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Abstract

This research aims to develop an innovative biodegradable polymer blend with
excellent physical, mechanical, and biocompatible properties for potential utilization in
tissue engineering. The study aimed at the fabrication of PLA/PBS/PBAT/nHA
composites, using polylactic acid (PLA), poly(butylene succinate) (PBS), and
poly(butylene adipate-co-terephthalate) (PBAT) as the polymer matrix, and
nanohydroxyapatite (nHA) as a functional filler. The influence of nHA content on the
physical, thermal, mechanical, and foaming behaviors of the blends were

comprehensively analyzed.

Two groups of blend formulations were designed based on PLA content: Group A
with 70 wt% PLA and Group B with 80 wt% PLA. Each group consisted of four variations
with different nHA concentrations. All samples were prepared using a twin-screw
extruder method through a melting process. The presence and compatibility of the
components were verified using FTIR and XRD, while DSC was employed to evaluate
crystallization behavior. Results from tensile and impact strength tests indicated that
appropriate nHA loading markedly improved the mechanical performance of the blends.
SEM and TEM analyses revealed that nHA served as an effective nucleating agent,
improving the crystallinity and overall structural uniformity of the composites. TGA
confirmed the thermal stability of the composites, and water absorption and contact angle
experiment demonstrated that nHA addition enhanced hydrophilicity, making the material

suitable for biomedical applications.

Furthermore, the foaming characteristics of PLA/PBS/PBAT/nHA blends were

studied using supercritical carbon dioxide (SC-CO-) as a physical foaming agent, aimed

vV
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at generating porous scaffolds conducive to cell growth. Different foaming fabrication
techniques were investigated, including a primary process involving saturation under
conditions of saturation temperature and pressure, succeeded by rapid pressure release
(1T-1P), and second strategies including intermediate steps of temperature and pressure
regulation, such as cooling at an intermediate temperature (2T-1P), cooling at an
intermediate temperature combined with rapid decompression (2T-2P), and stepwise
decompression (2T-2P, stepwise AP). SEM observations revealed that the (2T-2P,
stepwise AP) generated a bimodal cellular architecture with small cells sized between
105-164 um and large cells from 476—889 um, indicating that foam morphology can be
precisely regulated through the adjustment of processing parameters. Key foaming
characteristics such as average cell size, expansion ratio, cell density, porosity, and open-
cell content were evaluated. Hydrophilicity was assessed through water contact angle
measurements. Compression tests conducted using DMA revealed that foam stiffness was

closely related to the foaming strategy, reflecting changes in mechanical performance.

In summary, this study successfully established the processing techniques for
PLA/PBS/PBAT/nHA composites and their foaming behavior, proposing material
formulations and processing parameters with strong potential for tissue scaffold
applications. These findings offer important insights and constitute a key reference for

advancing future biomedical materials development.

Keywords: polylactic acid, poly(butylene succinate); poly(butylene adipate-co-
terephthalate); nanohydroxyapatite; polymer blends tissue scaffold; supercritical

carbon dioxide foaming; bimodal cell structure.
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R i P IREE A > bldek /,?H R EAR T ho § L (CO2) & F F
(N set7g o+ gl B {3 a0kint, Flpte Rl fur 2t agpamg @ DO
Do gad st s * 4 WA~ AH BV ERRP e E o SC-COx 3 i H e
WaEg R BRI A BAATE S BN it~ A FERES
FoRFulE A K B eIz ¢ cip A F R P LK L IV
Mo e FEE A E S T PR A B R R ey i > I é?mﬁf&
B4 EAaP e ka4 g4 X8 PLA chR AP XA kA T 0 & SC-CO.
VBT e BARR IR S AFRReNiE 2 R FIE D 0D F LRV A EPLASE S 75

N0 STACIS QU L) T e

Yang % A P |\ e tefo/R 4 16 MPa T (7 PLA #@ 9 5% » & 0 A3

PLA Bh Bl e @ RT T e Thge B RO F RS x2T > F
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EREEAALG AT ] R WIR Y It g 4 - Chen & < Pl
L7k D-BHpt g £e0a f8 PLA RS » B R Y S HFRERFEF 02
(two-step temperature-induced foaming process ) ; &7 Fi £ > 3% 16 MPa £ 150 °C
EE T A o [ RF AN B R T RAF I R B2 DR
@B AR E v oHuang & APIRIR N SRR R fres > A ERA FET 0

