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2] of| & @l (ultrahigh-molecular-weight polyethylene, UHMWPE), 2] u|
g v e} 2 o] E(poly(methyl methacrylate), PMMA), 12|31 Zz]o]
E] 2 of H] 2 7| &= (polyetheretherketone, PEEK) 5 °], A& Ad 1T FA=
+ Z 2 EEAK(poly(lactic acid), PLA), #2| = 2] ZAH(poly(glycolic acid),
PGA), 12]3l #3273 2 2-E(polycaprolactone, PCL) 5©°] +%2 7

Holgteh ALY LE2AE AHEE A F5 JESFE AA T
2

al7]ell = HEES50] Itk 100 GPa o)A 9] AUAA He BAE
= Ay FA4A7F HAd"W 55 LA g a8 AAE g4 E

& WA= BHE WA 7~ 30 GPart} thol S8 s AAE

ole] Hall, 1EA AAQEL 7|EHoZ AA v FA (bioinert) =

dolth ol g v aAde AA deld 2F 2R A4
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1.2 30| =52 o} 5} E}o] E (Hydroxyapatite, HA)

wEA A A BHe Relshs] e Al B4 BAES
FAAR A7lelol BEAE BEE AEo] wol WaAHo] gk
WA BAol B2 AgAeln 4 AR olFE £ 5
e olnjate], of wl o FAIE AA BA 24 Ewelq 47
S AALE FE AR olFolWth shol =B AlolulElelE

(Hydroxyapatite, HA)© 1341 A &4 Alete] LAR, s48ha]e
Caio(POs)s(OH),01 T}, AFHS] = 500014 70%7} ZS £33 F7)
Az o] FolA gl o] 7714 thixAl o] HlE HAolth

. O AA woldE HASl OH7F CO»8F 2 olog 4AX
2] 8% carbonated HA A E) 2 2 Z=A| s}, o9} o] mgle] Fx

A o A ARAES AUE HAE A W A8l A Be



Am FRe] 24 Ul QA o] &9 FEs} FolAl o] FE =
3 ejol thohzw, Qlabro] ThA HAY EW 9= FAsA o
WA Qs Fol EW dlel AgeAl BUpL QAR F 4

(osteoconductivity)©]2tal stt} HAS] = EAS o] &etarxl, Ak
of HAE F7tsto] A &4 5%
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HAE A, Z-A(sol-gel), &< (hydrothermal) #2], oA, A2
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1 % ZH(biomimetic deposition), % Zr(electrodeposition) 7]&= ¥} 7Fo] Tt}
g Wer ddE £ Qe A o] JHE Wol ARREH«=
W ol th6-11]. Ca¥, PO, 183 OH °]&& AYE ARE 717
TEN AHE 5 T &3 A AHEs Do e dE
olty, A A=

ol ATH12]:

10 Ca(OH), + 6 H3PO4 — Cajo(PO4)s(OH), + 18 H,O

ok

10 Ca(OH)z +6 (NH4)2HPO4 - Cam(PO4)6(OH)2 + 18H,O + 12 NH3
10 Ca(NO3)2+ 6 Na,HPO4 + 2H,O — Calo(PO4)6(OH)2 + 12 NaNOs + 8 HNO3

o] W o]& FEIAEFE Tt H&, v &5, I F aging A



1.3 Z2] 9 ] 2 o] 8] 2 A E (Polyetheretherketone, PEEK)

Z 2] o) g 2 of 6| 2 7] & (Polyetheretherketone, PEEK)> WaF=o]
AHE U A ofH= #Zg7]e] 2FoF AdE ETotdeH =
A A AR A7ty E8tagow 1978d A AEE Sl

U} PEEK+ ek 9] t]ahelo] = 7= (aromatic dihalide ketone) ¥} H]

I

¥ (bisphenol) Alo]e] ofZwtg X HA] X 3(aromatic nuclephilic
substitution) 32 %3 F3dA WEERE ol IF F 4
Al Aol He 24 ALVE AW 44-HEFLEHN I =44
difluorobenzophenone)?] AZ EH ™, H|AHEZE= Slo|=2F =
(hydroquinone)©] T+ ARE-ETh o}d dhefo|=o] S WA wiE
of, 12]a1 FA 1AStE &= PEEK 28| 1WE Fo]7] f& whe
300 °C o9 =& =74 &9 8ol Ay wepa gu oA
123 °Cof|A] =31 379 °CollA #+ Ul ¥'d &= (diphenyl sulfone)= AF-&

i, BAZEl iR FrbAvh WES WAy sz PHY

E A2 318 gE 18EAR AAQd
UHMWPE®] ¢F 0.8 - 1.6 GPa%] ©A4 &3 PMMAS <F 1.5-4.1 GPak
o A= @ Ee] Tk #olt13]. weEk wE5E A
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¥ PEEK 52417} PEEKC] Bl o -3k A3 524 9 ZopA

st A Z T Ragivhie, 17]. 3FA % HA Y 49 =& %
A oA e} 3R PEEKSE F-7]= HA Abo]e] w2 3tgow <l
3l HA= S5 Weld =2A ZAE A Jeta %= Aol

o AFENA TAFCE AU 18, 19]. o]t SHOo =
) B 27| ygto] ZXEHAM JAA FErE Asted uet
A HAE PEEKel F7iste]l A& o 7|A4 A=7F Asts A &
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Z 2] = E XK(Poly(lactic acid), PLA)> A 353 =2 2hElo]
=0 ARFRE Fol PR, AUF Eelolad Ad] wpA

olth. wrEFAQl Aty gEfo]l =i 7] (chiral) HAE, WEA 3

gk o]/d A A el we} PLAE poly(i-lactic acid) (PLLA), poly(p-lactic acid)
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2 AFE3l7] o HUH22]. PLAE oF 247029 AEE 77HE Ay
A BAES 27 - 41 GPa o] o]Etk= AellA Al nEAE F
sl Frok 71AA BEAol ¥#3E F o]Fa ITH20]. wEbA
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HAS H71E 3t niak 2A19 A &4 /A A+7F PLAY
ME= W olghty PLAC H9-ol= HAS FH7F & SBF &l
3g Aol AoA ddZdES AEA7IH A e B
[23]. SFAIRE A 7IAA A E7F Ak EAZE AT A=
Hong?] AollA 0~20wt%2 HAS 713t PLA/HA 53419 =
7} PLA FA R vhe- Zo] #AEG oM, H7Fg HAS o] =9

FE AEe AP 9 #ZAse AES BSv24] HAY =2 X

H o7 gl PLASH 75 HA Ale]e] vt Fstgo® A7]E HA
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A7rsksle ol 7IAH =40l AdEs AE 9 3UES HAS
A sk wkal o g s A ste] AF-E-3FI T

27 A= whEAjo] Zof HAS ¥ #ZHE7]9) HEgo] o
oy A {71 #AL71E olgdl FUE FAAL} AEA
[A A Aol9] the] 9 &l 4 Utk HA 119 AdA AZHY

H
A& 3 PEEKS}S] Aoa8s FYAA gz 5T
HAS $4& £°l1 A S =oluA sl ol& &3 H8A
o] gtebs A AN 7IAA B AE dstuA Fo F714
A 7IAA B4 ZstE fdlAE 2l SAFO] E(graphene oxide,
GO)%} ®FA A fi(carbon fiber, CF)E A&ttt =4 S 93l

A stk 18 A PEEKe| ¥ JfE®E HASH GO 4 CFE ¢
A7vstol 71AA =43 A S-S FAe R s A Fh
ol &= HAS FHE 7fdste] ALgsteich dutziog u &
A g Aol AR E = 7Y 2 vl dEe] v JAF obd, HA
Ui Ad4-(HA nanofiber, HANF)E 23 94 sko] HgtAlol H71skad
o ZIAA e WsE S Fols WA o] obd, FIHIIL 2 At
FH e A AUz Z1AA B st a9E o] &3 HA v
A2 H7F Al vEtue AR AskE dstaat sieith Frh4 <l
AR B 7S 9 CFE 71593l HANF9 CFo &3S
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S|

BN
ol

bl mgAe) AN BYl WAT FEe 4d 5 JES

=43 A

]_

ol

9T}l PEEK®] HANFS} CFZ 34 AH7tsto] 77

2492 B st 3

2

e

vpEt o 7 vl IrgelA  AEFW HANFE A8
PLA Z2Alell ZHEA 7 HUTE PLA/HANF H3H4 #|z2 E3 HA
A7FE QIS 71AA 24 AskE Jsilvh 71A4 49 F7H4 <)
Zate ddlM e, 5EA AR Fdx RS s Slsl
CF7} obd oAl AEFA 279 PGA A= o] 43t th PEEK®]
HANF$} PGA A5 7 H7bstel Al @48 dehdaA 714
A EAo] yAE ol Gk HA o A 2¢E Foth

oje} o] & AFo|x = HAZF EFHE
= d Qo] 7IAA EA o] AstE = AS waAk HAE 7 7HA W
Aoz NAsTt 7)ol ZIAA &4 AsE 9% FHAAE F71
2 kst 71AA EAol dd= el detdA A B4s

dehiE A 2R Asch
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(a)

n

% 1. () 4,4 -HEF 2T =, (b) 3to]| == F+=, (c) PEEK 2]

5515 2



T A

(c)

26

0
2% 2. (a) -2 EFO E, (b) p-STEFO] =, (¢) PLLAS] 8}8H4] %
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II. PEEK/7/HEE GO//HEE HA/CF EEA ]

Az B 54 37

1. A&

T

PEEK itAke] A €44 /MAdE 938 HA Y A5 H7tehes
Aol MBHogta, A8 W AW ) A EFeolX PEEK/HA
S A @S w= Zlo] FRIEAT15-17]. sHARF HAS
A7be 5349 RAAES FEAAT, 7AA AEE "ol
#Arto]l AFE ULt F oAAIE Pand ATollA PEEKO] 10 wt%]
HAE #7Fskak 20% 747ko] 1 A=7F #H4stelar, 30 wi% 37t
Aol = 50% 7HA3F thH25]. 34 - 38 mJ/m?¢] PEEK 31 oy #]ef H]
3l HAS %9 oA = 1.2-1.5)/m?o] &@3tt}. o]o] %2+ PEEK$}
F71% HA Afo]l9] w2 H3eg o7 Q3] HAL PEEK/HA =34
el =7 #ike] =7 Boh= HAZEY SR He 4TS Bl
thoole gt SR AL WAdo] HdAe 7] dds HXIATIEA H

gAo) AAA BEE Far Aotk wepd BiA ) HAS)

o] @A 2t HAE 41°] PEEKE A sh= W, Fxwde] Adg
AAE A7bske W, HASY BWe MFshe W o] RauEgt
[26-32]. HAS] 3}8-241-S Cao(POs)s(OH) A W A Al A7) g3 1)
A% 99elA P-OH #8715 AYi, o]& wWi/lz E¥ ¥-go] 7}

