s 3N ) slaal) e a5y C,
Ll canS 5 puel) il Sisa (585 4.5A° 53 Om S Dl sl 5S AEN (B e
L o 4S8 JS gsind gl Call 4 e clissilSll a2t sl e s le o s giad
&Y A slute e JSE L) (CS £ 5 e bl Ll Y] Jassa (8 o2 a5 el 1))

Lﬁiumﬁigl:\)a7 @fuut_ﬁa L;A)@})H\JJ;A\JP6OOL@L@%J%=Z&MY\LQ
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¢ OH ™ 28 5,ue)l Ao sana (0 UAT5 PO, bl el (o CpnnsT Gl 3 Ay Alalae g8
s St ) JSa a5 A0 i JuaiV) e Jalil Lgpal BLaY1 8 53 g sall 5 Y)
47] (... « Hy0 <Oy ) dmmall iy jall e Agiiall 5 Jsa¥) Jolilll pailad cudli¥) s

-l 5 el ) 2233 ) ey Jaad 411 JSEN jelays L[49 -

petit tunnel
(Ca/™)

grand tunnel (Ca,*")

TR ST RS Te
496496 4)¢

[47] (010) 5 (001) g Sy sivsal) o CotlilansS 5 Ham JS Gllalan 13- Jeid)
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e Hydroxyapatite
®
=
=
®
®
© @ b
- ¥ " T . ¥ . T R
20 25 30 35 40

20 (Degrees)

J10] caiilans s 5nell dind) 220 3 o Jaai ;4] JS&

M\EM}@A\}AOA‘)Q?L} 5-“&5&\@&#\4\.\*&5})&@ c\)A;j\Q\;J :\JUJ\}\LJ.\L M
. 3-11 Jg2ad) 2 les bandes

90

r 80

r 70

- 60

- 50

- 40
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% Transmitance

- 20
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1093.5

1050.1

T T T T T T T '10
3900 3400 2900 2400 1900 1400 900 400
Nombre d'onde, cm-1

[50] u8llnS s suell ol el Cini dadY) Cada s 5] 1JSA
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Ly sadll (cm™) Gl sall 2ac
OH~ (v,) ddau gia 3572
P03~ (v3) 44 1093
P03~ (v3) laa 4y 8 1050
PO~ (vy) L8 963

OH~ Ao ia 630
PO} (v,) 48 602
PO (v,) 448 573
PO, (Vz) Ao e 474

J[50] llanS 5 hnell andll 3adig a8l 50 2 3-11 Jgad)
s bl g yael) ailad 3.3.1.11

Ly W HPOZ™ 5 COZ™ @ Jie Sl 40l Cligl Lo s gind alaall 4Lesll dapall o)
Oila G Lo le g GBERY) ) o e POFT ASE (DG (o (gsiad ed il 5 paell
s ISl e (S il

Cags (P04)4-.3 (HPO,, C03)1.7(0H, (:03)0.3

plaall jee g a8 sall o a5 1,70 5 1.50 Onbe 7558 Cus Ca/ P A gal) Al 3 st e iy Laa
[ 42 < 51]

o Alaniosall ) sall Jumil (e Al Lan calinll dipual Ailasl) fall 8 (e il 5 jasgl) ey o1
[52] e leia SN palliad (e d aay Lal elld 5 Al aUaal) sralial g (gag 925 Aolac

& Ael) ) pani gl Baad Y Wil Cus Al Jana sl B dils el Al sl ; ges paaada o
48 & saa gall Lo gl

) T gl ae sl gy 318 lan asl ol Al das o)) ae Jeliil) oy Ligsa S o

plaalls Lalal) ol (e dy a5 Ca/ P= 1,67 dpd o

Al 9 4385 Ailis a9 Al ol 8 ) gy Ad yra ; Al Jraa

o s 5 Ao ey abaad Cuny alaall AilesSl) dapall (e Ay 8 (5S05 1 Apibass) dipal) o
) s
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[[53] Lemal S3 Jlaall 138 3 ailsl CarililanS 5 jugll ans a8 (5 AT dga s (1

A a5 IMPaMY? 2san g laaas Sl K L) e slieS ASulSoall Gailiadl) Ciaca o
e JS O SISl Gaibadl) 8 LA G 4-11 dgaadl 52 112 MPam™ alaalls 4 i
oaibadll Gany 5ol Jedadl adh LS [58 - 54] bS5 a1 alaall 3885 lny)
S 5 puell ASailSaal) 5 4y ) sl

il 5 e plaall 5,8 A pdd) LY salall
900-300 230-100 550-250 (MPa) gy 3 Jdtas
120-80 30-7 90-10 (MPa) E &5 Jalae
530-450 - 340 vickers H,, 330zl 4a3
0.28 - - V sl 52 Jalaa
- 12-2 - (MPa.m*?) K;, Jwsiy) daslia

[58 - 54] iS5 a5 alaall 388 5 4y pdall LD LSSl Gailadll :4-11 Jgand)

-

Al (K) 31 adl 4 ) dalall
0.72 283 FRPNTFRERY
2.16 1352 W mtK!

e sill s ) el
766 1300-293 Jkgt K*
0.15 cal gt K™
15.4 - kJ kg sl a5 ) all
1923 - (K) ey akss
1923 - (K) 5kl 5 ) = aa 0
3.15 - g cm™ &gkl daaall ALS)
13.3 293 )l s 53l
13.3 1093 X 107° K
90 - (Gpa) & dalae
3450 - knoop s23kall
0.3 - Ol 53 el
50 - Ly yall aa
30-20 - il Yl
J50¢ 46] HAP SalSaall 5 a0 3l 4 ) jall pailasdl :5-11 Jgand)
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s ullbans g gl A Jilad) 4.3.1.11

el Aflal apall e (g S ) @l Alle ) CallnS el ety
MelO(X04-)6Y2

LG sl de sane XOys (&) ... Sr2F ¢ Ca?h) A< 4l clsdls Jid Me das
591 (&)...F~ « OH™ ) #S ol 5l Y5 (&.... AsO3™ «POZ™) 5

e oo IS Jhaia) e ekl e 5508l 3508l dua (e sl Lha A Gailad HAp fiad
60] SeS s sued) 5l sun sill a8 g0 SIS 5 0 S