BREF S - b feD e LR BEL I BREGERRA AT BRY

@_Fl,%iéi Vol B J-,}#m PLA ;ﬁs/@@lg\,#ﬂ J—%i’%%‘\tn%&‘l ﬁi»){%ﬁ o

gL ek s e PLA B EFRAOT M ER E Y 0 BlAcR T - BT = By (Polybutylene
Succinate, PBS) £ Ri& {7 SC-CO, #izcrp b7 77 3% > ¢ PBS ki
T ERBF AR fatfiemd d o Li #APURE T AR
103MPa ~ »PBS 7 £ %¢ ;8 2% PLA/PBS £ 8 s suengp e F A 8- 9 5%
P AR S BT 180°C I REL C EHEIRMEREFE A T
UG BN B IO e 2 g R g FloWang B A BT i e g e

fomie Kok > AP EE FHIEBRT PLA 3V FHE » ¥ 345 A KT o

Yu % 2 Bg— 35 4457 PLA £ PBS ehx R4 ¢ ;2 en7 5 o d > PBS
BRSO VMR SRR L A PLA 22 PBS B edp oo 7 IRGE
FoeNtie my %4t 0§ PLA/PBS £ 800 5 80/20 ¥ - 383 FF AR 4
WA VAL R RBIC R E ET S A F o PBAT 03¢ 7 4 Bld Wang ¥ £
81pp2t B2 & SC-CO. 2§ f 1T 5 £ 8@ 5 H - RRARE? § »0icd PBAT
e 3t PRI g o

TE KRR ES A r e At BERE B R R e Rovg 7m R 3 BB
Mo g =i2e 5 LM E 3 SC-COx ¥ b fr— TR » F BRI Y RS

FEETORFF L AERERIF BRI IF AR - BHZRAET FFFE A
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Ay

L 8 - 2 Jﬁ@ﬁ 4,;\,J"L[6061]
SEDF e foif EHERE T el at L H AT WR N8 TRA

PTG 2 R

PO I AEEI PR HN S R ELF R M NG R AR
TEG AT AR R S RRA ST AR RREE R A RET R
Mg AT HEESE (PLA) 23 &8 A aflmr 4o r» L EP B R i
B F - 9T Zfg-e - fifig (PBAT) &2 4 #ET 2 SR T R =
B = fin (PBS) & 1% S pd bl v s e~ & A S B L0 of mag Bk
Z (nHA) 5 @R ot 2 p A - BATHe AT 2 5% B2 63 45
ot PR LS QTRA - F PR BEFRFLFEEFE AR EFREY L P

3
A~

?Ln

S AR RS r E

1-4 275 2 pIFTEREFT P
PP e o F AL HG R K EABLE (HA) 2
PLA/PBS/PBAT = = £ iR F & & (742 TR = § it s (SC-CO2) % ¢ thtp M 452
#ATq o d %t PBS & PBAT 4pA 40 PLA AH Y A REF B hfs 245
boend i 0§ 04T RUEH B4R 0 AAT] % 1 PLA/PBS/PBAT 4 R 48 i
¢ s nHA SR g Y SC-COn 3 it 4Eiie 7 57 2 2 K - SN
e ple (Aot {4 e - B B R ERRE S ) R T ke
S BRI e I R T A B R R BRI R e B kg

& R (gradual pressure reduction ) 2 7@ Rv: o B Y Adrdlieit a4 £ 7

~

SRRl BN STELR X e VR o F S IR DI AR RS- ks

e LR R AT BRI g e ORI RO RN I e
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s B2 FEATA AR A RS S AR AR BRI AR ¢ R

4 o

PP AT R e RERIBLE VISR T A AP IR RIET RS S
R 2 2o TG LB OTRRE B S R T EEE (4
BRSRA CAEFFFE) L SR E R RE R L B RE Rl
o - B E SV G B E MR 2R RSP AR E- 255 A
T A 2R P R FEL AT ERIApL FHE DL 2RR BT
F2 O RFEFBRAA TEEF LR EFTHRA KD - AL RTINS
FHPATER LA ERF R P EM et B RO F R AT