15



otttk By F3o] 7hdst PMMA, poly(ethylene glycol), PLA 59

HA B9 2871058 43 GFAE HeAA 184S F

2AE FAAA NAANG] FEHL Folt A Yrh24, 28, 33,

34]. SHAIRE FF 7ol 300% o]XFe] aloli A AbEo] =

e AlelRh ojdl fr] el =

PEEK AF&g 28] ot

9 MeAA ALY 7 BEAE

rlr

i

% AosA ot PEUE

Sandler 7152 CFZ 7}13t¥l PEEK

‘

Zo]th36-38]. CF= Hold ©AE 2 71A14 A%,
B2 A Ao st Abgo] Hojgka, A oA Fat
2AZEAL] AFE =

=X 9= PEEKO 4% 2 A

A st

oA Aol CFE 15 wt%

H7bst & BAE 40 %, A AT 50%°] =2 AFES

16



tH39]. SHAITE 7EA 02 AFAE W CFE U H7iskA =4
EF82AY A4S EolA gk &A1Y A mulo] JEUE
A T dojus AlE &1 ¥ FAE SAAUTE Bt Qo]
CF H7t& Bl H33Ae Aol AUAA Fokxe A Ak
of gtth40]. 1A HAA 7IAA =4 A3E flE FrtEE
TUE 242 GO7F th GOE 1 wt% ©]8te] He gorw F)
Aog BAS TN T BuHgvh4l, 42]. HE9] GO A2
SgFolr] 548 wA] ot A AFsta, mH A FE7]
W rh43]. A9 GO 9A] EW A7} =

o A718 EEolgks Ao A deld & BAEA Kok

‘_‘

HS 93 PEEK] 7N

70 %
A9 HA, M2AE GO, 183 CFE H7}sl 489 E3QhS A
H
|

Aqe7] 44 e W oohel, Fujel Aol 400% ol Oow A%
LT ¥ 4 U EV AAZ B o vk webd 25

wrh A8AA ALE 98 oleeeld nEA A FAANE

Az} $a7 F BHeE Ae ol AdA BEgA BH9HE o
otk )3 o] RSUR o F AES WAe] BFA AEL o
Stk of W mwuto] F o] RS a7] Aa| A} FAA B

% oshed WHE AAgsgth v 2719 FHA9 HAS GOk
o] PEEK 7144 Welq el B4 ol

AAA AZHAZ A5t
AL PEEK SRS AR H#AHE wolaxk ok GO CFE &7 AR

17

.-_:I'x;! _':I.':I ]



slol AAA B4 AL CRolwt gEakA eaxh Rk of

rlr

CF

AME FT BEAY 2540l AV BobE AL WA
Aotk Lelste] & Aol HWTel Fahz AN BYS
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2. A%

21 A=

oo A}E¥ PEEKE Victrex2] 450PF AlEolw, Hd YA+

A7)+ 50 um, £8 S5+ 343 °C, YEE 1.30 g/lem?©]t}. Milled CF
+ Zoltek AR PX 35 A& Tuiekqlar, Hat Aol= 150 pm, Ft
AL 72 ym, YE+ 1.81 gem®e]th. GO &2 () Do A~ F oA

-

&S 3, Het T 1.1- 1.3 nm, B EW A2 450 m¥/go|th. HA+=
Nanjing Emperor Nanomaterials®] HAP04 A|&-& JFull3}qlal, F+ 4
7ol 20 nm, H¥ Zo]7} 150 - 200 nm, H]ZE™H 2 o] 80 m*/go]t}. (3-
Aminopropyl)triethoxysilane (APTES)<= ©|FZ oA Fujstglar, W7}

2%
0.946 g/mL, covering area’} 352 m?%ge|t}. SAlAE 4

it
~
w2
c
(@)
Q
=
o

anhydride, SAH)~> thAst=olA Fufsiala, s <15 A &
(simulated body fluid, SBF)<> H}o] @ Aol Al -ufj 3} 3t}

22 TAAY xd HA

22.1G09Y A

o €& 500 mLell 5 g8 GOE AR 7]1aL 2A17F F39F 2539 A&

(bath sonication)3} %1 TF. ©] % APTES 20 mLE 7}t & vl 1y|€nl&

o] g-3Fo] 600 rpm O 2 WA 30% Fob wuk AlZTh o] F wuk &

19



TE 300rpmO.® Foli Aest wkg-S f§ 150mLe] THRTE
7FaFATh HEE-2 60 °C2] oil batholl A 20 A7+ F<F AT} b
T AdES 7]l 10000 rpm, 108 Ao 2 AeFh
T o] WgE=S Aol Sl FFTE washing ¥ T =
o7 AR 7|ZE dgloH, o] washing 4> ek eSS
3l F71E AT HF ABRES 2443 F3F 80 °CollA
Ax¥om, o]= modified GO, m-GO (GO-APTES)% #] % gt} 7§14
of AF-g-¥ APTESS| <& th5o] Ao wpet A% = gich:

U

silane treatment amount (g)

amount of filler (g) x specific surface area of filler (mz/g)

. 2
minimum covering area of the silane (M /g)

RES-ol Fsl dold & ALSH A

i

GAS] F= AlAbgke] 39 2

222 HAS &

of €& 500 mLell 30 g€ HAE FAHA171aL 2A17F &< 233 A
2letQith. o]F APTES 22 mLE 7t 5 wlaulguls o] g3t
600 rpm O % WhZ Al 303 T wHk AJFTh o]F wyk £EE 300
rpm O % Folil Aest whg3 9l 150mLe] FHTE e
HEE-2 60 °C2] oil batholl A 20 AIZF <t A= et wHg 5 A

5o AR 7|4 10000 rpm, 10% ZH o2 A ATt Aex 4

20



I}HE(HA-APTES)<> washing $1©] DMSO 500 mLol| 4t
150 g& H7kst 5 20712 &<F =04 300 pm o2 wRE ¥ St}

o]% thA] YAE- 7oA 10000 rpm, 10F AR AelFa, zrof

)

&5 Aold7] S8 IS Z washing ¥ Y 7oz AE
Y712 A= FEE 33 At HE A 2441 5
80 °Coll Al X% 2™, o] & modified HA, m-HA (HA-APTES-SAH) =

A3 sttt HA W 702 scheme 1% 19 Ul

23 584 AR

2

vacuum filtration© 2 AzjFo] HA -3 AU o] 2
5 ZHIE 80 °CollA 24A1F st AXEHUT H3FA AF Aol
2% 200 yelSlth

2 AgelA FEAY FAREWR)S TAA § Fel BI=

EAE3EE ol & £9, PEEK/m-GO(0.5)/m-HA(10)/CF(10) 0.5 wt% 2]

£

m-GO2} 10 wt%<2 m-HA, 1383 10 wt%2] CF7} %3ty Eala =

21



FAAN) M AE gt AL XA AR FEH(Xeray
Photoelectron Spectroscopy, XPS) .2 #-24]3}3it}t. %H]:= ThermoFisher
Scientific A}F2] K-alphat R 25 AF-8-3F1 31, 200 eVE] T3 oUA| =
0 - 1350 eVel W& oA HLAS 50 eve] B3 olUAE N 159} C

ofl
~
i
>
ol
ofo
ol
ol
£
oX,
of
o

T 390°C, HEE 2% 200°Ce] £310Z A
skt AlHe AAHstEE =ol7] fl8 220 °CollA 4xF DA
F Abgstd #F3 AP Lloyd AFS] LRIOK R 29 vy A=
A] & 7](Universal Testing Machine, UTM)E A3l 1SO 178 24 utek

3% £% 2.0 mm/minC.E &= ok
X
)

o B & TAL Utk mEAF 7R AL Aol gl HEA
yebd S it
A UF GOt m-GO2ol FAt AElE #ESH7] $ld Bruker At

°] SKYSCAN 1172 #H]9] 3D vlo|a 2 FA5FE ©@% 293D micro-

CTo® #ASIT EFA+= 10mm x9mm x4mm 7= Ze; A

22



HES £ Th Xeray tube®] A3k 40 kVY} 250 ymo] i Al =
71+ 6.79 yumQAt}. FHF o] u| X = reconstructions &3l AT}
el A &4 H71E 98 Bautek AF2] BA-915A A

712 =2 A AT FAe 2o 10mm x 10 mm x4mm F7]2] Al
Aok 283 FFufdk sul SBF £-No) AlHS Wl EHof

A Mol AL 4 Yu= ATk ANEL SBF §oo] w2 A%
37 ccold 79 B AAHYY ol F ABELS A B2 PP

e

Sl W S PEISME AL Smandiop 157}

WLe) SFHE WES A

S
¢ =l
EK
B
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¥ II-1. PEEK &E&A19 A4 =

z=4

GO or m-GO HA or m-HA

CF content
content content
(wt%)
(wt%) (wt%)
PEEK/GO 0.5 - -
or
1 - -
PEEK/m-GO
PEEK/HA - 10 -
or
- 20 -
PEEK/m-HA
0.5 - 10
PEEK/ 0.5 10 10
m-GO/ 0.5 20 10
m-HA/ 0.5 30 10
CF 0.5 10 20
0.5 10 30

24



0 HO
\ \
——
-si NHz + H0 —— | Si=—~—"“NH, + CH,CH,0H
o\\ OH
APTES
— O —
OH s 0 gl NH;
+ HO’gl/\/\NHz R
OH Bn 0— SI/\/\NHz
HA-APTES
|
0—S8i——"NH, &
& + O o
S W
I SAH
HA-APTES
_41/\/‘NH00—/\/C°°H
—
O_SINNHCo,-\/coou
m-HA
(HA-APTES-SAH)

1% 11-1. HAS] APTES % SAH9}O 717 mA%

25



Solvent: EtOH

Filtration

I—> Compas|
Powder

Drying at 80 °C

PEEK suspension ) ’ PEEK/m-GO/m-HA/CF
suspension

19 11-2. PEEK/m-GO/m-HA/CF 37 Az 2 A ¢
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FHA Gost HASl x¥ /A A¥E Felsh] fl§ XpS AHE
He 43R Y GOt m-GO, HA®} m-HA®] survey ~HEH S

