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Abstract

Effects of melt-mixing conditions on fracture properties of hydroxyapatite filled bioabsorbable
poly(L-lactic acid)(HA/PLLA) composites was investigated by measuring the fracture toughness value of
HA/PLLA composites prepared under different mixing time and rotor speed. The fracture surface
morphology was also examined by profile measurement and scanning electron microscopies. It was
found that the fracture toughness of HA/PLLA composites decreases due to decrease of ductile
deformation of PLLA matrix and debonding of interfaces with increase of the rotor speed and mixing
time. Effect of mixing process on neat PLLA was also assessed, and it was found that the fracture
toughness of PLLA decreases due to disappearance of multiple craze formation and increase of defects.
Such thermal and shear-stress degradation were found to be the primary mechanisms of the degradation

of HA/PLLA composites during melt-mixing process.

1. M E

Poly(L-lactic acid)(PLLA)E= AE3;A, AAFSF
A @A AA ddA F4o] Y7l HEd =
FokolA g ol&H: glon, 53 77
o} ATl Ae] W nAFAZHA ALEHIAR
AP HZo e AAASAY, AFFH £ R
HETE FAAZIZ] At tol =E Aot ste}o]
E(hydroxyapatite, HA) % %537 HA/PLLA 53
Ag AY d77F @23 AP Jopt?

t nzidigtm gadis oTdad

E-mail : sd.park@yahoo.co.kr

TEL : (02)920-6446 FAX : (02)929-8044
* AR AL(F) RYRYATA

HA/PLLA E&A 89 AT oA Ignjatovic
F& HAS PLLAE E3A & 4AER9 AW
A FzE APSE, 48 2 Ad AHAe
2 9g&adu uFsgen®  Shikinami%
Okunot 71412 B4 R AAXFEH 22 7
249 54¢ RustAt? £, Deng T &
o] &8 F(solvent solution castingyE ©] &3t
HA YxZA7 PLLAZ EFZA5E AFAslA,
HAY EA4Aol 5% 4vlE &dsta, HA &
&0l F7tgel ue UG B Sl FUktn
B a3ty ch®

$¥H, HAPLLA EFAsC #dd dFES
REE &g o83l ©EY9 HAPLLAS
Az 7|2AQA EFE ngsP o}, ZXE
AZS Y QFAL FAHAH g &40 88F
Ao tigk dA9l HAPLLA BgAs9 <l
Aol g AFE ot EZg Ao



AAETA HA/PLLA EFAR §§Edx0] ga5Ad viAc 9% 733

B AFoMEe £§ EHA/NE AL ZE2
AEA&E 2 Ao ohE HAPLLA 5%
Azt £48 PLLA BIAAE ARsT BT ]

SAAEE st £, 7 Al ddd #
¢ 59 FAMAUSTES AETYLEA BFE
Az70] HAPLLA EFAE9 o34 v
T Ao W uastuA o

i

2.4 8

2.1 ME S AIEE ME

B dFoA AME nEgrg2E 58 AA)
22 Poly(L-lactic acid)(PLLA, Lacty®#5000,
Shimadzu Co., M,=200,00008 A&&g o 3=
Ol 2(Ty) ¥ &§2E(To)E 22 60T, 172TColtt
=3, £3Ae HHFYA Sm? Hydroxyapatite(HA,
Sangi Co)E4E& AHE3HSIth

Azge] PLLAY HAR T -2 Fig 19 ¢
Bl & -7 E AMEEtA, 180T 2ollA ook
& &8 27420, 40, 60T (50, 100pm)S =
ety =g, FAAd HARZO FHEe
10wt% 2 SASHA &Rt

HA/PLLA EHEL& 4 ¥7]|(Hot press)E& ©| 4
ato] 180C, 30MPad] =9} oA ArtE g
T 1085 A7t FEAA 140x140x5mm’2)
HA/PLLA B3%& AFASAt &3 mfEZ29
qage ALl Ydte &% PLLAS FTUE
£8EH xdoz AHEWE ARSFTHeIF
Melt-processed PLLAZ} £5&).