Fiaypag® > o
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FoF FRERH R

2-1 REH#

F 5 pé (Polylacticacid, PLA ) i * & & % Ingeo4032D > ¢ NaturalWorks LLC,
Minnetonka, MN, USA #i¢ > 5 - AL % H A3 » 3 B4 D-1fz 95 1.4wt%-e
PLA =38 % 155-170°C> H 3 ﬁﬁipﬁ”{ . 190°C-~2.16kg 157 )% 7g/10mine
7 = f&7 = fy (Poly(butylene succinate), PBS) # * & & 5 Bio PBS FZ 91 » d
PTT MCC Biochem Co. Ltd., Bangkok, Thailand # & > 7= J»t 2L & & 4] # %% %% B fig
HAL o PBS e B G 115°C » H g mhdgdic (& 190°C ~ 2.16kg i 7 ) &
5¢/10min- & (& = fi-¥% = " &~ = fig ) (Poly(butylene adipate-co-terephthalate),
PBAT ) £ * A& & 5 ecoflex F blend C1200 - % p BASF SE, Ludwigshafen,
Deutschland’ & — &4 1299 9%5-> 4 % L Rfg L 7 22 £ BB 4 H 7 ffjaldo
PBAT &% 85 110-120°C » # % fedn#ic (& 190°C ~ 2.16kg # 27 ) 3 2.7-
4.9 ¢/10 min~ % F 5 274 % % (Nano-hydroxyapatite, nHA )P p Sigma-Aldrich, UNI-
ONWARD Corp, Taiwan » H % & & ** 97wt% > THEkje g5 72-80 2 £ -+ + £
H5 50230 %8595 1100°C - H i+ & 72545 (CAS) 5 12167-74-7 - izt 3

B gk kB TS 8 4 B2 B 7030 Table 2-1 -

22 3 £ PR E R R g

AFE G @ % 2. PLA~PBS £ PBAT R &4 » A X R5HIHALINE 7% H
( Channel, VO45L, KO TSAO specialty Instrument & Supplies Co. Ltd, Taipei, Taiwan )
¢z 80°C Jg 6 P fﬁﬂ” VoA YR A o EF AT A LAY A 2 TR
2 b e fE o et 7‘*\/?]‘ ez K EABEAE (nHA) 2 2 Bk & CfEER> 2
= 7% Table 2-2 ¥ o %75 X R 4H41200 fFif 45 o 1148 (Process 11, Thermo Fisher

9
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Scientific, Waltham, MA, USA) i€ 7l » 40 21 e % § RA# % 42 B R b e
Poif o 3740 B 55 1lmmo £ /2 (L/Dratio) 5 40 - iz 2 R4 4
SFAALE ~ o DR F R R o SR G A BB ARG T IR

FTEZRRT B

REFLRPLEREFRLS lkgh  FHEEEAE S0rpm e w2
IR R ERE E 200-210-220-225-225-220°C o fufr = fs 0 4R ﬁ:vk)p« ed kg
AEro PRRFFERRR o FRB RS T ool g B E R AR SR TR
e MR RS RESAZWE o BREFEEL 200°C 2R 5 44 £ 4
FrEnF R AV EFLEFERSERS 12£02mm e F R R R it
i BEANIER ALK R ot 7 nHA ROz E RS HEGEA TR D
Pk o ipl 2 fe i 2 R S0 R TR A 4T 1B S S MR LR
BSORMRIEE SISk o MO EMRRE & B A~ F 43 & F (polymer blend) sk i+

TR B AR 2-1 0

Table 2-2 7| d1 7 *F7 % > 30 % - FFERMF %Y PLA 3~ 3 2 R P e

S oo RS %L PLAGO & - 73 60 wt% PLA 112 HAeRa 553 » 3 (25 wt%
PBS fr 15wt%PBAT)> ® Ak % # 554 7 (nHA) % i 4 « Table2-2 ¥
Fldiente & 57 A B2 B A W& 3% FE'/,T% 9 nHA » M3 & 47 A & 6] &

5 70 £ B Ak R (Wt%)2 PLA~20 € £ F A kB (Wt%)2 PBS~ 10

D
=

& A0
£ 8 F A kR (W%)2 PBAT 2 A% nHA s 848 - 5 A3~AS & A7 B
fedn - PLA/PBS/PBAT fie s ™ » A %l 3+5 2 Twi% 1 nHA - 65 5 7] B
P& % 80wt%PLA ~ 15wt%PBS » 5wt%PBAT » 4 &% B0 B3 B5 & B7 f
Sl e 05355 5 Twt% o nHA - % fedpdl o nHA % F A & HRET
Foc A g foefp g BRSO kgL @ nHA (¥ B2 -

Hoe "T 4v e nHA ii’.:y;*f:ijf‘_/}—%’_}—@}gkt’ 3F %m%@lj\ [63] ,
10
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¥ PpBa e F SR et 3 PLA/PBS/PBAT=80/15/5 (Wt%) o 47 ¢k %
‘v Swi%nHA o &R F RS ch g S X0 d CKip A dro SR It XL g e e F
UREERCE 2 200°C B S A4 WA NG5 3mmx 7 mm> B& 2 mm
FHEAGR T cE R AP R R O A RBHEGTRERSR Bl g ke o
B F B d B AR deB 22 1 R SR A TR B C FE R B2
BRI FFd ISCO B RFY > H#- F A~ 3 REY L FARTLERER