2
2

Hl W B eH(2E 3). GO ~FER A Cl1s(285.3eV)8t O
Is (532.7eV)e] I A= HA S} APTESZ /I 2 ¥ m-GO° 4% N
15 (399.5 eV), Si 2s (152.9 eV), 12| Si2p(102.1eV) I AE50] F7}14
O 7 YEFGTHZE 2a). HAS] AFEHS] -9 0 1s(531.4 eV), Ca2s
(438.8eV), Ca2p (347.5eV), P25 (190.7 V), P2p (133.7eV), 1] 3 C 1s
(285.5¢V) Y A5 YEFATH Y 2b). APTESS} SAHZE 7HE %5 m-HA
= N s (400.4eV), Si2s (153.1eV), 7123 Si2p(102.8eV) ¥ AES >
7t2 YEFH Y m-GO9F m-HAS] AT ER oA AfFAl HEbd Sig)
N ¥ 352 APTES7F TAA 9t whg& sto] /Mdd S xH
of TAstL Aee T T
-HAS] ¥ 28719 Huk A 45 98 C 1s9)

N Is JIES ZAEITHIH 4). 54 &2 2 A4 F4759
(e3]
=

]_

m-GO%} m-

3

T

o

A%k oA (binding energy) #E
m-GO2 A4 I A+ 13k o}1(399.1 eV) I o}w1<1(400.9 eV)S] F 1
FOoZ UHATHIHE 4a). ol m-GOS ¥“wof ol #g7]7} EA)
&5 FHstH, GO7F APTES] o8 Az oz MAHULSE A4
st whe meHAS] A& 33 olufol T W= shte] 1
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F(400.4 eV)S UEFITH Y 4b). o] EE APTESS] ofvl7|Eo]
SAHS} Whg-3ho] ofmpo] =7]7}F W55 AAFSHHE SAHe o5t 7H3
2 HA® m-HAS C ¥3 HluwE T F712 g8 = Atk
¥ 5). HA®} m-HA®] C 1s 3] F+= sp? C (284.5 eV), sp’ C (285.3 eV), C-
OH (286.4 eV), C=0 (288.0eV), 123 COOH (289.2¢V) ¥ A2 ¥ &=
o, 7§d % sp’$} COOH ¥ =7} 4 AFSS & + Aok
Y 4b). o] m-HAS ®dof 725277 EA8S ST, HA

7} APTESS} SAHZ A 32 o MAH 0SS st

ZA4 GO HASl APTESEZS 7|A& :Ho| ofvlV]7l v =
oM 71X A PEEKS}t T4 Ats T3l A8 7 dEs
st7] Q& AT 2Eu dF AL YA S AY AdeEs
Ft28 A7)l o] SHstE W= 1w AE77F ofwlv| e} o] &
Asts W 39 287 1o Qibdae AdE St

=

b
N
)
Au)
lls
0%
o
an
>
=2
=3
:C?L
(0]
L,
N
1%
ui
rlr
o2
2
>,
o
N
S
iy
rO
=
i)
tlo

32 249 7144 24 2 g8

32.1 2349 71478 24
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© m-GOYF H7tH EHI3AY = A4S S5

%
j—U
o3l
™
~
2
Q
o
ke

RATHEE 2). 0.5 wi% 2t 1.0wt% 2 GOZ PEEKe| H7}3 S o), == &

’dE2 PEEKO] W3] 7} 5.1%, 12.8% ‘<3 ok T8k PEEK/GO(0.5)

o] A =2 A% YA PEEKCl Hl& 3.4% A5t A3E B

o] dojupr ogl o] VAH Ao FE Aow FAET
[50]. m-GO7} 0.5 wt%, 1.0 wt% H7Fd E3Ae] 49, 23 s E0|
PEEK®]l HI3 2} 10.3%,17.9% %5352 H, PEEK/m-GO(0.5)2] 8.9%
FEE =5 AEE B3l olsk o], JidE GoE MM S
o o Holwt VAA &4 &l vERRT U 2719 A
7F W& E3ll PEEKSES] AdeAtgo] v FoAHA SHAE K
O d mdAel g dee] dowtae & o vk wHRk FA
FEFS 1.0 win® ST AL 25 AT v fFache A
HAT M m-GO FEFE 0.5 wi%= 2 3 3Tt

o2 HA 7B a3 &9l& S8 PEEKl HA H+ m-HAW

u|J

A7tE HEA Z3 E4S 33 THEE 2). HAE 85 GPa F &
o] =2 B ES Ad ddst 7] - Z[51], PEEKel 10 wt%, 20

wt% J7F Al =3 BAES 7L 154%, 23.1% A F T A



o 1
HAZ} J7Fd 24 58 AelA &3] #2H= ddelt.

PEEK/m-HA(10, 20) 5&AE2 45, ¢ &% PEEK/HA 53 A

oV BRI AT AL B 5 AUk 0% L P Asti
7}

o vwal ¥ H& ek AAES Holu FI BAEE ¢ 9t
(1% 6). HAQ /ME = HASF PEEK b Al Azbo] /A=A o
d @il yebwtar i E 4 3tk 71 A3 PEEK/m-HA(10)>

=27 ZX7F AdtE A kil PEEKSE fAF oS A48T m-
HA2] 3raFo] 20 wt%® EWA ZE7F ZA2gA, ards dr=
PEEK®] Hl& 4 % A EZ PEEK/HA HAoA #&FEAA A A
THTH E8 Aopth

O17F v Ao 3 ZFEE 103 - 238 MPa®Z[56], PEEK O] m-GO =
< m-HAE 44 3% HUhst B3 9ds 759 425 23

th AT A ES A F(7-30GPa)oll BIE W] wlE] CFE &

3 F7FAQ 7437 I Q5 PEEK O] m-GO 0.5 wt%2} CF 10 wt%
5 WA Hrkst H, geFst Y m-HAE F7F=E €.0.1(0, 10, 20,

30 wt%) = BAAEYN AR WItE dESATHE 3). A
T o] 40 wi%E 2T A¢ HAETF AUAA FokA AbEo]
HA e FAZE 2 GO/m-GOE AL F FAAM F T
o 40 wi%E WA LEF skt WA m-HAZE H7EA 9k
PEEK/m-GO(0.5)/CF(10) 312 73-%- PEEK®] vl @& A&
7t 7} 51.3%, 20.7% ‘st w2 71AIA B4 S Bt o]

m-HAS] S5 Hak =87k 714178 249 WHas s 4

<
5
3, H7HE meHA Bl BoldsE @3 ey Eo] AEaarh. of

30



rir

PEEK/m-HA(10, 20) H3tAjelA] & Ay sdeity. 1 23

il

>

| 24 PEEK/m-GO(0.5)/m-HA(10, 20, 30)/CF(10) =5 & &4
o U2 Wed ok 2 @A ES Btk =3 AR A9,
m-HAS 10 wt%% PEEK/m-GO(0.5)/CF(10)0] H7}gS w= o]
H37E ek gEFo] 20, 30 wt%E EoluAl vk A&y =

A7t Ad gasdvk® 7). I1¥el%  PEEK/m-GO(0.5)/m-

iy

flo

HA(30)/CF(10)% 161 MPagt= A=) F3h =4 AEE B
T AAE A FAdE HHe 97 30 ~3%)S Bl
SO 2E m-HAY S 10 wt%® A3 CFY 2 20,

30 wt%® S7FA171 382 PEEK/m-GO(0.5)/m-HA(10)/CF(20, 30) %= ]

¢

Aol AN BAL ARSAG 8). CF FF Frheh WA
BB FF 4E BT 3] Sk 2 gl 93

il
(o
oX,
i
Ao
rlo
e
1o
2
kit
(o}
3%
£

PEEK/m-GO/m-HA(10, 20,
30)/CF(10)=°l H]3] PEEK/m-GO(0.5)/m-HA(10)/CF(20, 30) &3] & =
S ol Welel EgstE st 7 EAS Btk o] A%
ZHH m-HASH @] ZEE "olmex] gowA HBdAQE o o

WA wEOl T CFel A BA 4 EdE 45 was

AT Hxe VA =43 A 4] FEE PEEK &

FAE Astes Ao HAZE AA 845 34717 A8 S
2 AAHQh 28V HAS PEEKe| H7ME AS 5 Zort &
A3 FaHE AV Qo 7IAA B4 A &4 Tl &
BAZIE o] oy EAlFle] Z1Eel AT ¥ dAFelAME

| B8] 38%U W E7} A4St wA =

o
-
el
m
~
2

PEEK/HA(20)2] 7
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wt% 2 m-HAS FH7letdls o A7k f4H= ads gQlselth

Jo
>
>
<
o
kit
il
N
i
rlr
Bl
oo
=
O
'TJ
o\°
i

faind
N
oL
o
_\:
NH
it
oX
1o
of\

322 H5A2] FH S

PEEK/m-GO(0.5, 1)+= PEEK/GO(0.5, 1)°ll ®]& 3 71414 &4
S Holm GO7} /HAEWA PEEKSIS] F3}Eo] LS A

S

AbgE wl ok Elske] B34 WE Goet m-GOol At el &
<= 98l 3D micro-CT=Z A8t vh( ¥ 9). 7 A¥ PEEK/GO(1)
Aol A HlwA Z Z7]9 TAHZ GO WojErl Bola, tiAg e
% PEEK/M-GO 3417} PEEK/GO E&Ael nls] A% Jolzls
o] & A TE AW 1 o] EHFAE Fhel| FHE xpol=
Ask] oEglEd], ol VAo ® FHAL] A7 S

A7HE Y= 1 wi% olst® Zrof Weju|E] jFEe] o]mA|oA GO

3l m-GO®| Ak AEIZE FESAA 7] wieel Aew Bt 1

rl

A2 GO% m-GOo WA FEHE therH
FAA m-Go7t & dheld e E #EE= PEEK/M-GO(0.5) % 3A)



;l&l

CR

al

A9 shro]

3k
H

X
=

Z1 %) TH A
P AR 5E & 24 v]3] PEEK/M-GO(0.5)

gg0] %
=

A (crack)
o Xt} o]y

(e}

pix

7%

s

2ol

o

A W HASF m-HA2] #-AF

i

9]

3k
H

X
=

©
o

=]

HA 1=}

FTH( ¥ 11). PEEK/HA(10, 20)9] 73

}\.:_
S

5

o] wmjo|=

=
=

=

ZHAT. v A719] 4A

A

S

AE = @] 53

ZF
=

A4

A -

Il
H

ok HAYE &

b}, whebq A

3
it

e A
o] 5w

ok
o}

#2o]

2
7 1A A A HA 2

PEEK A}o] 9]

1

Aol sheto] fEE

B
o olsh e wEA AAA el Al HAY Bk

=}
%

A

=l

|

A

Aol vt

A el A

e

X3}
=

= ZHHA

™

o] mla

=
=

[57].