22 RE 1 BYAIE

ztzte] EZEzos AFd 4F¥HE Fig 200
UEeld SENB(single edge notch bend) A|gHoZ 7]
AZVE 893, =2 Age 27|Fde A Yol
F(cutter knife)E FHH M= Ao ZIFEE &
A3kt
2 1 FIAFE A223C)lA F¢ A
5 A1 ¥ 7] (EHF-ED10, Shimadzu Co)E ©]-83}9
EE Immvmin®g 31, 7789 SENB Ald
He FIYANY A2 RE :} o A 1)F
o} &3t FA AN G, & FIHPFD

Ui
V) )

-lrIr

anz

_ A+1864

¢—-W @

Fig. 1 Internal batch mixer

Load

10

e

Q_w Q|-
60

Fig. 2 Geometry of SENB specimen (unit:mm)

Crack initiation

i Load

Load, Energy
dPidd

Displacement

Fig. 3 Load-displacement in mode I fracture test

A7|A, Upd FEIHA Fdgorizojs], BE
APHe FA, we NEHEY F, o= FEHo
a9t woll d=dte PHRAGA ol

B A3y G,& Fig. 394 Jehd A
ol &Y T4 71&7dPid ), & NEHA
o] Aol 533 ZAHE AHAA #dol I
Agtn 7HAsd, 2 AR JquxE FE
AA A AUA(U)E BHHTH

23 22 1 D2 AE

e I MY F, ZF g 4E4EGRS
i EHZEE Profile Measurement Microscopy
(PMM, VF-7500, KEYENCE Co)& ©|&3&ta £33}
At B A7l AR FA= HeNe o)A 34&



734

NAA AN
VARVARVARVARY

L |
]
-
I~
P
| 4

Fig. 4 Schematic representation of roughness profile
and R,

AHgBtRen, FAMFIZER)E HolAYS
HhALgo of 3 AlAbE AT

Bd A7l F3AY 7 2= dEF
digke] HEo|v], Fig. 40 BAME 3 Fo
Z3A43 AL 71Eez o 9uEIAde ®
o7 HHod F Yo 2EBE, FFd2E
&, R T A& ol &sta] ALkHojAn.

=3[ 11 ke €)

A71A, f)ye ST Fololy, 12 SHA
gojtt.

T3, 7+ AgHe sdHE SEM(scanning
electron microscopy) o2 #H&slg 3, g #F
A438 B39 &§EAxo] FHIGF A
£ 9ol dsted ZAbsignh

3. 83 % uFE

3.1 HA/PLLA S8A =29 iS4

Fig. 5 A2 ©& &3z A A=
HA/PLLAY dEHQ 815-89 4 Hehhd
ot zt AlgHe HdstEgd o A HHE
HasRd, EALE AZte] Fhgel wet
Hustza W7t dade 3EFE B

Fig. 6& HA/PLLAY Ao viX& E&A
z29 A4S Jehdd. FAIPAAGHE
AL Eo Azho] Fotgtel we} FAdte FEge
B oy, EARANMY TAxAEC] I
HAAgH e A3 FdFS Fobe AS g

Fig. 73 Table 1S S Ad Fo stdd
PMM AMX 3 o HFZEFR)E T2 JERRA
t}. 50rpm, 20%3F §8EW ¥ HA/PLLAZF 7V3
AR @AZHNE Bol, FEXxEFg EF Hu
#He JeEPA L, ol AL hackleolH}t Alurzl s}

=
0%
R

o g »
200
150 - __—— 50mm-20min
— 50rpm-40min
Z 100rpm-20min
g 100 - \ 50rpm-60min
3 _— 100rpm-40min
50 f \
100rpm \
0 -60min ) R
0 0.5 1 1.5 2

Displacement (mm)

Fig. 5 Load-displacement curves of HA/PLLA

4
3_

E

£ 50rpm

© I
1+ I y

100rpm 2

"% 40 60

Mixing time (min)

Fig. 6 Effects of mixing conditions on fracture
toughness of HA/PLLA

bt A |
LWL "‘4‘“'%-"“9’“ g g f"'"‘f“”ﬁ“v’“%m%«

.'5’} §
i —— | T ' —
. 100um e 100pm

(2) S0rpm-20min (b) 100r§m-20min

F
faoa, A . },:“. e 1) \," ‘."NJ‘U’ L,
0 g ol | | TR

n—— —
100um 100pm

(c) 50rpm-40min () 100rpm-40min

3'»?

e ""“‘“‘”"“’¢*¢“‘“””"“~af”" mm,'v w\rw\ﬁg,

il
! 100m ] 100pm
(e) 50rpm-60min

(f) 100rpm-60min

Fig. 7 PMM micrographs of fracture surfaces of
HA/PLLA



AAESA4 HAPLLA 2EA5e] $4EA20] F05Ad sA: 93 735

Table 1 Average roughness values of HA/PLLA
processed under different conditions

50rpm 100rpm

20min [40min {60min {20min|40min|60min

R.(um)|11.69| 831 | 7.0 | 7.38 | 6.37 | 6.05

4
50rpm
3L
&
g :
2 2| . 100rpm .
"~ v :
(C)
1L A 20min
B 40min
« 60min
0 .