PRGT RS A LRAR A HEE -

2-3 A5 plE R

2-3-1 & > ik = *t L3 4 47 (Fourier-transform infrared spectroscopy,
FTIR)

AEF R L i kR (FTIR, Thermo Fisher Scientific Summit
LITE) #fie ATR B> 2 47 & F H 2 4F £ R P 30ehis B4 - fde o dics 32

oo fEPTR 5 domt o RIREA EH B 5 4000-500 cm ! e

2-3-2 X sk 3844 45 (X-ray diffraction analysis, XRD )

FA AL HR SRR o % X kitk (XRD, Rigaku) i 7 A
1o fsh s Cu-Ko (A=154A) 3 iFig ™ 5 40kV 27 15mA - Ffyid ¥ 5
10°/min » # 45 8 5 20 =5°% 40° -
2-3-3 7 £ 4 £ # K45 (Differential scanning calorimetry, DSC )

rF it T L ¥ £ # &k (DSC, Hitachi High-Tech Scientific DSC-7000,
PA) 2F §BRET > EFRABERABEEFL AT REEE 5 406mg 5 -
=t e C30°C 11 10°C/min =g 1 200°C £ (g 5 A & i rE RUE R
r3-50°C # R K443 200°C o 3438~ b HERE RBESLER ~ 4

ERR Y R RS S %
11
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LD ﬂ@f’?jh—‘i }L" f”ﬁ\"v #‘r ’,‘%r'%\?’tlbf" 200°C {s 4 273 50°C» 4

™
=
(?m-
i
ﬂ

5 2.5~5~752 10°C/min > fpt if & T AN d AL E T A

2-3-4 BFET R

AT 2ZAEHMER 0 * i HAE%E (Cometech QC-508M2F, 5
A BT Rl e B 5e R RIEE o 3 R k¥ ASTM D638 Type IV > #% 50
mm/min i# F & {7 o B PIIEZJR ASTM D412 » & * Ceast Hsbbri 285 1%
(Model Resil 50B) 277 3% #6328 {7 » 4% Izod 8 > ;% » @ % 2.75] 2 4EFf o &

PREEFT LT XDEAFRIE 0 T H TEEERT o

= 7

2-3-5 ## & § 3 s (Scanning electron microscope, SEM)

% Fh N T S Bics (SEM, TESCAN VEGA3 SBH) B2 AF %245 &
HALE m AR nHA A 47052 c FFT R 5 20kV > 2+ B 5 5 3000 & o 7 7
RELEE ZI0R T B ERIE R 52~k A 7R B H T SEM it i R(EDX,
Nova NanoSEM 230) &7 c 32 %k > o » A% * 2 FHh 7+ ik

4 4] % Nova NanoSEM 230>z« £ %+ 3 % 10,000 & -

2-3-6 7 %N E 3 B4R (Transmission electron microscope, TEM )

% %~ 17 nHA # PLA/PBS/PBAT/nHA 4§ & 141¢ » &£ 4 ?ﬁmla\ WA A
S B 7% N7 5 Best (TEM, Hitachi H-7650) & (7 L2 o 42 & 7 & 4k &30
—100°C ~ F F TRiL ¥ LMGRAZE S P HET 7 WK o Dok E el > 270
KV T RBEZ LY T F R o
2-3-7 # £ & 45 (Thermo-gravimetric analysis, TGA )

AR & L L7 R (TGA, Pyris 6, Perkin Elmer) =% % & #1 48 244 o
P 8 mg i 0 0 F FIRE Y 2 10 °C/min & % d 40 2 3 600 °C » ¥ okk

TGA # & ¢ 512 DTGA £ % -
12
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2-3-8 ok F Rl

TG P AFE R P A L BRSO R I - %2 52 3 20 mm x 10
mm x 2 mm > > 50 °C & 24450 % 48 pFrief=E (1@ * # & 00l mg2 &+
L)oo R ERPEEN25C FARY Y L EERER LN 12 58

8% o A FEUT RAEBRELG kAL L BB EE LTk F o

2-4 e frn g e % 3
P TRAFRIRBEFFEHPNAL FICHEH > AT EFTLRA S

§ LB (SC-CO2) 2 befrsa g ie f2 /e » e 2/t LW > 2 7 %W 2-2- 23 R
(fe4 P 3R (Ffmig k> To) 2T > SC-CO¢ #d Hicti7 o > Bk
»EEPARY > THEF - B R () R E A Fie R RITIER S 50
iRk (Te)~#@ R4 (Pr) 8@l (1) b 5d P BRI ¥