S A0 e 5 AY) Gl Ca?t p el il Jlain) (Sar iS5 yuel) 4

¢ (O) clsmill fla ey L3t S A306 Lafy o s K sl alal 5 Wy 5 €d2t
S COZF™ S B3 1 Jie 5 AY) LY Cle paadlls POST 4] e sanad) Jlaind Laad (S
OH™  JoSsone sl Jaind (S 10805 6Si0F7 #SU Aol 5l VOF™ U 4838
Gan () @lsaily Leagl 5l 027 58Sl 405« F il Balal) 45 59 Gile saaall i il sV
de gana L a0 Say Al i) 5 i gl de ganal Jashdd vy 6 -1 JSAN maay

-Gl 5 gl
L3t cd*t K «— Me((X0y)Z, —> - co%~
Eu3t  Pb?** Na Cl- 02~
Ga3*  Sr?t  Lit ‘l’ I~ §2-
Al3+ Ba2+ Br-
Zn** CO%~ Vo3~ SsioF .
O S0~ AsO} GeOX

Mn032~ HPO2~

Y 4 shiae Al Jilad) 16- 1] JS&
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Guali Balall (5 yia oS g A& QOEAY) (e pe ) e Alall jEie JSa (53 Leaal CuibluS 5 Huell
onsay ¢ a,all 3\3\3}‘\2\ Al JLu\ GA Lla 154 (... s il o L}_\}.ﬁ]\ &Lu.d\) Jlaguy) C'_M):ai dauls

Ll 5l ) sl 5 (551 30 0 il 5 ¢ S5 S5V & 53l e sl S 8l 5 s a3 5l 5 el Y

¢ Caf P s 8 eall) AlesSll 40 5l (ailiadll Jaed 4 e oS giall lEAY) 228 ¢ @lly e 5 e
J61] (Al 853k s sl adl )l (8 (alial)) 4 ) adl Saliall 5 (shall (8 aliss)

s il g jagd) S 5 (k531,11

e i ¢ cla - lia deli e QillnS 5 el aaadl addind At ) 4uS 5 3ok g
da Jow 48y s

:( Synthesis by solid-state) wla - qila Jeli Aol g3 cus Y .1.5.3.1.11

$0n A0 (b 0S5 el sl e b il B b - s Jelis ok 0o S S iy
¢ SIS e Tand) 13 sty ([62] Me / X 5aae dpwi g dilia 2lST Sl 2300 JSG Jle dle
Doeal) oSl 138 el | 4 e S g il dubiall Bl léiall ¢1100°C5 900 °C O (5% Lasacs s

At ye paibad s 4 Led o) gall (e 8 paS laaS UL ey

ool 2 5 508 5 o aandlSH i S (e ladd (e 3 ke Aeddiuall dbial) S sall 0S5 G S
[63] 44l sl G35 S5 HAp e Jsasll CaHPO, sl Cas(PO,), & Ca(OH),

6CaHPO, + 4Ca(OH);, ——> Ca,y(PO,),(0H), + 6H,0

cm.ﬁ\.g_'\ﬁj c(\h‘\:\ﬂsc)\);d;)ﬂ)“é\.u\w)ﬁ\umwy@&ojjﬁhm:ﬂd#\e&
Les HAp / CaO 5l TCP / HAp g .55 (e dsganr shall 4l S o e Jpanll (5 a0 dals (e
.[60] Ca/P>1.67 4w e Jpasll (Saall o Jany

:(Synthesis by aqueous precipitation) (Stall que il ddaud g3 cuS il ,2,5.3.1.11

S i) 385 2y [48] bS5 )2 (5 sause paiead L Laladin) Y A€ 5l dlaall o2 e
s3a . (neutralization) sxlaall 44 yha g = 93 jall Jsill 44 o pialiae (i) Hlal W88 5 A0l Al yall
o= bial) bl LU s axais Cillesd)
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Jslae 8 Me SsSl mlal) (o, Wb oSl oy 45, play Adla) 8 ()5S0 17 9 3al) Jladl) 48yl o
o Janll el (o Jaad Loayl 4l o3 didady Caw jidll Jud o 28 « XOy (sl e
Jaa) i Mey [ Mep A (b oSl e (0ilite 0 58S (e (g sins () Alabial )
0o s Lae sllae 685 Sl Mey / M G 48 jae ge Jeliil) ) <l gl Gl b s i<
DESH s )5 a5y (8 Ay Ll 53gd Apnssi 51 o sandl Casns 5l JSA Sl it (Sal
164] Lole sidihy oo ) oS il de s (815 3 5l 0
sada o slae Al Ca(OH), sl ele Jslae apai & Jichi ¢ Sajlaall &gk o
(Al Jeliill &5 HyPO, < siudl
10Ca(0H), + 6H;P0, ———> Ca,,(P0,)s(OH), + 18H,0
H3PO, 4 AW Jaill ) BLaYL «OH ™ 5 Ca?t ol dldy Ca(OH), JIPad) e il adiay
s2a (8 ¢ el way (3 smmnall 458 all pailadll e Jgeanll Jal (e Jeliil) pana 8 oSail) Jany Laa
Gl 5508 e 3_pS Gl e J panll ey ald  cliall Gulaill Jlaiad 5 e JI 3 Y 44 k)
Ca /P dxs) (5 e s sis HAP (sS85 A Akl cldd gl alana (5355 cale S5 ) sall (e Jila) a4
[65] (# 10/6

:(sol-gel ) Ja - Jpw Ao 3 S 11 35,3, 1,11

aail) oda e\a;_u'” | A:\\)'Sca‘;_..bl.d\ Q)ﬁ\ «Lal_x:ﬁu@ i.lg\.@.} Jaaldl N Laaad Aaiikal)l eyl O (R
HAD el ol (o €01 13 i 355 5 AY) Ayl (3Ll 3 23l 55 Y @l ae e Lo Ll
 [66] aidY) (e HESH ) A e