é 8 1l0 12 1I4
R (um)
Fig. 8 Relationship between the averate roughness
and Gi,,

22 AdTT Fd 3 verd Zolg Als
gk =3 EASE Alo] F7tgel uket R,
o A3lel A dutg dAFHS el

Fig. 82 R.% G, #AE YehiAY. E£d%
Zo A Zho] Zagd uet G R, AFol B
dated F7EA. oHE dw ZHEzY F
7t gEAGAEGAAY A ike FUtE
Futsly] wZel G,ol FUtgtta Algdr.
Fig. 9% HA/PLLAS Zd¥E SEMoZ #
3k Aol 50mpm, 2087 £§EdAAL A
HA/PLLAE PLLA WjEd® A9 dAAA Wy
A EY 2 AW sty wmdy A
93-S veldd. v, EdSxe Aol
S7he wel A4 Ay ARgest gas
QoH, #m 2719 HAYRE @EHA Zshot
ol E#AR oA HAYAZ Y ¢
A2 ZalEo] AWdelst Folglen, 239
e 4zt S35 Aol Hol A4t
7t a2 3 FHAAEY AFE AL
Ao Algdr

Eg HA9 ARty Edle 8A mEdgay
A Ao Aol €4 &3lthermal degradation)®= I}
A 749 T8 290t Alg "),

E oo o

[ A3 4 3 b &
(b) 100rpm-60min
Fig. 9 SEM micrographs of fracture surfaces of

HA/PLLA
5
4 .

<

E 3l 50rpm

2 | !

x

s2f ,

o " g 100rpm
1 L .
0 20 40 60

Mixing time (min)
Fig. 10 Effects of mixing conditions on fracture
toughness of melt-processed PLLA

3.2 Melt-processed PLLAS| Gl1|S4

Fig. 102 HA/PLLA B89 FdxAo=
S5EFAFE AR &F PLLA HIANY Hy
Aol izt EAxAY JFE JYehlidoh 3
HAMANGHE EREE A7to] F71gd o
% ZAste AFE B oz EARAI
Ao WEEEY AhES FI WEH29
438 st FAJPZA F43] FAEH
Atz E

R



736

(d) 100rpm-60min
Fig. 11 SEM micrographs of fracture surfaces of
melt-processed PLLA

Fig. 112 £§E3984 S AX PLLAY 9@
SEMo &8 #F3h }{om 50rpm, 2087+ &
AT A3 Yo o3

(d) 100rpm-60min
Fig. 12 SEM micrographs of fracture surfaces of
melt-processed PLLA

A7 hackleo) 2AEIAT:. Y, ERAET O A
7vo] Z7}sle] wal hackled 2ol zA3tu
A (crack)ol Y}t 7] F(void)2} 22 Aol F713t



BAESFA HA/PLLA 23489 &§&E8=

(b) HA/PLLA
Fig. 13 Fractured fibril-like structures

gt} o]AL L{ETETRAY = WA= 88 4
3 o NAAL A F RS Ao
o% Abe BHol WA wEolztn Atad

_EL

Flg. 128 4§ERHAE A3 PLLAY FHud
< SEMo=Z #FI Iuj§ Ao Z) Fig 119
M AZLEES FUs Aldot EE&T9
A Zhol Frteke] wet Aguie] A o] FIHg
& F Aot
Fig. 13(a)€ Fig. 12(d)9 A A Hole oY
o AL Fdig Aotk £F5TEAAHA 9
3} BTz AlEEE A}E FZ(fibril-like
structure)®] ITeh-S TEAT 5 UAC ol 7L
T2 BAol FANIAAE FAAIE, FHAA
9] Astg okr] A7l Holgtzm Algdc =,
o] FZ Fig. 13(b)2l 100mpm, 60%-7F &§&EH
#73E& A3 HAPLLAY FHgdod: #2ES)]
}.

o

4. 4 &

@ ZAEA4E9G AlzhHo]l ©E HA/PLLA
gAg9 = PLLA BAASE AR &
FAAFH 3 HAUE u@Zgogr &

Aol HEHe) MAE 4G 737

FEZdAxA0] HAPLLA EFAEQ T34
nXe %S nEI A, ded 22 AES
aAt.