F At 1lc, 11d). PEEK/m-

o FHEHJAIR, T A

=
=

S8 m-HA Fol?

™ ™
= =

HA(20)°] 7%

of wlal 23tek HASl EH 7Y

}£ PEEK/HA E3 A=

S

717F 1 pm ©]

719k 7] A A PEEK Atole] A

&
fauy

&

3

5

o)
R

=y

AXNE BT PEEK/M-HA®) A PEEK/HA®Y] H]

T, HEROZ ¢ Holu =

s

LR

oAM= Bl

=
=

A

i=]
FE ATH ™ 12). 10 wi% 3 7}

X 3t
=

PEEK/m-GO(0.5)/m-HA/CF(10)

FIEA FAE

<
T
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UG m-HAZE ko] 20,30 %= sofvtdA] S8 AE FA skl
10 wt%2 m-HA 7} A7HA] fAHE &= Ferp dFol solu
WA g AAashs dolE oldA etd 4 Qi tEo® CF
o] 2AF A 9Al BAEAE, vlelar A719 CRe 7IEA L
2 FAA7E SstE e A HolA dgtth(a¥ 13). 1Eu
CFel 7144 PEEK 3Fe] &(void)o] A=, o|=HE = Al

o AMPRYel £ ee A5 5 AUk CF= BFA V]

A3 JSHEZE A delA gFom uAHI o e
dell M Az QY F& AEAE

j\_J“Z_
olt= 5ol glofof BTk BaAY AA BH AT BEA AA

GO(0.5)/CF(10)¢} PEEK/m-GO(0.5)/m-HA(30)/CF(10)& Al &3ttt 79
5<F s SBF £ ©t ¥ PEEK/m-GO(0.5)/m-HA(30)/CF(10) A|
H FHoAN e AHdE Fo] F4E Ae AT F Ak TH
14b, 14c). ¥HH PEEK/m-GO(0.5)/CF(10) A|H 2] ZH = AF B

=R A B Qdabgge] o] SRlEA Xt 14a). SBF
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FTHOR Q3H Fo] FAHTH58]. £ ATl A
T2 A7z nFo] Kol HAS #& A

b ERAC YA Bl A s
=

]64

=

0
S ACP S50 AEE Aolvt Adxw AdAsrt dojud

ot
all

=44 =

AFSE Zhol A TH59]. Ea Ao 10 wt% 2 CFE A 7}slat d=2He 97.50

+1.0°%, 299 &40 HF FokAe 4 9

PEEK/m-GO(0.5)/m-HA(30)/CF(10)-2 °k7Feo] A&

steleh. QLA o] AEFE A A, JERE

7 el B AE W e F3 o] S

54 mHelNE %157 olYTi60, 61]. Thaba
2

M A
9§z

=,
O] E
g #

10
=



= A

tlo

AR OoH, o= FAl &AY AFdes AUAA £
T Ak sk VA 2440l 2w $HEE CF dEFel 20, 30

wt%<Ql E3 AR CFY &S 10 wt%z A3sle] m-HAS &S

J
rir

32! PEEK/m-GO(0.5)/m-HA(30)/CF(10)°] 71A14 &7, A4 &4 U
Aeide B wSehs 78 A9 s34 29 9t 4
© A3

F7HA o2 A|AEH PEEK/m-GO/m-HA/CF & &-Aje]l A 4§84
= Al 54 75 Frreigith & A9 A
S AlEe Adtddistae] Eue]l sty Al A BT
= Al 54 B7re A A ARe®E ol A3

573 @7k 180 10993-59) AIEH T FE el ot FrhE zYst

Ni

2
2
B[

£
o
ke

= FHell foxl FE e Aol AHEleto] 48413t Ek wjtEt F

TS5 HrEE AE AEEE MTT A 2FG-4,5-
Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide)= * 2|3t % =
2 PAstel ARHow Prskar 1 An AL AEm

ISO 7]|=9 a|dal= 70% oo 2 e, A28t PEEK/m-GO/m-

HAICF B34/ AL S4& wx e 2L gelstalch A 4
Q) Age) A% A AW AEZEDRaS U 5 29
o wetzg el A F 2gkel Ay F hHALY BAL

Zeto] kg0l doy=AE Hrlstsitt. 1 23 PEEK/m-
GO/m-HA/CF E3tAl= A5HEsS do7|x skt uepa 2 o

Tl AR A A AR E Ade deE dEe uE
=



¥ 11-2. PEEK¢] GO ¥+ HAV} H71® 2

3}k
H

Ao == =4

Flexural Flexural Flexural Strain
Modulus (GPa) Strength (MPa) at Break (%)
PEEK 3.9(£0.1) 156(*£4) -
1
PEEK/GO(0.5) 4.1(*0.2) 161(£3) -
PEEK/GO(1.0) 4.4(£0.1) 156(£2) 10.2(£1.1)
1
PEEK/m-GO(0.5) 43(£0.1) 170(*=4) -
PEEK/m-GO(1.0) 4.6(£0.1) 163(*£1) 11.0(£0.7)
1
PEEK/HA(10) 4.5(£0.1) 117(£4) 2.9(£0.1)
PEEK/HA(20) 4.8(£0.1) 96(£3) 2.3(*0.1)
1
PEEK/m-HA(10) 4.5(£0.1) 156(*£3) 5.0(F0.1)
PEEK/m-HA(20) 5.4(£0.2) 149(*5) 3.4(£0.3)

37



¥ 11-3. PEEK®] m-GO, m-HA, 12|31 CF7} H7}8 234 <]
.]

= =7

Flexural Flexural Flexural Strain
Modulus (GPa) Strength (MPa) at Break (%)
PEEK 3.9(%£0.1) 156(*4) -
I 1

PEEK/m-GO(0.5)

5.9(£0.3) 188(£2) 5.1(£0.4)
/CE(10)
PEEK/m-GO(0.5)

7.0(£0.2) 188(*£2) 3.9(*£0.2)
/m-HA(10)/CF(10)
PEEK/m-GO(0.5)

9.1(£0.2) 173(£3) 2.3(£0.1)
/m-HA(20)/CF(10)
PEEK/m-GO(0.5)

10.5(£0.2) 161(£6) 1.8(£0.1)
/m-HA(30)/CF(10)

I 1

PEEK/m-GO(0.5)

11.6(£0.4) 230(£2) 2.6(£0.1)
/m-HA(10)/CF(20)
PEEK/m-GO(0.5)

16.5(£0.2) 264(L5) 2.2(£0.1)
/m-HA(10)/CF(30)
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(@) — GO
— m-GO
N1s
Aoy ’Lﬁ”“""\w B
[ — -~
Cils O1s
0 ' 200 ' 400 ' 600 . 800
Binding Energy (eV)
(b) ——HA
—— m-HA

N1s J e

ﬂﬁj# SQp SQS | A O1s

Ca2p

0 ' 200 400 600 ' 800
Binding Energy (eV)

1% 11-3. GOS8 HAS 7§ A% XPS A}
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Counts (a.u.)

Counts (a.u.)

392

394 396 398 400 402 404 406 408 410

Binding Energy (eV)
(b)
392 394 396 398 400 402 404 406 408 410

Binding Energy (eV)

19 11-4. m-GO2} m-HAS] XPSN 1s ¥ =
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Counts (a.u.)

Counts (a.u.)

(@)

280 285 290 295

(b)

280 ' 285 ' 290 ' 295
Binding Energy (eV)

19 11-5. HA2} m-HAS] XPSC s ¥ 3
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@ L (b) 5
150 | —~ 150 |-
g g
= z
123 123
173 0
?’; 100 - g 100 |
@ 7]
s B
5 5
2 2
) )
L sof o5l
—PEEK ——PEEK
—— PEEK+HA(10) —— PEEK/HA(20)
= PEEK+m-HA(10) = PEEK/m-HA(20)
o L L s L ) ) ° A . . | . s
0 2 4 6 8 10 12 0 2 4 6 8 10 2
Strain (%) Strain (%)
c d
© 300 (d) 20
PEEK/HA [ ]PEEK/HA
I PEEK/m-HA I PEEK/m-HA
250 -
—_ _ 16|
o
< &
=200 9
£ 212}
o 156 156 149 =
© 150 - s g
o 117 = ol
g M % g
A0 g st
o - 3 o =
2 Tl = 4.5 4.5
50 -
0
PEEK 10 wt% 20 wt% PEEK 10 wt% 20 wt%

Z1% 1I-6. PEEK/HA X PEEK/m-HA &34 9] (a), (b) s-s curve,
() = & 8l d) == &

T
O -
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(@) 300

250 -

150

100 |

Flexural Stress (MPa)

50 -

— PEEK

—— PEEK+m-GO(0.5)+CF(10)

—— PEEK+m-GO(0.5)+m-HA(10)+CF(10)

e PEEK+m-GO(0.5)+m-HA(20)+CF(10)

—— PEEK+m-GO(0.5)*m-HA(30)+CF(10)
1 1 1

6 8 10 12

Strain (%)

(b) 20

o
T

N
T

®
T

5.9

Flexural Modulus (GPa)

3.9

10.5
9.1

7.0

PEEK m-GO(0.5)
CF(10)

—_—
(1)
~—
w
=]
S

m-GO(0.5) m-GO(0.5) m-GO(0.5)
m-HA(10)  m-HA(20)  m-HA(30)
CF(10) CF(10) CF(10)

250

N

o

S
T

188

156
150

Flexural Strength (MPa)
=)
o

3]
=]
T

188
161

PEEK m-GO(0.5)
CF(10)

m-GO(0.5) m-GO(0.5)  m-GO(0.5)
m-HA(10)  m-HA(20)  m-HA(30)
CF(10) CF(10) CF(10)

713 1I-7. PEEK/m-GO(0.5)/m-HA(0, 10, 20, 30)/CF(10) & 2]

(@) s-s curve, (b) == B E % (o) =5 A=
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(@) 300

250 -

200

100 |-

Flexural Stress (MPa)
g
T

50 —PEEK

—— PEEK+m-GO(0.5)+m-HA(10)+CF(10)
—— PEEK+m-GO(0.5)+m-HA(10)+CF(20)
e PEEK+m-GO(0.5)+m-HA(10)+CF(30)