Lo Llle a5 ecall gl Lo (3lay ) 5 yacasill A8l 00 691 o) sl iland Saalise 34130 43 k) 228 fag
Olelall Aagiig « M(RO), Al deall dapal) @i 3l ( OlawS o< ) A sl 0ulSY) (e ()5S
4 Gl iley 40dl 585 (ool olaall 5 Jgeally Ciym Lo 055 Jslaal) (3 Gl gud) 13Y daliadl
st 5 el oda LY Adee o Ul Jsaall aladiul ek | A gl 28308 A 6Ll Cilpall Canl g
Oy ik 3 ) em 8 Leadand o aily a6 S 500 e 5 4l Claiall 5 ol sall e
Adari A& Jseall adiing LS ¢ Loy mhaull cuhe alal o @l aladin) 5 G pell 8 LSan 8 oSal)
liad Caiagy 2l (Jladl ) a0 o8 aia o lall A1) 3] 2my J sl L 5 JST (e Lgilaad clamal) el
¢Aglle da gl aiadi ASulaie e 5 Bsa ) Ao sl Clapuas 0o 3ok (A5 A Al e o Jpanll lay s
Yiaxin) b <05 5 all Jzadl he 2a% 55 palY) Ol sl JMA 1 € ) ol ) - J geall 38y o b je S8

[67] A Sl b
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CAdle Bl et Al 5 Sl ddladie 490l Cluad) (e dadiia ClaaS U] e g3 )28 o

owanill dlee 84S SV G phall 028 223 o

. Aaddia 3 ) ja il )y die Al juad) o gall g Glilual) alanal 45530 3 9o LdDA (o i o

Al (585 UL 5 Jasall (e 1 A 85 )0 ja il )3 aladi s 50 3all 3 50alls 48y lall 028 o o
o) g5 L i 3ad) (5 sl e ghus il 5 o spuall S CiiDMas (g0 g hes grams s ALl D) b
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« 316) Ageing (z39) oy Jslae dila) e sl Jalasl)
(25°C (25° C. 210 25 °C sl (25°C< 30)TEP
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.[68] sol-gel A& sk oS il At Hl) < gladll Jadads ans y 1 7- | JS)
:(voie Hydrolyse) stally Judail) dai g3 cu i01.4,5.3,1.11

i s (alaal #Olel Calisal ALl dalall (e 83U) cuilians 5 o QS5 e 48 Hhall o2a ae bl

¢ CagH,(P0,)g.-H,0 ) G [69] ald luse 3 apulsll clin € 5 apul)

S eSS Cling el ae asdlll Cling Al Jlesiu) &5 135« «( CaHPO,.2H,0
[70] ol cpleldill (385 o sand S 2S5 Han

CagH,(PO,)¢.5H,0 + 3Ca,(P0,),0 —>2Ca,y(P0,)¢(0H), + 7H,0
CagHz(P04)6.5H20 + ZCQ(OH)Z % Calo(P04)6(0H)2 + 7H20
s 3 lad) olsall 44y )b 5.5.3,1.11
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6C(1HPO4_ + 4’6(1603% Calo(P04)6(0H)2 + 6H20 + 4’C02
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3Ca(H2PO4).H20 + 7Ca(0H)2 % Calo(P04)6(0H)2 + 15H20
6(NH,)HPO, + 10CaC0; ——> Ca,,(P0,)s(0OH), + 8H,0 +10C0, + 12NH,
10CaC0; + 6(NH,),HPO, + 2H,0 —>Ca,,(P0,)s(OH), + 6(NH,),C05 + 4H,CO;

Gkl e Logae aaiad 48kl sda o dendll (e il s AibasS — AilGa ARy 4k 6,53, 1.11
S5 [69] ol Jelialh a5 (g, ¥ Al 5 Sl Jalad L SAIL (e ) LIANS 4800040
JM\J:‘-‘“LAQ

51 a A ALl auli 3 5 ¢ ode 5 S0 3LLIL CaC0; 5 CaHPO,.2H,0 Lls <
. [73] ( 1350°C — 100°C )
Gila by S oS Ay bl iy Ca — Ca(OH), — P,0s 5 Ca(OH), — P,05 Lla «
.[74]
s Aalle 31 a da e aie bl 6.3.1.11
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28 J4 HAp 3y 1360° C Y 1000° C e celall Jiay (bt a5 (11300 °C) Aeiial
:[75] OAP cablanS 51 sels Juais il OH e sane

1000-1360°C

Ca;o(PO4)6(OH); —————  Cayo(P04)¢0x(OH)z(1—x) + x H,0

de elall A (g gall haall Gad QAP dala) sile) aladin) (Sarg 4w e Oleldll oda o sSi
5 (TTCP) psedSll el Clind ) OAP Jlaky 1360°C (= & . OAP s sise 2aail 900°C
sl J Lalat Camy Y HAp of zliiiwY! (Say 4305 . (0-TCP)

>1360°C

Calo(P04_)60x E— Ca3 (P04_)2 + 2(1 Ca3(P04)2 + CaO

Dseh s 2, DA e 0-TCP s TTCP Lls g2 s iyl e oSy Jelaill 1a
1360 © C S5~ xic OAP
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s pgaedldl G cliugh 8.3.1.11

&= Caz(PO,), Al il dapally ool (S8 (TCP) p sl D6 Cilis b (e i) oy
p Jalidlilall o2a [81] 1.5 ssiCa /P v
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e ol Al clad pall A e el 5 1111 Js&l) PCA 2Lsall 4y Posner ¢ %) 1974 e A5
Gle senall dsay dndged (A j dua eldll sl iy ddadiel Gk e
831 9.5 A° A~ skss Caq(PO,)s ,nH,0

<l s 2 g trigonal axis 2% JJM‘_A:_QA?SCaZJ“auﬁT AN e JSod) 12 ld o S

Qijqﬁdaj\?_&._(:a” QU}:\TZ\LQAQJSI}@GMJ‘POE— ool A (pe (oS5 A ) Aday Adalas
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Abstract

The present work focuses on the study of the effects of mechanical activation on the reaction between hydroxyapatite
(HAp) and aluminum metal powder using Algerian phosphate (natural HAp) as a starting raw material. Aluminum metal
powder was used to obtain reinforced (HAp) composites materials with alumina. The alumina phases result from the
oxidation of aluminum powder at high temperature. The reactions and phase transformations between HAp and aluminum
powder were studied using thermal techniques (DTA/TG), X-ray diffraction (in situ HTXRD and standard), infrared
spectroscopy (FT-IR) and SEM analysis. After mechanical treatment for different milling time, no new phases were formed
from HAp and Al after 40 h of milling at room temperature. However, all mixture powders were milled for different time
showing the formation of several alumina transitions during heat treatment. The oxidation of Al powder, the formation of
alumina transitions (¥, and x-Al,03), a-alumina, HAp crystallization and tricalcium phosphate (-TCP and o-TCP) for-
mation were affected by ball milling time. After 40 h of ball milling, the aluminum was not detected at 673 K, which
confirms the solid-state oxidation of aluminum at low temperatures. The results showed the formation of high amount of o-
TCP at 1173 K in the samples milled for 40 h.