(1) 8§EdEEe A7ho] Fohgel  wet
HA/PLLA E@AaE 2349 HAYAZ Ed 5
Aol A dAstE Ao s Fm AI]A
Urede] Az Fas o] 4R FH oA e
SHAFEYE Qdlo] MEL A4H B
go] Frasol wuddo] Asatgit.

(2) HA/PLLA 534589 543 =722 A
Zz2% PLLA ¥IAEE ZHEEY Algte] =7}
ol wel 93 dale JARY EEA F L
At Ao 9dte BT FY(crack)olt
71Z (void)t 2 wlA AT o] T8t A4
o] A3}t

n_);[_l

Fo
e

I

(1) Leenslag, J.W., Pennings, A.J., Bos, RR.M. and

Boering, G., 1987, "Resorbable Materials of
Poly(L-lactide). VI. Plates and Screws for Internal
Fracture Fixation," Biomaterials, Vol. 8, No. 1,
pp. 70~73.

(2) Bergsma, LE., De Bruijin, W.C., Rozema, FR,
Bos, RR.M. and Boering, G. 1995, "Late
Degradation Tissue Response to Poly(L-lactide)
Bone Plates and Screws,"
No. 1, pp. 25~31.

(3) Bessho, K., lizuka, T. and Murakami, K., 1997,
"A Bioabsorbable Poly-L-lactide Miniplate and Screw
System for Osteosynthesis in Oral and Maxillofacial
Surgery," Journal of Oral Maxillofacial Surgery, Vol.
55, No. 9, pp. 941~945.

(4) Turvey, T.A,, Bell, RB, Tejera, T.J. and Proffit,
WR., 2002, "The Use of Self-reinforced Biodegradable
Bone Plates and Screws in Orthognathic Surgery,"
Journal of Oral Maxillofacial Surgery, Vol. 60, No. 1,
pp. 59~65.

(5) Verheyen, C.CP.M.,, Klein, CP.A.T., De Blieck-
Hogervorst, JM.A., Wolke, J.G.C., Van Blitterswijn,
C.A. and De Groot, K., 1993, "Evaluation of
Hydroxyapatite/Poly(L-lactide) Composites: Physico-

Biomaterials, Vol. 16,

chemical Properties,” Journal of Materials Science:



738 o 4 o)

Materials in Medicine, Vol. 4, No. 1, pp. 58~65.

(6) Ignjatovic, N.L., Plavsic, M, Miljkovic, M.S,,
Zivkovic, LM. and Uskokovic, D.P., 1999, "Micro-
structural Characteristics of Calcium Hydroxyapatite/
Poly-L-lactide Based = Composites," Journal of
Microscopy, Vol. 196, No. 2, pp. 243~248.

(7) Shikinami, Y. and Okuno, M., 1999, "Bioabsorb-
able Devices Made of Forged Composites of Hydro-
xyapatite (HA) Particles and Poly-L-lactide (PLLA):
Part 1. Basic Characteristics,” Biomaterials, Vol. 20,
No. 9, pp. 859~877.

(8) Deng, X, Hao, J. and Wang, C, 2001,
"Preparation and Mechanical Properties of nano-
composites of Poly(D,L-lactide) with Ca-deficient
Hydroxyapatite Nanocrystals," Biomaterials, Vol. 22,
No. 21, pp. 2867~2873.

o ¥ 1

(9) Unayama, H, Ma, C. and Kimura, Y., 2003,
"Mechanical and Thermal Properties of Poly(L-lactide)
Incorporating Various Inorganic Fillers with Particle
and Whisker Shapes," Macromolecular Materials and
Engineering, Vol. 288, No. 7, pp. 562~568.

(10) Park, S.-D., Todo, M. and Arakawa, K., 2003,
"Fracture Properties of Bioabsorbable HA/PLLA

Material," of The 4th
Korea-Japan  Joint Composite
Materials, October 16, pp. 35~36.

(11) Park, S.-D., Todo, M, Arakawa, K. and
Takenoshita, Y., "Relationship between Microstructure
and Fracture Behavior of Bioabsorbable HA/PLLA
Composites," Composites Part A: Applied Science

Composite Proceedings

Symposium  on

and Manufacturing, (in press).
(12) ASTM D5045-91a