0 1 1 1 1 1

0 2 4 6 8 10 12
Strain (%)
(b) 2
165
_16F
©
o
)
2 12| 11.6
=
Eel
<]
= 8
w Br 7.0
=
X
K
Lol 3.9
0 J
PEEK m-GO(0.5) m-G0(0.5) m-GO(0.5)
m-HA(10) m-HA(10) m-HA(10)
CF(10) CF(20) CF(30)
() 300
264
250
- 230
©
o
é, 200 188
= 8
o
=
© 150 |
7]
o
S 100
=
o
o
50 -
0
PEEK m-GO(0.5) m-GO(0.5) m-GO(0.5)
m-HA(10) m-HA(10) m-HA(10)
CF(10) CF(20) CF(30)

713 1I-8. PEEK/m-GO(0.5)/m-HA(10)/CE(10, 20, 30) =37 2|

(@) s-s curve, (b) == B E % (o) =5 A=
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B ]

- T
b (1 PR - 4 A
o T e —
s . :
N
.
-
’
5" 2 |
ik 1 L S T A
7 A : ) —y — N
i1 A ot 1 N
(c) -

1% 11:9. PEEK/GO ¥ PEEK/m-GO #34]9] 3D-micro CT
A 7}, (a) PEEK/GO(0.5), (b) PEEK/GO(1.0),
(¢) PEEK/m-GO(0.5), (d) PEEK/m-GO(1.0)
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13 11-10. PEEK/GO %! PEEK/m-GO #3tAl¢] sbghd SEM

2 A3} (a) PEEK/GO(0.5), (b) PEEK/GO(1.0),
(c) PEEK/m-GO(0.5), (d) PEEK/m-GO(1.0)

46

- 1/
p -1



(@)@, TR paT T
“{" 5‘-‘ A\

¢

1% 1I-11. PEEK/HA % PEEK/m-HA £3A]°] I}t SEM
32 A3} (a) PEEK/HA(10), (b) PEEK/HA(20),
(c) PEEK/m-HA(10), (d) PEEK/m-HA(20)
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1% 1I-12. (a) PEEK/m-GO(0.5)/m-HA(10)/CF(10),
(b) PEEK/m-GO(0.5)/m-HA(20)/CF(10),
(c) PEEK/m-GO(0.5)/m-HA(30)/CF(10)
3l shdbd SEM #E A
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13 1I-13. PEEK/m-GO(0.5)/m-HA(30)/CF(10) &4 w}eh o]
CF SEM ## A3}
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1% 1I-14. 58] SBF £of 7

(2) PEEK/m-GO(0.5)/CF(10),

b

Z Az
(b), (¢) PEEK/m-GO(0.5)/m-HA(30)/CF(10)

¥ SEM &
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86.8°

79 1-15. 584 A1E 29 9 SR 257 28 A3
(a) PEEK, (b) PEEK/CF(10),
(¢) PEEK/m-GO(0.5)/m-HA(30)/CF(10)

51



24, A B4,

tl 71714

SAAE A#s

PEEK/m-GO/m-HA/CF
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A
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Z
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3
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III. PEEK/HA YXx A-F(HANF)/CF H3A9

Az 2 54 F7
1. A&

al
B4 Bl o] A 2 T Ade 3l BIEAUI5-

17]. 3HAI%F HASF 13zt 7|4 A 2ke] w2 Hshe o7 HAZ 53

g #7kskes Aol of#Esinh ole tigt sld Weto® nFdAE
HA vz =18 m¥s A3 AZHAZ NE e m-HAE ©] &3}
o] 71A A PEEK$}S] de#8-& woluzk th. 21 A¥ PEEK/HA
Bolajel nlwa] & PEEK/m-HAS 7|AA 54, 53t ol
o 18 FTAAY 2k 58 T, ¥d /MEE Qg PEEKSF m-HA
Abole] ZAE AMFARHY] a3E Btk A m-HAE 37t

Al AR 1A AEe AdE dstAls siFAA, dEE A

e A (interlocking), ¥ 3 3F(crack deflection), H.2] 7 (bridging),

Zok(pull-out) 2 712< Fal HdAl ol 7heizle A &
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Ao g wolgoln ddE AAAT= AoE LA TH62-65].
uebs S99 7IAE 2= FEA7Ie b 3ol 7Rl Tk
AARE T gy ot} oA A= 27 20 nm, 2] 150 - 200 nm
)l 24 10 olate] =oh FE) kS| HAE ARGl & &
o= HAES 1HT 2 F3IHE AYs HA YUx AFHA
nanofiber, HANF)Z A &}sto] A A7 AY= &4 %3t av
£ AEA71 A Pk ChenS> HAS A Fe|2 $4319 bisphenol
A glycidyl methacrylate (bisGMA)/triethylene glycol dimethacrylate
(TEGDMA)S] A3 FAo 10 wt% H7Fl HTAE A2 S
) =3 ZE7b FAo vl 22% AsshsE A3E B askvhes).
ole] wFo]lxo} PEEKE HIET 1At AAjel: HANFE 383
T 3
HANFE @4shs B2 Ao Ad 34, 2o Aldelr e &4,
A FAA d7F T8 thest AblEol BalEltH67-70]. = AT
MM = ureas T pHE XES 3 HANFE Al#ehs W2AS 8
sEATHT71]. A2 pHell wet ASx= Aol thEth pH2.4-3.1
MM = v #o] dicalcium phosphate anhydrate (DCPA)7} 34
A=

o
Y

(0]
il
T
o

Ca?* + HPO> — CaHPO, (DCPA)
o] W DCPAT ¥4 FE|E At} vhd pH 3.3 - 5.5 B E o
<3} 2] octacalcium phosphate (OCP)7} % ¥ t}:

8Ca*" + 8HPO4> — CasH(POs)s (OCP)

PAd®E oCcPE 7HEal 71 EYol= HEE Adu 183l pH 6 9]
2o = Caio(POs)s(OH), Q] HAZF Az ¥t} Z43 24k o] &2 pH
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2.4 olgloll A Eeo @3] mErh o]2ES U A AHE 85 °C
o] el A agings AAFTH vt ol urea’t HEE O] NH7F &
A gd9 pH7F 224 Fi):
CO(NH,), — HNCO +NH; — CO, + NH;

EHE pH7F AA 8] =W ol Qi o]2Fo] I AEwm DCPASH
OCP7} W4 /o] €t} o] Ael= pH7} 6 o] A7HA] «L=7 =W
w2 PAE DCPASH OCP+= 7]1E9] # W Edolt e /X
St A AdRE th5 o] HAR WekA ¥tk

10CaHPO4 (DCPA) + 2H,0 — Caio(PO4)s(OH), (HA) + 4H;PO,

5CagHa(PO4)s (OCP) + 8H,0 — 4Cao(PO4)s(OH), (HA) + 6H3PO4
HANFO] @42 ¢)9} zFo] pHell uwiel Wals Qatz4ol e 9l
dE ol &% BoR, v pHelA FA¥ OCPE pHE ¥ FH+=

FA3k 2 AR HAZ WSAA 7ea3 71 EYol= HE S HAS
o3

A% A 23 HANFE= PEEKCl &3 ¥ 2 H7lso] 71418 A4S
=43}t ol E3 HAS FE A o] EatAe 7|AA EA
o] wx= &= Felstth 18l B3l U HANFO E4F Ak
= @elste] HA vie §Aks} oW tE ¢S we AE BEe)

Atk CFE  F7IE ksl HF:HoEs Al

o

=
l

PEEK/HANF/CF H3HA1E A2 9@ Ze Fote =2 7144 =
S AU 5FZAE wE2A 5%, SBF £ AdS F

3l HANF H7Hs &3 2419 A &4 & 3 24830
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2. A

2.1 A5

2 el AFS¥ PEEK: Victrex®| 450PF A|Folw, 4 g}
A7]E 50 um, £§ S5 343 °C, W5+ 1.30 g/lem®©] Tt} Milled CF
+ Zoltek AF2] PX 35 Alw& T Hiskl L, Hat Aol 150 pm, Bt
AAL 72 pm, 5 1.81 g/em®©|th, HA %2 Nanjing Emperor
Nanomaterials2] HAP04 A%< FujstHar, H 7o) 20 nm, H
Zo]7F 150 - 200 nm, H]ZEHZAo] 80 m?¥ge]tl. Calcium nitrate
tetrahydrate (Ca(NOs)2-4H,0), ammonium phosphate dibasic ((NH4),HPOs),
123 urea= Sigma Aldricholl Al 7§} 3k th. AAHHNO;, 70%)3 el
g2 thgsbmelA A skl

T A

W

2.2 HANF

L
o:

2 F3]9 0.16 M Ca(NO;3),-4H,0 =84, 0.1M (NH,),HPO, =8
05 M urea TE&NS FHlEIGh mtavlgutE wRE A7 HA
Ca(NOs),-4H,0 8 (NH4),HPO, NS dropwise= H7FA A
th o] 5 1ARF F7bR Wk AjAFo] FEfo] & ZotE A skl
o]% pHE Z743sFHA 0.5M HNO; 78 -& dropwise®™ 3 7Fs3ith.
ol pH7} 2.1 ~23¢] =23 W7hA] WY 1 F urea &

& B3Ed AR AF EF 49 ATE URA § 95 °C

57



2 AAE QEIA 1204]3F &<t aging® T ©]F vacuum filtration
2 aging ¢ A E HANF IHAES d1, o8 T/HTE 53,
BeE 23] MAHSEY] AR ol &5 AASUT HFTH o
A HANF= 24A13F &b 70 °CollA] A x¥ 3l

23 594 Az

PEEK 7|4 Ae] A4S thaket 24ow @rletel 2AS A

Zsklar, 2492 3% 19 Yootk PEEK S} ZH7be] T Al JE A
Q
a3 Agsie # wwt
CFe A2 H7FEr Be dgdso] 490 Fol F7IE 124
g et EetE Rk AAE FH e AHelA Aeso 5%
A wEE Aotk o] B W AFHIE 80 °CollA 24417 F<t
Azw 0k HANF9F 534 A 28] th=F4 scheme 19 101 e}
AgelA FAAL] FAEEW%)S SHAA W FHell 3=
EAE T oS So], PEEK/HANF(10)/CE(10)2 10 wt%2] HANF9}

10 wi%2] CF7} 23 B34 E ow|sirt

2.4 ¥4
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d

X33t HANF+ Carl Zeiss AF2] SUPRA 55VP Rdlo] AA W3

X

Al A & w7 (Field Emission-Scanning Electron Microscopy, FE-SEM)
fato] Fejel 2715 #HZSHSI T Bruker AFS] D8 Advance X