Keywords Hydroxyapatite - Bioceramics - In sitt HTXRD - Aluminum powder - Thermal analysis

Introduction chemically synthesized and is an attractive bioceramics
[2, 3]. Besides, the hydroxyapatite presents identical
composition to bone mineral and has a high capacity to

reinforce bone—implant interaction.

Hydroxyapatite [Ca;o(PO4)(OH),] is a very important
bioceramic material. It is used to repair and reconstruct

damaged parts of the hard tissues of the human body [1]. It
is also a remarkable candidate for medical applications and
dental cements because it has very interesting properties:
excellent biocompatibility, bioactivity and osteoconduction
[1]. Many studies have reported that hydroxyapatite was

>< H. Belhouchet
hbelhou@yahoo.com

Physics Department, Faculty of Science, University
Mohamed Boudiaf of M’sila, 28000 M’sila, Algeria

Non Metallic Materials Laboratory, Institute of Optics and
Precision Mechanics, University of Ferhat Abbas Sétif 1,
19000 Sétif, Algeria

Applied Optics Laboratory, Institute of Optics and Precision
Mechanics, University of Ferhat Abbas Sétif 1, 19000 Sétif,
Algeria

Published online: 17 October 2018

Generally, the HAp consists of calcium (Ca) and phos-
phorus (P) which exist in human bone [4, 5]; it is a
bioactive material that reinforces osseointegration, thus
making it opportune for using on bone—implant interface
[6, 7]. Hence, HAp has established countless large attention
in the field of biomedical engineering [8]. It is used in the
form of porous blocks, sintered and porous granules for
different surgical applications. However, the principal
limitation of the HAp material is that it has low toughness,
low fracture strength and poor fatigue resistance, which
restricts the dental and clinical orthopedic applications
[9, 10]. These characteristics are determined by several
researchers [11-13]. The poor mechanical properties of
HAp have been improved by incorporating elements such
as titanium (Ti), manganese (Mn), aluminum (Al), zirco-
nium oxide (ZrO,) and alumina (Al,O5) into HAp, where
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these elements and oxides improve the HAp densification
and crystallization [12, 14, 15].

The HAp materials have been used in the dental surgery,
prostheses for bones and to produce biocomposites [16]; it
has also been used as host material for lasers, gas sensors,
and catalysts [17]. There are several routes to prepare the
HAp powders. These comprise sol-gel synthesis, precipi-
tation and hydrolysis, solid-state reactions, emulsion,
hydrothermal reactions and micro-emulsion synthesis
[18-22].

Natural phosphate is a natural rock which formed in the
course of geological operations. The phosphate materials
contain a high amount of phosphorus oxide (P,Os) which is
the main raw material for manufacturing various phosphate
compounds and the calcium oxide (CaO) in apatite form
together [23-25]. It has a widespread use in several sectors,
from agriculture in the form of fertilizers to industry in the
form of chemical material.

More than 40 countries around the world produce
phosphate rock of which Algeria has important phosphate
reserves located in the east of the country at Djebel El-Onk
(Tebessa). Algeria occupies advanced positions in the
world in terms of reserves, production and export.

Aluminum is the most effective chemical material as a
lightweight metal; it exists in the nature in the form of
oxides (bauxite). Some of the attractive aluminum prop-
erties include ease of manufacturing, good resistance, low
density and also good heat conduction. It is a widespread
element that is used in food plates, in doors, in automotive
and in construction [26]. The continuing development in
aluminum recycling has increased the price of aluminum.
Recycling 1 kg of aluminum can save about 4 kg of
bauxite, 2 kg of chemicals and 7.5 kWh of electricity
[27-29].

Mechanical activation and mechanochemical process
have been used to improve the reactivity of solids before
sintering. These methods increase defects in the crystalline
lattices and reduce the particle size and the temperatures of
phase transformation [30-33]. There are many works
[34-38] which have studied the mechanochemistry of
hydroxyapatite nanopowders produced under different
milling conditions and thermal treatment.

In this work, we have chosen the mechanical activation
method to produce porous hydroxyapatite bodies starting
from a mixture of natural hydroxyapatite and aluminum
powder. Moreover, in order to study the effect of ball
milling time on porosity created by aluminum powder
oxidation and on the formation and sintering of different

phases, we grind the mixture consisting of hydroxyapatite/
aluminum powder at different ball milling time from 1 to
40 h.

Materials and methods

In this study, we have used natural phosphate (HAp) from
the mine of Djebel El-Onk (east of Algeria). Its chemical
composition determined by XRF is presented in Table 1.
XRD analysis of natural phosphate before applying heat
treatment showed that hydroxyapatite (HAp) was the
principal mineral component (Fig. 1). It also contains
several minerals such as dolomite and quartz in very small
amount. In addition, we used a laboratory pure aluminum
powder provided by Aldrich with purity of 99 mass% and
average particle size of 45 um. The specific surface area
determined by BET (Brunauer—Emmett-Teller) of HAp
represents a lower relatively value of 6.85 m? g~' [39].
The powders of hydroxyapatite were charged into
cylindrical zirconia vial with diameter of 80 mm (250 mL
in volume), and 15 steel balls with diameter of 19 mm
were used as the milling medium. Ethanol was added to the
powders at amount 25 mL. We have used ethanol in the
milling process to reduce the contamination of the prod-
ucts. The ball milling experiments were performed in a
Fritsch planetary ball mill (Pulverisette 6) and were carried
out at room temperature at a rotation speed of 250 rpm.
The average particle size of hydroxyapatite after 5 h of
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Fig. 1 XRD spectrum of the as-received Algerian HAp (natural
phosphate): (circle: hydroxyapatite, triangle: dolomite, inverted
triangle: quartz)

Table 1 Chemical composition

of HAp in mass% (natural 510,

Elements AlL,O3

CaO P205 F6203 NazO SO3 Kzo MgO LO.L

phosphate) 02.30

HAp 0.41

5316 2674  0.69 0.85 326 010 0.75 11.74

@ Springer



In situ high-temperature X-ray diffraction, FT-IR and thermal analysis studies...

milling is 4.08 pm. The slurry was dried at 373 K for 24 h,
powdered and sieved through a 100-pm mesh.