9] X-41 3] (X-ray Diffraction, XRD) FH|E Alg3sto] 1 A4
ZE5 4359 Cu-Ka WA S AFE3ke] 10-60° W12 205
Attt F7H4Ql & A1 Bruker A2 TENSOR27 R@e] A
9] -3 (Fourier Transform-Infrared Spectroscopy, FT-IR) “H] 2 o] 0]
At

5849 7IAA =48 H7HE fdl =5 Alde APEelY ==
AL 80 mm x 10 mm x 4 mm 17| 2 Bautek AF2] BA-915A Al= A
715 AHEstel A3 &% 390°C, EE &% 200 °Ce] Z7OE A
2k Al E e ARSEE Fol7] 218 220 °CollA 4A17F A
T AREET For AlEES Lloyd AFSl LRIOK E9e] vy A8

)& 7](Universal Testing Machine, UTM)& A3l 1SO 178 2 ¢ w2k

ol

o 55 2.0 mm/min®. 2 23 5 it}

S84 5o FEis a2 S8 s SEM= o] &-skqlth Al E
= AA i 30x oY @2 F A= Thete] aEA 71A A<
Aol gl HEA ddds A

BgAe] AA 84 7S 9l Bautek Al BA-9ISA AbE
2 AHY FAsE 24 10mm x 10mm x4mm 7] Al
oAtk 28jar Fufsk su) SBF &Ml AlH-S @7t 37 °CollA]

79 EF FoAH olF AlEES AW =2 7PEA A2 FH 60 °Cell
il

B E9 7S BRI s At Smardrop HE7 &
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¥ II-1. PEEK E3HA19] FAA &5 24

HA or HANF content CF content
(Wt%) (Wt%)
PEEK/HA 10 -
or
20 -
PEEK/HANF
10 10
10 20
PEEK/HANF/CF 10 30
20 10
20 20
61



(@

Solvent: H,0

|

Washing
i ol | = >4 L R
+(NH ) HPO, (o [F5 =7 [0
+urea g Aging at 95 °C Filtration HANF
for 3-5 days Drying
pH21-~23 HANF

precipitated

(b)

Solvent: EtOH

Filtration

C.

—_—

Drying at 80 °C

PEEK/HANF/CF

PEEK suspension
suspension

Powder

1% 1II-1. (a) HANF 34 % (b)PEEK/HANF/CF &3+ A2}

Al =
[ ER e JRR B
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3. 4% 4 &

3.1 HANF9 &4

st HANFSY 54 dobs 98] 23ES SEM, XRD, 181

FT-IRE EA3lgth WA SEMO 2 AyEo] Feidhs #z3st 2

=
lf
X
°
&l
paca
)
rr
o
2
>
%
oX,

B ¥ carbonated HAS} FAFSE da&S HATHZH 3b)[74, 75].
10892} 1010 em™ell /X3t I F 52 v P-O Ao 7]A35HH,
o A FE W a3l
710 ZtE 872 em™] I A& COxY well, 14199 1455 em'e] ¥4
=2 247 A9 B ¥ CO:9 i Ao w <Qlaf yERtth o]
XRD$} FT-IR AHE nig oz 4 A3 AB +3 2 carbonated HA

FbEolAtkn AES MR, B4 HAelA pH 222 Bt HA

9613} 600 cm'®] A= Z+Z; P-

@)

N



29 Abgs AL AltE o] Fof X Ale gl §dE

HANFO] 2431 EE XRD 235 verow thss) o] Aitaaith

V112/300
X. =1 — 112/300
¢ 1300
A7)M L (300) 2L A7), Vi (112)8} (300) ]2 Apo] €]
%Z(hollow)®] A7 LFEFAITE $49¥ HANFS AR SES A

A= 83%% T}

32 H5FAY 71AH &4 2 BHE

ATH HAS A7 AZHA APTESS A4 F+E52 /AT m-
HAE F7FekA, 10 wi% 3 7F Al 7FAl= PEEK FA9] ==

FAEAIL 20 wi% F7F Al FETF 4 % a1 a
HANFE 10 wt%H 71kl S Al ' E0] 56% <7tk Alel ==

TEE 17% 53R TH(1E 4). HANFE 20 wt% 371 A &9 &2

H Fbe 23 99 23 F4EE ok gastgi, o) o 43

o
N
>
2
-0
sl
sl
~
lo
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ol ojds] FA &= Adelx o]k o] HA Y Ixket v
A= Holi= A& HANFS FH mLolth(ZLd 5). £ T3V

FoA geo] THell RS Al &3 dAtol =eX 3L Y (crack)d]
o] wWhall = 7] wistolth[77]. Wk H3hAl el dhdko] ol m A4l
o] F4H L HFA A7t Srtsklth

=3 F5E 200 MPaoll &3l 5% 7IAIE 2SS YERITHE

). 53] PEEK/HANF(10)/HANF(20)¥} PEEK/HANF(20)/CF(10)¥} #°]

©))

ZAA F 3 30 %W O EL 10 GPa/l = =2 8AEFS 7HF

, 20 wt%9 HANFE %7}t PEEK/HANF(20)/CF(10)%}

R

PEEK/HANF(20)/CF(20)%= 200 MPa®ll 7}7h8- && 1 oAt e =
BAY. o]= old A4 PEEK/m-GO/m-HA/CF %A ¢} vlas] o
AL o TAARE o 2l B4 Y A94E 4 A

%2 ,PEEK/HANF/CF H&A1°] #HF AZHE LA ZA Y AFE 7Hs4

o

S Jse o #F3 542 PEEK/HANF(10)/CF(30)°lA o
Hal B4 Eo] 18.5GPa, =3 757} 245 MPaSitt.

AH A3t E A (fiber-reinforced composite)l| A= FA A AH2



79]. HgA] ZAH =40 HUAE A st dAHFe F

o7t = 2 A 2 53 QA FH ] (critical aspect ratio) 7}

Itk HANFS] Q7] Eulo] tjat 484 F& ojed da iyt

LT Al teFet SeAel e ¥4 Y wHE 52 8 A
J

AA FZuel tig AY AFE e %A, w2 dyEel A

f o FAARY $¥ Aue Aunss 9 FI0E 2008 9
tn Rusta ATk AAel B FUNRAEA 4 B 9

of Fiteol =& @holwhal A2t vhut dwkH Rl Al FH vl
Wol 22 grolgh= Ao, B £ TIPS HANFE A evw
534 7IAA 249 FHERD FEE VIdEE ¢ s St
=94 W HANFS 24 AHE #elshy] s 59A
PEEK/HANF(10, 20)9} PEEK/HANF(10, 20)/CF(10)2] 7}
2 HESATIE 7). LA 1A A g W s o R 5
ol A et Sdetd HA U dAkeks 2l 10wt d7FE S
W HANF= S-9A ool 2 Ak o] St ol= A/ FH9

HANF7} Y Z7]9] dxfef| nl38] 3 A (surface area)®] 2Fo} F7

rAl
mlo
w2
5!
<
o

66



20 wi%2 EolubiA AR $xo] Hi RS RFEG ol &
Fol ANE Al S| A%
Hge) B4 27l wwEglan,  webd PEEK/HANF(20)°]

PEEK/HANF(10)°l B]&l W& == HAEE HAT
33 B9 A €4 4 HAES

23rAe] AA 84 H7HE 98l PEEK/HANF(10)/CF(10)<}
PEEK/HANF(20)/CF(10)2] A]®#H-& 5u] SBF £of 79 Bk & &
B WH3lE SEMO® #ESAthd 8). 11 A¥ iEdeE T
o] 7 EHIFA xHolA st AL #Flg 4 9%, HANFO] #H

b BgA] AA BYE Tolga BA A2 B 3
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HnE
= 7S d#EE o FHN PEEK/HANF/CE E3HA7F A &4 =9

AT AR ABAE 2419 24 BHAD QS FAe

WA gAsth2Y 9). ol AelA PEEK Ewe A5l
o fa, P2 A7 A aFAel d©% AR st

PEEK/HANF(10)/CF(10)¥} PEEK/HANF(20)/CF(10) ¥%W°] &3¢ #H
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HA 27 Al 2A417F |09 = Aske £A4E sidsksivh. 198t

o CFl & 10wt A7hstols WA Te] Fak /1A% B4

A e BARE CFY H7Eek a4 A9 Agd o]

A Zlolrlel AEHE Az S840l Wojdth wEbM CFY

ool AGHWA VAN B, AA BY, 223 AFYY BE =
AES  WEHE AEel  AHY  HAy  wusyw,

PEEK/HANF(10)/CF(10)2} PEEK/HANF(20)/CF(10)°] Z1°f| a3t}
AEA .
agske] Aol AE VIAA 24, AAgd 2 A =1
S5 T5AI7IE PEEK 53445 HANFohe AlZEE ofojtjol&
R, olF "ol HIAEY A&
2 AEsHE M= The Aol A Fr 9l aFe] desid A
A AJH A Frob dshs B
o] YEHEE RHEi= subtractive manufacturing®|th. ©]= AAl o] 7]
AA EAS ZF FAATIARE, Frobdls oA BeA= ARE
o] Y& wol HITojx 3D THYOoR hEHE  additive
manufacturing®] A @ GHE = AR57F A fAple glo ¢
AR 2 BtE JEREL AFE F ok Aile] vk o
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3 III-2. PEEK®| HANF7} H7}8 H3HA19 =3 &4

Flexural Flexural Flexural Strain

Modulus (GPa) Strength (MPa) at Break (%)
PEEK 3.9(%0.1) 156(*4) -
PEEK/HA(10) 4.5(%0.1) 117(*£4) 2.9(%0.1)
PEEK/HA(20) 4.8(*£0.1) 96(*3) 2.3(£0.1)
PEEK/m-HA(10) 4.5(%0.1) 156(*=3) 5.0(%0.1)
PEEK/m-HA(20) 5.4(%0.2) 149(*£5) 3.4(%0.3)
PEEK/HANF(10) 5.9(%£0.1) 183(£3) 8.2(£0.9)
PEEK/HANF(20) 7.4(1£0.4) 172(£3) 3.4(%0.3)
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3 II-3. PEEK®] HANFS$} CF7F #7149 &3