Five compositions named 1, 5, 10, 20 and 40 h con-
taining the hydroxyapatite (HAp) and Al powder were
prepared by mixing 95 mass% of HAp with 5 mass% of
aluminum powder and 30 mL of ethanol. We have chosen
5 mass% of aluminum powder to have about 10 mass% of
alumina after the high-temperature oxidation, because the
10% alumina—hydroxyapatite composite is the best choice
in the view point of mechanical properties (compressive
and bending strength) [40]. Each composition was milled
in air at room temperature for 1, 5, 10, 20 and 40 h,
respectively, using a planetary ball mill at 300 rpm, and the
slurry obtained was then dried at 373 K for 24 h and sieved
through a 70-um mesh.

All mixture powders were heated under static air (to
facilitate the oxidation of aluminum powder) during 2 h
from room temperature to 1273 K with heating rate of
10 K min~". Powders were subjected to differential thermal
analysis (DTA) and thermogravimetric analysis (TG) using
Setaram LA Bevo TG-DTA 1600 °C equipment with o-
alumina as the reference material. About 20 mg of powder
mixture was placed in alumina crucibles and heated at a rate
of 10 K min~" from room temperature to 1673 K.

The in situ high-temperature X-ray diffraction
(HTXRD) analyses were carried out using a Philips X pert
powder diffractometer. All mixture powders were com-
pacted at a pressure of 100 MPa and shaped in a square
form of 10 mm side length and 0.9 mm thickness. The
in situ HTXRD test conditions were Ni-filtered Cuko
radiation (4 = 0.15405 nm) from a rotating anode (at
40 kV/40 mA) and a PW3050/60 goniometer, on which a
high-temperature chamber (HTK 1200, from Anton Paar)
was mounted. The in situ HTXRD thermal cycles com-
prised heating from room temperature to 1173 K at a rate
similar to that used in the differential thermal (DTA) and
thermogravimetry (TG) analyses (10 K min~"'). During
heating ramps, the sample was held at different charac-
teristic temperatures, for XRD analysis.

The chemical functional groups were investigated by
Fourier transform infrared spectroscopy (FT-IR) using
Shimadzu Corporation type FT-IR 8300 E within the wave
number range of 4000-600 cm™'. The morphology of the
powders was observed by scanning electronic microscopy
SEM (JEOL JSM-7001F).

Results and discussion

Milled powders before heating

Figure 2 shows the XRD patterns of the HAp/Al mixtures
milled at different time. The obtained diffraction spectra of

(Hap + A) 20 h
[ ]

e
Iy

(Hap + Al)5 h

Intensity/a.u.

(Hap + A1 h
25 30

20/°

Fig. 2 XRD patterns of the mixture of HAp/aluminum powder at
various ball milling time (filled circle: hydroxyapatite, diamond:
aluminum, triangle: dolomite, inverted triangle: quartz, open circle:
Ca0)
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Fig. 3 FT-IR spectra of the mixture of HAp/aluminum powder at
various ball milling time (ph: natural phosphate, A: aluminum)

all samples indicate the presence of major crystalline phase
of typical HAp combined with crystallized aluminum and a
small amount of quartz, dolomite and CaO [41, 42]. The
intensity of the peaks corresponding to HAp, aluminum
and dolomite decreases with the ball milling time. A new
phase appeared in all samples related to CaO coming from
the decomposition of dolomite [43].

The functional groups of different mixtures of HAp/Al
obtained by ball milling at room temperature were evalu-
ated by FT-IR (Fig. 3). The FT-IR spectrum showed sev-
eral bands corresponding to absorption of HAp. The FT-IR
spectrum displayed some bands corresponding to apatite
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and hydroxyl groups (OH). However, the data reveal that
the synthesized powders of HAp/Al contain some bands at
1721 and 1739 cm ™' related to the bending mode of the
hydroxyl groups. The strong and small bands detected at
around 1030 and 1092 cm_l, respectively, are attributed to
the asymmetrical stretching v; of POy 3 [44]. The band
appeared at 963 cm™' correspond to symmetric P-O
stretching vibration v; of the PO43_ ion [45, 46]. The
majority of the bands of the HAp group could be identified
in the region between 1100 and 960 cm_l, which is the
most intensified peak of the HAp vibration modes [6]. The
bands appeared at 880 and 873 cm™' corresponding to v,
vibration mode absorption of carbonate CO3 247, 48]. The
presence of quartz is confirmed by the bands of 794 and
760 cm™". The nature of Si—O bond relates to Si with basal
oxygen (794 cm™') and Si with typical oxygen (760 cm™ ")
[49]. The bands observed at about 1212 and 1230 cm ™!
were assigned to bending vibration of P-O-H [50]. The
two broad and weak bimodal peaks observed at 1419 and
1458 cm™! are attributed to carbonate traces [41]. A
decrease in intensity of all the broad peaks and bands by
the increase in ball milling time was observed. The FT-IR
analysis is in accordance with our previous results shown
in HTXRD (Fig. 2).

Figure 4a—c shows the effect of mechanical activation
on the morphology of the mixture of HAp/Al powders after
various ball milling time of 1, 5 and 40 h. In the case of the
mixture milled for 1 h, an irregular spherical particle of
large size distribution was observed. As the milling time
increases, a gradual decrease in the average particle size
was noted. A very small decrease in the particle size of the
mixture milled for 5 h was observed. Also, increasing the
milling time to 40 h shows a decrease in the particle size of

Fig. 4 SEM micrographs of the mixture of HAp/aluminum powder
milled foralh,b5hand ¢c40h
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the powder. However, the particle size distribution
remained wide because of the agglomeration of small
particles to become large which resulted in more severe
agglomeration so that the fine particles accumulate
between them. This is due to the fact that ball milling
involves repeated welding, fracturing and rewelding of
powder particles [49].

Generally, the XRD peak enlargement is due to crys-
tallite size, the instrumental broadening and strain present
in the material. It is necessary to correct the instrumental
effect before determining the crystallite size and lattice
strain. The instrumental corrected broadening f,,, corre-
sponding to the diffraction peak of HAp was estimated
using the following equation [51]:

:Bhkl = [(ﬁhkl)measured - (ﬁ)instrumental] 2 (1)

The W-H equation for the total peak broadening is
given by the following equation [51]:

Brx €08 O = + 4esin Opy (2)

\4

where D, is the crystallite size, 4 is the wave length of
Cuko radiations (4 = 1.5405 A), p is full width that half
maxima of the most intense peak (211) and 0 is the cor-
responding Braggs diffraction angle. The ideal high
intensity peaks such as (210), (202), (310), (113) and (213),
corresponding to higher diffraction angle, were chosen to
estimate the crystallite size and lattice strain by various
models based on the W-H plot [51].

The crystallite size and lattice strain were, respectively,
extracted from the intersection and slope of the linear fit
made to the plot. The crystallite size and lattice strain
estimated by W—H model are given in Table 2. According
to data presented in Table 2, the crystallite size decreases
and the lattice strain increases with the increase in ball
milling time. These results are in agreement with ones
obtained by Nasiri-Tabrizi [11].

Milled powders after heating

Figure 5 shows typical DTA and TG/DTG curves recorded
during continuous heating from room temperature to

Table 2 Crystallite size and lattice strain of samples milled for dif-
ferent time

Milling time/h Crystallite size/nm Lattice strain/%

1 99 0.075
5 65 0.078
10 46 0.080
20 25 0.083
40 27 0.084
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Fig. 5 DTA and TG/DTG curves of the mixture of HAp/aluminum powder at 1-h ball milling time

1723 K of the HAp/Al mixture milled for 1 h (at a heating
rate 10 K min~" in air). Four clear exothermic peaks at
around 613, 909, 1021 and 1105 K, and five endothermic at
about 353, 933, 973, 1047 and 1186 K were observed.

The TG curves explain these endothermic and exother-
mic peaks. In the TG curves, a several step mass loss is
observed: the first step (about 1.89 mass%) is due to the
evaporation of adsorbed water [23] corresponding to the
first endothermic peak at 353 K; the second mass loss
(about 1.92 mass%) is correlated with the combustion of
organic matter from natural HAp [39] corresponding
entirely to the first broad exothermic peak at 613 K. One
step mass gain (about 0.28 mass%) is due to the solid-state
oxidation of aluminum between 873 and 933 K, corre-
sponding to the second exothermic peak at 911 K. At
933 K, an endothermic peak is observed and related to the
melting of Al [52].

The mass loss in the third step occurred between 933
and 1058 K (about 2.57 mass%) is due to the decomposi-
tion of carbonates [53]. This process that can continue by
another mass loss (about 0.65 mass%) with different slope
from 1058 up to 1103 K is corresponding to the compo-
sition of B-TCP accompanied with the release of water
from HAp (see HTXRD) [54]. The DTA curve shows one
exothermic peak at around 1021 K, which is due to the
partial crystallization of HAp [55, 56]. A very small
endothermic peak is observed between 1058 and 1103 K
corresponding to the formation of B-TCP. The second step
mass gain (about 1.41 mass%) is due to the liquid-state
aluminum oxidation from 1103 to about 1173 K, as it was
previously observed at high temperature by other authors
[57, 58]. This last step mass gain is related to a big
exothermic peak at about 1105 K. The last mass loss
observed between 1448 and 1723 K (about 1.39 mass%) is
due to the losses of structural water from the

decomposition of HAp [59]. Echarghawi et al. [52] explain
that Al develops a protective layer of Al,O3 not only before
its melting point (Tm = 933 K) but also over Tm when Al
is in the liquid state.

The DTA curves at different ball milling time (1, 5, 10,
20 and 40 h) are shown in (Fig. 6a). Between room tem-
perature and 873 K, no significant difference in DTA
curves versus different grinding time was observed. The
only difference is a small decrease in a peak of 40 h
indicating a decrease in particle size of nanometers. This
peak corresponds to the oxidation of Al in the solid state. In
the range of 873 to 1373 K, no changes in particular were
observed, where the curves differ from one another
according to the duration of the milling. In the case of the
sample milled for 1 h, a sharp peak was observed at
1105 K related to the transformation of the y-Al,O5 to k-
Al,Oj3 during the liquid-state oxidation [60]. By an increase
in milling time until 40 h, we notice that the peak began to
slowly disappear to reach a small broad peak at about
1180 K. The explanation for this phenomenon is the oxi-
dation in the liquid state was large and clear in the sample
milled for 1 h, because of the particle size of Al is big. In
the case of the sample milled up to 40 h, the particle sizes
become very small, which led to a small broad peak (the
surface area of Al is bigger than the sample milled 1 h
which increases the energy of oxidation in the liquid state).
Increase in ball milling time led to spontaneous interaction
between particles, and the phase transformation became
easy which led to the decrease in peak temperature.

The TG curves at various ball milling time are shown in
the figure (Fig. 6b). Through TG curves it is evident that
there is the same mass loss in all sample and no mass gain
until the temperature reaches limit of 873 K. This is
indicative of the fact that no significant oxidation has taken
place within the temperature range of 298-873 K (stage I).
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Fig. 6 DTA/TG curves of the mixture of HAp/aluminum powder at
various ball milling time

A sudden increase in mass with increase in temperature
(after 873 K) is observed (stage II; the solid-state oxidation
of aluminum powder). The ratio of this mass gains decrease
with increase in milling time which reflects a low oxidation
in the solid state, because the particles of Al become very
small.

By an increase in temperature from 923 to 1103 K, a
decrease in mass loss with decrease in the milling time up
to 40 h is observed (stage III; decomposition of carbonates
and formation of B-TCP). After 1103 K, we see an increase
in mass (stage IV; a liquid-state oxidation of aluminum).
Finally, from 1173 K to high temperature the last mass loss
is observed (stage V; the losses of structural water from
HAp decomposition).