Ao 25 B4

Flexural Flexural Flexural Strain

Modulus (GPa) Strength (MPa) at Break (%)
PEEK 3.9(£0.1) 156(*4) -
PEEK/HANF(10) 5.9(%£0.1) 183(*3) 8.2(£0.9)
PEEK/HANF(20) 7.4(£0.4) 172(*£3) 3.4(+0.3)
PEEK/HANF(10)/CF(10) 8.5(*0.2) 202(*2) 4.0(£04)
PEEK/HANF(10)/CF(20) 13.0(F0.5) 228(*£5) 2.6(+0.2)
PEEK/HANF(10)/CF(30) 18.5(%0.5) 245(%£3) 2.0(£0.1)
PEEK/HANF(20)/CF(10) 12.0(F+0.4) 197(*£6) 2.3(+0.2)
PEEK/HANF(20)/CF(20) 16.8(F0.5) 226(%6) 1.9(+0.1)

71



1% 111-2. 343 HANFS SEM 3z 43}
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Flexural Stress (MPa)

50
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(€) 200

250

n
(=1
o
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Flexural Strength (MPa)
>
o

3]
o

B ——PEEK
——— PEEK+HANF(10)
—— PEEK+HANF(20)
0 2 4 6 8 10 12
Strain (%)
[ ]PEEK/HA
I PEEK/m-HA
| I PEEK/HANF
- 7.4
5.9 5.4
4.54.5 4.8 g
| i
PEEK 10 wi% 20 wt%
[]PEEK/HA
I PEEK/m-HA
- Il PEEK/HANF
i 183
; 172
156 156 o
117
| : 96
PEEK 10 wt% 20 Wt%

719 II-4. PEEK/HANF 5321 9] (a)s-s curve, (b) =3 B4 E

a4 (c) =3 A&

74

s

%

) &+



SUPRA 55VP 3104

1% 1I-5. (a) 379 3F HANFS} (b) i3t HA Yix A}
SEM ¥ 43}
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13 111-6. PEEK/HANF/CF -3}

BAE W d) =5

PEEK

HANF(10) HANF(10) HANF(10) HANF(20) HANF(20)

CF(10)  CF(20)  CF(30)  CF(10)  CF(20)
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(a), (b) s-s curve, (¢) ==r




1% MI-7. (a), (c) PEEK/HANF(10); (b), (d) PEEK/HANF(20);
(e) PEEK/HANF(10)/CF(10); (f) PEEK/HANF(20)/CF(10)
3l shdd SEM B A
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19 1I-8.5¥) SBF &M 7 7 w & Bk A

#¥ SEM ¥# 43} (a) PEEK/HANF(10)/CF(10),
(b)PEEK/HANF(20)/CF(10)
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I 9. HEA Al 29 9 SR A5 A9

d

(a) PEEK/HANF(10)/CF(10) 4!
(b) PEEK/HANF(20)CF(10)

h
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5t 12 FAF Al 7AH

4% QTAE 2ARA FEHE

S A#s9ith PEEK B 4A7F A 249&

Atz At w'EA A N

10 wt% d7F Al 7HA = S EH = A glo] & BAaly
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Aslol AAH B4 ¥l ATel T gelE el Aads el gk,
o] PEEK®| HA A7} A YEh}E= 71418 ZAwe A3 A5tz

=9 AFoznt yH ek A9 AT 2 AFE v ws)
7F AYEs S48, ¢4 AdE HAE AMEdoRX HAE U

A7bsta® sk 7IAE BEAS 2te 5EAE ddtke Blolth2
& AdA AZHAZ MEE HAS ¢ olv] Bud A7 9l
2 YARE, =2 F3H| 2] HANFE /93] PEEKCl 7t A+
= B vf glo] & dAte] 5340] vk ¥ delrt HA, GO,
HA7kstol A &3 71AA EAol FAl
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IV. PLA/HANF/PGA @AF E3A9 A|x 2
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A GA S-EAIL 71A
A7 el HAS S-S waxt s vhekst A7k B gl
th HAS Zgt=vt A& F&f 11 oY

(poly(acrylic acid), PAA)= 7-&3tAZ =t Aol e, 53 W
HAS] #ARS wo] 7R Em HA 7F $ol% PLA FA 8 fAFsH
T 7AA BEE FAE 7 UAATH29]. PLASLS] FE S =
ol7] 913 HA x®ell PLAE T2 A% ASATH28]. Al A7
A= HA 399 P-OH #8715 AAF oz FEol=s S
3l PLA AF&o] HA®l <=2 %= grafting from WS AFE3S T HA
EWO] P-OHE= C-OH #Hg7]el Hlsl| whag-/do] stol =21d PLA A}
&9 ool Hol 6 wt%= A &SkA T PLAVE 524

= W I FEE ¥R VA £480] &% AFsiith oleh &
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T FEE AFsdS W d9d VNAA 249 As anE 2iux
a9ith. PLAY] HA Y= $1A$} HANFZ z+2z} 37} @l PLA/HAS)
PLA/HANF 53419 71A1% =445 vlael HSkt)

F7HARL Z1AA &9 ZskE 9@l PEEK @A clA = i
A TR CFE F2 ARESITE PLACIE CFY &4 Y FH
(carbon nanotube, CNT)E F7}ste] 7414 EA4S A7 A7
NATHSR6, 87]. sHAIRE A AEHE AAWE WHEA Fof

of ARt A = FAAE Ak RS HEel ofFdtin

= PLA AHE 30 wt%s H7I8S w PLA FXI XU 44% A& 7
E7F S7bek vkl R Fv92]. 2] A3t 58 A FE A 4H
8= sl 7IAAY w8 A &4 Ateld A2 2R We
N ok ZA 7kl AFsk=dl, o] A ZERE 2310]
ofuE AG7F AUXA FokE A7 Arske] mIrh ARt
ueba] Fge] AedE fal e = thE AF7F PGA Aot
PGAT 6 GPa®l H& A4S AYal 3lo] PLAC H7FEUE o 7]
AA B ZskE 71dE 4 Atk PGAS] 42 210-220°CE, PLA
o] §H<Ql 160-170°C} zto] 7k vi= Holet & ¥4 S Bt Ay
A R&E = vt I FREIEH L okt g =

PLAS} €3] PGAE =Y F AU+ 771 £ul7t 1,1,1,3,3,3-hexafluoro-
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.. Chloroform

—_— —
HA in drying holder
PLA solution removal

PGA fiber PLA/
suspension PGA fiber/
HA composite

1% IV-1.PLA/PGA A f/HA EA A2 &2 %[93]
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2. A%

21 A=

Aol AFE-¥ PLAE Natureworks®] 2003D #ls5o]™, &84
“(melt flow index, MFI) 6.0 g/10 min, =A< 159,000 g/mol, U=+
1.24 g/imLo|th, a1 PLAE 4.3 wt%2] p-old AAE 28 A&l
HA %2 Nanjing Emperor Nanomaterials®] HAP04 A|&= Tl s}S]
AL, Bt #1730l 20 nm, F Aol7F 150 - 200 nm, H]EEZ 0] 80
m?/g®]th. PGA A1+ Meta Biomedo| Al w3k 15 um A4S 7}
A= deHHE 17709 7hgo] mols FHE A7 A EH 3
t}. Calcium nitrate tetrahydrate (Ca(NOs),-4H,O), ammonium phosphate
dibasic ((NH4),HPOy4), “12] 3L urea= Sigma Aldrichol| A~ ¢35, 2
~HHNO;, 70%), chloroform (CHCls), 12|31 o gr-&-2 tf g st A
Akt

2.2 HANF &4

e w3

0.16 M Ca(NOs),"4H,0 789, 0.1M (NH4);HPO; &,
0.5 M urea TE&NS FHSUTE wlaulgntE wRE Al7]HEA

1

Ca(NO3)2-4H,0 &Nl (NHs),HPO;, T8 N-& dropwise® 7FAIF
o} o] % 1AIZF F7FE WRE A|AFo] Lol A sk

o]% pHE =743tHA] 0.5M HNOs T84S dropwise= 3 7}skSith
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o] pH7} 2.1 ~ 2.3 =g wj7hA] IFEUTE. T F urea T

=oll F7bstela, HF £ 892 A5 "Est F 95°C
2= A8 QB 120A7F <t aging® St} ©]F vacuum filtration
© % aging ¢t FAE HANF HAES A1, o5 THFE 53,
offebZ® 23] AMHste] F o] = AAsIAUT HEFAHOo=

2 HANF+= 24A17F E<F 70 °Col ] AZxH Y}
23 B34 AR

PLA 53AE &9 Jd 348 & AFsitE 4 5 wi%d
SEE PLAS SEEIXF HUtetal T vty Skl wnt
715 o] g3t EAMNAFEA PLAZE Eiol & 5 A st
HANFE= | g 2223 E 100 mLe H|&E H|ZA ] @1 2417 &
ot 253 A lste] EAMAIA Y. PGA @A) F-(PGA short fiber, PGAsf) =
1 g S2EFE 200 mL] B]&E v T 447F Sk 283}
A ste] FAAF T o] Wl PGA WA= Fuld PGA AR5 F
A 7FE ~ 5 mm Hol2 ZEh AFEEISItE o] F
PLA &Mo] H7bekar 2A13F 2ol wrE AlAFAL, 1§ PGA

G AR AR A AE £

QEIA 24X2F B3 50 cColN ARAFT AR HEAEL =
e E 1o, BFA AZ scheme 13 200 kgl

o ATelA SR FAREWR)E T4 O Fol #IR
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AT & , PLA/HANF(10)/PGAsf(5) 10 wt%2] HANF 2}
5wt%2 PGA @7 £3d Bt S on]ich

2.4 4

2adAe] AR =4 B7hE fdl 25 Alde AT =
A2 80 mm x 10 mm x 4 mm 7] = Bautek AF%] BA-915A Al=
ANE Abgate] ¥ &% 200 °C Ao AZETh AHe 4
A3=E Fol7] 218 100 °CollA 3A1%F dAe] & ARgSith =

Al Lloyd AF] LRIOK R =] w5 A& Al 7] (Universal

u|J

Testing Machine, UTM)S A}&-3] ISO 178 &l ulel 35 &% 2.0
mm/min® 2 Y = o)

584 59 FEe dES 98 9@l Carl Zeiss AFS] SUPRA
55vP B2He] dA &S FAF AR #Av] 7 (Field Emission-Scanning
Electron Microscopy, FE-SEM)= ©]-&3}3lth A5 A Ao 30%

o w2 F FAL Adkel nEA NAA Alo] Gk B

o

2L

SR A 24 F7HE 718 Bautek AFS] BA-9ISA A= Y

712 =2 A FUe 24 10mmx 10mm x4mm 7] Al
S

Ag Aok 28 sk sl SBF &oo] AlHE ©@7F EHe
le|Ao] A = EF Sh3lth. A& SBF &9l # A=
37 °CllM 3,74 F]F FAEU ol F AHES == 7P