Figure 7a—e shows the HTXRD patterns during heating
at different temperatures: 873, 973, 1073, 1123 and 1173 K
of the samples milled for 1, 5, 10, 20 and 40 h. The peaks
corresponding to the hydroxyapatite become more distinct
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Fig. 7 XRD patterns of the mixture of HAp/aluminum powder after»
milling of a1 h, b5 h, ¢ 10h, d 20 h and e 40 h, at different heat
treatment (filled circle: hydroxyapatite, triangle: dolomite, inverted
triangle: quartz, o: o-TCP, B: B-TCP, %: x-Al,O3, k: k-Al,O3, open
circle: CaO)

with the increase in temperature up to 1173 K in all samples.
In the range of temperature from 873 to 973 K, one peak
corresponding to the quartz SiO, appeared at 873 and 973 K
and disappeared at 1073 K in all samples (Fig. 7a—e). On the
other hand, another peak corresponding to the dolomite is
observed at 873 K only in the case of the samples milled
for 1 and 5 h. This peak disappeared at 973 K. With the
increase in ball milling time, the grains of dolomite
become smallest and the release of CO, becomes easier.
A new peak corresponding to B-TCP was detected at
1123 K due to the decomposition of the HAp. Their
intensity is gradually increased with temperature up to
1173 K. At 1173 K, we notice the appearance of a-TCP,
when their intensity increases with increase in ball milling
time.

Increase in temperature and ball milling time produces
the decomposition of an important amount of HAp, and the
formation of CaO can be described according to the fol-
lowing equation [39, 61]:

Cayo(PO4),(OH),— 3 f — Ca3(PO4),+ CaO + H,0
(3)

In these samples, new phases appeared from 873 to
1173 K. At 873 and 973 K, we notice the presence of -
Al,O5 in all samples. A new phase of alumina (kx-Al,03)
appeared in all samples at 1123 K confirming the results of
DTA/TG analysis. The k-Al,O3 phase was transformed
into a-Al,O3 at temperatures higher than 1473 K. These
transformations can be broadly summarized as follows
[62]:

Amorphous Al,O3 — y — Al,03 — « — Al,O3
— o — A1203 (4)

It has been reported that a-Al,O5 can be obtained from
k-Al,O3 phase when its particle size is a larger than 40 nm,
and this is called “critical size.” Critical size is an
important factor in phase transformation by reducing par-
ticle size, which leads to variations in crystallization
behavior from the point of view of the growth nucleation
mechanism. This happens to small particles when the phase
transformation mainly follows that route when the particle
size is smaller than 1 pm [62]. The presence of Al pro-
motes the formation B-TCP and o-TCP phases at low
temperatures.



In situ high-temperature X-ray diffraction, FT-IR and thermal analysis studies...

Intensity/a.u.

Intensity/a.u.

Intensity/a.u.

Intensity/a.u.

Intensity/a.u.

@ Springer



A. Mokhtari et al.

Fig. 8 XRD patterns of the (a) [1273K
mixture of HAp/aluminum

powder after milling of a 1 h,
b 40 h, at different heat
treatment (filled circle:
hydroxyapatite, triangle:
dolomite, inverted triangle:

quartz, o: o-TCP, B: B-TCP, y:
x-Al,03, k: x-Al,O3, open
circle: CaO)
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Figure 8a, b shows the standard XRD patterns of the
samples heated at RT, 673, 853 and 973 K for 2 h at
various ball milling time (1, 10 and 40 h) contain the major
phase of HAp and the minor ones of quartz, dolomite and
aluminum at room temperature (RT). It is found that the
reflection intensity of HAp phase increases with increase in
temperature and ball milling time. A good crystallization of
HAp at 973 K is observed. The peaks corresponding to
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dolomite phase disappeared at 673 K for the sample milled
for 40 h, because the long crush made the smallest particle
size. A total disappearance of quartz at 853 K for both
samples is observed.

The peaks of aluminum appeared in the sample milled
for 10 h at room temperature and gradually began to dis-
appear until 853 K. But after 40 h of milling, any peak of
aluminum was detected after heating at 673 K for 2 h,
which confirms the solid-state oxidation of high amount of
aluminum at low temperatures (< 673 K). The emergence
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Fig. 8 continued (c) 1273 K

Intensity/a.u.
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of a new y-Al,O; product from amorphous Al,Oj is
starting from 673 to 853 K. Increasing the heating tem-
perature to 973 K, a new phase of alumina transitions (k-
Al,03) was formed from y-Al,O3 for the sample 40 h. B-
TCP was formed at 973 K in the case of the sample milled
for 40 h, because the decomposition of the HAp and the
emergence of the o-TCP and B-TCP are easier after the
long ball milling [38].

The transition phases of y-alumina are normally
obtained by dehydration from amorphous Al,O;. The
morphology of the platelets of y-Al,O5 is presented as
small agglomerates of the platy crystals [63]. x-Al,O;
phase is formed at temperatures around 573-973 K, and it
transformed into phase kappa with a loss in surface area.
Really, it is very known that x-Al,Oj3 is transformed into
alpha-alumina above 1473 K. Therefore, it is clear that the
chi and kappa-Al,O3 came from amorphous Al,O3, but not
from the same type of crystal. It is very known that chi
phase comes from the hydrate series which is constituted
by hexagonal plates and kappa is constituted by agglom-
erates composed by tabular and prismatic crystals [64].

Figure 9 show infrared spectra of HAp/Al mixture
obtained by ball milling for different time 1, 10 and 40 h
and after heating at 673, 853, 973 and 1073 K. The IR
spectra show a clear difference in absorption bands due to
the heating temperature. FT-IR analysis is consistent with
the previous results (XRD). The data show the same bands
especially the broadband on 1100 to 900 cm™' which is
noticed in Fig. 3. In the sample milled for 1 h (Fig. 9a),
two broadbands at 1458 and 1419 cm™' related to

inorganic carbonates ions present in dolomite were
observed at 673 K [41]. These bands began to disappear at
973 and 1073 K, which confirm the decarburization of
dolomite. Another band appearing at 1370 cm™' is also
ascribed to recrystallization of HAp. After heating at
1073 K, the band observed at 1150 and 923 cm™' belonged
to phosphate tricalcique B-TCP stretching and bending
vibrations of PO, 3. A new band is observed at 636 cm™!
related to transition alumina phases [65]. The bands
appearing at 2360 and 2337 cm™ ' correspond to the CO,
(g) and were observed in all samples; their intensities
increase with the increase in the temperature [66]. The
interpretation of FT-IR patterns of all samples is in
agreement with the results obtained by DTA/TGA and
XRD.