AL 5 60 °CollA Ax 3 %o Az A3 Q18]S SEMO =
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¥ IV-1.PLA &9 A = x4

= O

HA or HANF content PGASsf content
(Wt%) (Wt%)
PLA/HA 10 -
or
20 -
PLA/HANF
- 5
PLA/PGAsf - 10
- 15
PLA/HANF/PGAsf 10 5
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Solvent: CHCI, & &

D N
A NP Precipitation in
excess EtOH
I=———3 ——-3 = 3 Composite
Agglomerate
PLA PGA fiber Drying at 50 °C
solution suspension

HANF suspension

13 IV-2. PLA/HANF/PGAsf E-3HA)] A2 A ¢
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3. 4% 4 &

RTHE 2). PLA 7IA A S 7IAA =4 574 A
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A B ES PLARTE ZH7} 45%, 67% =AW S35 AEe
247} 24%, 31% AHasrdvh. HEA L] 7] o w Qs FErE 2
23 RAog uEAL 7|A A HA AFole] e A Halgo] gl
olt}. o]lF MAs7] g Weto R, o) AeA F3Hu] 409
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o] 749 PLA/PGAsf(5)°ll4] PLACl H]&l 20% 457} A58t olF
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ol A= TV HA 9 PGA TR TFS 5 wind e

PLA/HA ¥ PLA/HANF E3AE9 sdds SEMOzE #Eek3
th(ZZ¥ 5). PLA/HA(10, 20)2] 4% HAZ} F 53] ESFolA nlo]=
2 3719 FAAE FAHs= s AEEATE PLA 71AA S HA
U IR} Abelo] wbe Fsteow Qla] HAZE H3A W 1=
HAte] =A] e Aom, ofF &Eel o3 B WY F HA
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G2 5 wi% 7 Alells @A 7 & ko]l Hol Qe AHE
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¥ IV-2. PLA°| HANF$} PGA W F7F d7be 539 =3
=4
Flexural Flexural Flexural Strain
Modulus (GPa) Strength (MPa) at Break (%)
PLA 3.3(%£0.1) 99(=£7) 3.9(£0.4)

I 1
PLA/HA(10) 4.8(+0.2) 75(£5) 1.8(£0.2)
PLA/HA(20) 5.5(F0.4) 68(£7) 1.7(£0.2)

I 1
PLA/HANF(10) 6.8(F£0.2) 116(*+7) 2.1(%£0.1)
PLA/HANF(20) 7.1(£0.2) 111(£5) 2.0(%£0.1)

I 1
PLA/PGAST(5) 5.4(%£0.1) 119(*5) 3.3(F+0.3)
PLA/PGASf(10) 5.7(£0.2) 111(£5) 2.9(+0.4)
PLA/PGAS{(15) 6.1(£0.2) 107(£5) 2.3(+0.2)
PLA/HANF(10)

7.9(£0.3) 124(%£2) 1.8(F0.1)
/PGAST(5)
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I PLA/HANF
r 6.8 7.1
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r 3.3
PLA 10 wt% 20 wt%
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I PLA/HANF
116 111
29
75 68 I
PLA 10 wt% 20 wt%
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97



(@) 300
250 |-
200 |
150 |

100 |-

Flexural Stress (MPa)

—PLA

—— PLA+PGAS((5)

——PLA+PGAS(10)

—— PLA+PGASf(15)
1

50 -

0 ! 1 1 1 1
0 1 2 3 4 5 6 7

Strain (%)
(b) 2

-
o
T

-
N
T

®
T

6.1
5.4 5.7

Flexural Modulus (GPa)

IS
T
w
w

PLA 5 wt% 10 wt% 15 wt%

(©) 30

250 |

N

(=]

(=}
T

150 -

100

Flexural Strength (MPa)

@
o
T

119
I I111 107

99
PLA 5 wt% 10 wt% 15 wt%

1% 1V-4. PLA/PGAsf 53419 (a) s-s curve, (b) == B4 & ¥
j

(€) == %

98
s - w k)

e



19 IV-5. (a) PLA/HA(10); (b) PLA/HA(20); (c) PLA/HANF(10)
(d) PLA/HANF(20) H¢A12] wtebsd SEM ¥z 23}
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1% IV-6.(a) PLA/PGASf(5); (b) PLA/PGAs{(10); (c) PLA/PGASsf(15)
2ol gt SEM #& 4y}
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1% 1V-7.549] SBF &< PLA/HANF(10)/PGAsf(5)
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20% stk 18y PGA WIS kS 10, 15 wth®E ERS
o, 8dES O F7FeloY =3 WX+ PLA/PGASf(S)Eth Tra
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Azskolct, aEA 2AlZ+= PEEKSE B3d4d PLAS A E3kal
PEEKE Uhe ¥4 &A1Eel visl 7144 &40 £& Bow ¢

A 24 e A7te] WA Z(EAE 7-30 GPa; = 7
MPa)oll H]3l] sto} whebs A A3 71412 =
¥ PEEK ¥ PLA HFAE AAsh= A& HEE 73U
IR A & NS fElA HAE H7ESESl=T, HA Y
YA= EW olUA7F =31 PEEK % PLASE F 3t o] £ ¢kol &
GA WellA AstA sAEHE BFs Bt ol & HA =
7] dbek gl =Z3 o] AR olo] it PEEK/HAS® PLA/HA F5F
HA 10 wt% 7} Al F=Alel nl& =3t =7 25% 717ke] #h4sk3d
U HA Y= ke 7tz S AA 442 FeAxRt A
Lo Azt Asl 7IA7 =4S FEAII7= oldu . wehEg]
=

th webx] HAE A -8 Mdste] B3A A7 Al 1A A



AeS vetarAt A th 124 PEEKSF PLAS 7| A A& AFg-31oq,
A A3 7144 24801 3 MR HRAE 7] S8 HAE
T o7HA BA o w Jh-E ek, T Al e HEIAE A
skttt

AN A2 A 235 23A= PEEKY] m-HA, m-GO, 18|31 CFE A
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o]x &y E Ao 7]£2 PEEK/HA % PLA/HA 537} 2
A dAdo] MARE o W] AR IA Fhce TAE JHAEH)
A& HAS F 7FA A o2 Jfdselth. s HA Uie YgAbE
AdA AEDAZ Rt nEA 71A A} HstEs FoluAt
A3, e HAS Ui A2 st 7414 248 Asteta
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Abstract

Polymer materials have gained attention as an alternative to metals for spinal
implant material, as the polymer can avoid stress-shielding effect.
Polyetheretherketone (PEEK) has higher modulus and strength compared to
many other polymers, and is chemically stable, biocompatible material that
does not promote side reactions in vivo. Biodegradable poly(lactic acid) (PLA),
when made into spinal implant, has an advantage of not needing a follow-up
surgery to remove the implant, as it can be degraded naturally in vivo. Of the
biodegradable polymers, PLA has advantage of having a good balance between
degradation time and mechanical properties. A lot of researches have been
reported to apply PEEK and PLA for spinal implant material. However, these
polymer materials lack bioactivity, and have mechanical properties lower than
human cortical bone.

In this study, hydroxyapatite (HA) was incorporated to give bioactivity to
polymer composites. HA is a bioactive material that can grow calcium
phosphate layers on the surface, and is one of main components of human bone.
However, due to high surface energy of HA and low interfacial adhesion
between HA and polymer matrix, HA was strongly aggregated in the
composites and decreased the mechanical strength. To avoid this drop in
mechanical strength after incorporating HA in the composite, HA was used in
modified form. Fillers that can reinforce the mechanical properties were
additionally added to make PEEK and PLA composites that improve both
bioactivity and mechanical properties.
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First, the surface of HA was modified with silane coupling agent. The
modified HA (m-HA) increased its interaction with PEEK through the
functional groups of the coupling agent. Unlike HA which sharply decreased
the flexural strength when incorporated, the composite maintained a similar
strength to neat PEEK when 10 wt% of m-HA was added. When 20 wt% of m-
HA was added, the flexural strength decreased only 4%. Observing the fracture
surface of the composite, m-HA was seen to be well-dispersed in the composite
and had less tendency to aggregate than HA. Graphene oxide (GO) and carbon
fiber (CF) was then added to give additional reinforcement in mechanical
properties. As a result, composite having similar level of mechanical properties
to the cortical bone, with modulus of 10 GPa and flexural strength above 160
MPa, was made. This composite was also observed to be bioactive, growing
calcium phosphate layers on its surface when placed in simulated body fluid.

Secondly, HA was morphologically modified, and was added as a fiber rather
than as a nanoparticle. HA nanofiber (HANF), which was synthesized with
aspect ratio of 40, could give more effective reinforcement than HA
nanoparticles with aspect ratio less than 10. As a result, PEEK/HANF had a
higher flexural strength than neat PEEK. HANF was also seen to be more
evenly dispersed compared to HA in the composite. CF was then added for
additional reinforcement, and as a result, PEEK/HANF/CF composite with
modulus above 10 GPa, and flexural strength near 200 MPa was obtained. This
composite had mechanical properties similar to those of the cortical bone, and
was observed to be bioactive when placed in simulated body fluid.

Finally, HANF was incorporated in PLA to make biodegradable polymer
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composite for spinal implant material. Similar to PEEK/HANF composites,
PLA/HANF composites had higher flexural strength than neat PLA.
Poly(glycolic acid) (PGA) short fiber of 5 mm length was added for additional
reinforcement, and the optimum amount of HANF and PGA short fiber that
most effectively increases the mechanical properties was found. As a result,
PLA/HANF/PGA short fiber composite with modulus of 7.9 GPa and flexural
strength of 124 MPa was obtained. The composite was observed to be bioactive.

HA is typically incorporated in polymer composites to improve their
bioactivity. In this study, HA was modified before incorporation to avoid
possible reduction in mechanical strength. HA was modified in two different
ways. First, it was surface-modified with a silane coupling agent to improve its
affinity towards polymer matrix. Second, HA was synthesized as a fiber form
with high aspect ratio. Both modified HA was proved to be effective, avoiding
the sharp decrease in mechanical strength when added to the composite. Then
additional fillers were incorporated to reinforce the mechanical properties to
the level of the cortical bone. For PEEK composites, GO and CF were added,
and for PLA composites, PGA short fiber was added. These PEEK and PLA
composites with improved bioactivity and mechanical properties have high

potential to be used as spinal implant materials.

Keywords: Polyetheretherketone, poly(lactic acid), hydroxyapatite, polymer

composite, carbon fiber, poly(glycolic acid) fiber
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