Figure 9b compares the FT-IR transmission spectra of
HAp/Al mixture milled for 10 h and heated at different
temperatures. For the samples heated at 673 K, a similar
bands compared with the previous samples (milled for 1 h)
were detected. Except the presence of a band at 2360 and
2337 cm™! related to the CO, molecular [67]. A clear
modification of the functional groups of the samples heated
at high temperature was observed. Significant spectro-
scopic bands appear in all samples at 1739 and 1721 cm ™"
which are identified to be the characteristic absorption
bands of hydroxyl groups. The bands appearing at about
1212 and 1227 cm™" were assigned to the bending vibra-
tion of P-O-H [50]. After heating at 1073 K, two bands
observed at 1150 and 923 cm™' belonged to phosphate
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Fig. 9 FT-IR spectra of the mixture of HAp/aluminum powder at various temperatures

tricalcique B-TCP stretching and bending vibrations of
PO;”.

For samples milled for 40 h (Fig. 9¢c), several bands
were observed in the lower-frequency region of the IR
spectra (970-610 cm™'). The small band observed at 968
and 760 cm ™' correspond to AI-O—Al stretching vibrations
of amorphous alumina [68]. The broadband on lower
intensity at 850, 830 and 810 cm~! can be assigned to P—
O-H in-plane and out-of-plane deformation mode, which
indicates the presence of ionic HPO42_ group [55, 69]. The
very small band appearing at 730 cm™" after heating at
1073 K characterizes the presence of small amount of
calcium pyrophosphate not detected by XRD (B-Ca,P,05).
The band located at 949 cm ™' indicated the presence of B-
Caz(POy), [38].

Moreover, the regions of the spectra were characterized
by carbonate vibrations in apatite’s 850-890 cm™'. The
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band observed at 873 cm ™' was associated with stretching
mode (v3) and bending mode (v,) of C—O vibrations and
COj; group [70]. The disappearance of this band indicates
the decomposition of carbonate groups at 1073 K. The
band appearing at about 650 cm™' was attributed to the
components of asymmetrical deformation O-P-O [44].
The small bands appearing at 660 and 715 cm™! can be
assigned to the Al-O stretching mode in octahedral struc-
ture and AI-O stretching mode in tetrahedron structure,
respectively. These bands are found in the presence of a
better crystallized phase. In general, the intensity of
broadband of hydroxyapatite decreases because the
hydroxyapatite was decomposed into B-TCP.
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Conclusions

In the present work, the effects of mechanical activation on
the reaction between HAp and aluminum metal powder
were successfully investigated. The oxidation reaction of
aluminum would provide energy for formation of k-Al,O3
and y-Al,O; phases. The addition of aluminum metallic
powder to HAp by mechanical activation treatment leads to
the following:

1.

The structure of HAp has not been destroyed with the
increase in mechanical milling time and a new phase
formed such as calcite at room temperature.

The reaction between HAp and aluminum powder has
not been observed at room temperature in all samples
even at milling time of 40 h.

The addition of aluminum powders to HAp facilitates
the decomposition of HAp to B and o-TCP phases at
lower temperature (973-1173 K).

Transition alumina phase formed, especially x-Al,O3
andy-Al,O3 phase after heat treatment.

B-TCP formed at 1073 K in all samples. The formation
temperature decreased to as low as 1173 K, which was
200 K lower than other methods (1373 K).

o-TCP formed at 1173 K in all samples, and their
quantity increases with the milling time of 40 h.
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Abstract :

In this work, we prepared by reaction sintering a hydroxyapatite / yeelimite composites from the
natural phosphate of Djebel el'Onk and the aluminum metal powder. The reaction between the natural
phosphate and the alumina that produces here from the oxidation of aluminum metal has been studied
by various experimental techniques, including X-ray diffraction, infrared spectroscopy (FT-IR),
scanning electron microscopy, thermogravimetry, differential thermal analysis and the measurement of
physical and mechanical properties. Moreover, in order to study the effect of milling time on the
formation and sintering of hydroxyapatite / yeelimite composites, we milled this mixtures at different
times using the high energy milling technique.

The results obtained showed several microstructure transformations in these mixtures. In addition to
the majority phase (Hydrxyapatite), we have detected other phases such as: yeelimite and mayenite, as
well as other phases of transition aluminas. From the ATD curves, we have calculated the activation
energies of oxidation of the aluminum in the solid and liquid states. We have also study the effect of
temperature and milling time on the density, open porosity and on the microstructure of the samples.

Key-words: Natural phosphate, aluminum powder, hydroxyapatite, sintering, yeelimite.
Résume :

Dans ce travail, nous avons préparé par frittage réaction le composite hydroxyapatite/yeelimite a partir
du phosphate naturel de Djebel el’Onk et d’une poudre métallique d’aluminium. La réaction entre le
phosphate naturel et ’alumine qui produit ici a partir de 1’oxydation de l'aluminium métallique a été
étudié par différents techniques expérimentales. Il s’agissait, en particulier, de la diffraction des rayons
X, de la spectroscopie infrarouge (FT-IR), de la microscopie électronique a balayage, de la
thermogravimétrie, de I’analyse thermique différentielle ainsi que les mesures de propriétés physiques
et mécaniques. D'ailleurs, afin d'étudier I'effet du temps de broyage sur la formation et le frittage de
composite hydroxyapatite/yeelimite, nous avons broyé ce mélange a différents temps en utilisant la
technique de broyage a haute énergie.

Les résultats obtenus monternet qu’il existent plusieurs transformations microstructurales dans ces
mélanges. En plus de la phase majoritaire (Hydrxyapatite), nous avons détecté d’autres phases tel que :
la yeelimite et la mayenite, ainsi que d’autres phases des alumines de transition. A partir des courbes
d’ATD, nous avons calculé les énergies d’activations d’oxydation de I’aluminium a 1’état solide et a
I’état liquide. On a aussi étudié I’effet de la température et du temps de broyage sur la densité, la
porosité ouverte et la micrustructures des échantillons.

Mots-Clés: Phosphate naturel, poudre d’aluminium, hydroxyapatite, frittage, yeelimite.
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