Ko A5d 53 e S RFT g ¢ PLA/PBS/PBAT/HA ff &2 % i¢ 3 1+ % ficsiom

s IR R e i N s SR

B B3 B2 (Applied Separations 70770, Allentown, PA, USA ) » ¢ &
TG ET WL R AR XE P O LTRESEE B R AF DY BRT A
TR GH2°C SRBHMTF > FAFTANKECOMF S4sh- RFR TH
R M3 RAGN BT TR T2 B A > ¥ 2 ISCO 260D & B F i (Teledyne
Technologies, Lincoln, NE, USA) 4« BRI ¥R+ o AT FLFELHFHF k&0

14 ie §v% $1°° PLA/PBS/PBAT/NHA 4 & H#t2 B4 o & B4 e 5 27 R 4 -

BRE S IR REdHRTE o
13
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2-5 Fie R A I ERPL BRI FRELSH

*FF MR R+ B Acst (SEM, Nova NanoSEM 230, Hillsboro, OR, USA)
BB E R A A MR 45 AR o A SEM BB W > T B e E 52
SACRIAED - K AW RBETE HERELUERTF (¢) BEHTS (1)

21 g [35,56] .
B .

Ps

= (1)

He op s AR (A @) BRSL B R pr s F e RSLBR - FREPIHT

KB 42 0 p ASTM D792 45816461

H = §84% 72 3¢ fic (cell density, No» ¥ i @ cells/em®) f] i 7 3% (2) 3+ B653541:

p
N, = w x 1012 (2)

H¢ 5D 5363 enT303 /2 (pm) > o SEM BB 17 2 o

etk Fenat M (porosity, €) ¥ od IR 3B F A o 4o B

TRk ek 2a 3 0 B33 (opening cell content, OCC) £ & & e 4%
£ o OCC # #iefhad BRI ﬁﬁ% (VOpen) —"E’ﬁ{‘aﬁﬁc (Viotal ) 2t B & 77 » 40T 50
(4) o [56] -

14
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Vopen Vtrue

0oCcC = =1

Vtotal Vtotal

(4)

B o Vine s RENEMF(2 HFEHE 2 BEH ) B HAER S Vi
#3 Vieul © Vie 0B 2 %140 § 4§ v £ 5% (nitrogen pycnometer, AccuPyc II 1340,

Micrometric, Norcross, GA, USA) = = o

2-6 #ff & 1RGSR ILF RIS

ARG 248 E4HR > # % & & A 7 &% (SEO Phoenix, S.E.O. Co. Ltd., Ansung
City, Republic of Korea) B & & f6 3 /¢ %% 2 K&l & o L& 4ol & T F R
2HA 30 A4 R FA . ¥R Y B ELS TR (DMA, Perkin Elmer 7e,
Waltham, MA, USA) & 7 B4 — L % #1Lp1E - H5KE RS $F 5 TkPa
3 LI3MPa: f 44 F FE: 10kPa/mine % & 7§ #7024 F %2 3 PDLLA/

4 PR IBAE L R E 7 DMA RIRIEEL ¥ @ 53000,

15
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$o2f PmERHHG

3-1 PLA/PBS/PBAT #f & #H#l2 £ ¥ 53 B Bld %%

AT AR * 2. PLA 5 A end & 345 & ke = 5030 Table 2-2 ® o ik
W5 PLAGO 2% - B AF 4 2 H 5 ABA 7 (nHA) hf g 447 ¢ Hp > # m =
% 60 wt% PLA ~ 25 wt% PBS £ 15 wt% PBAT - Table 2-2 ¢ ek &% 5] A 2 B
AEEFF ARG R nHA GiEtk o S A0 H 60 2 53 70wt%PLA ~ 20
wt%PBS ~ 10Wt% PBAT 1= AR & #4f & 4 A% nHAT @ A3~AS & A7

BlG ¥ AO #al AT Aulkde 35 2 Twt%nHA #7822 # 5 o

e k5 B 5 ¥ - PLA S A# A= ~AREPHE F o o2 5 80wth
PLA ~ 15 Wt% PBS # 5wi% PBAT « B0 ~ B3~ BS & B7 RI4 S|$Hki+ 0
305 2 Twi%nHA 234k 0 ¢ § 2 frdndi o §F nHA 2 % 48 & 42§ et

FAHLEE S St P fAp e

REENETRIPRET LS O AF L ARG N EABAE
(nHA) 2 B & 44 & HALE A4 @ 5 RRGE - 2 3 ¢ nHA R & 548 & H#
2o 055 B % 53 Table3-1¢ o d & ¢ 7 BB T| > PLAGO #th2 & 1 i 4
(¥ 3%A) 5 376+ 1.8 MPa @ 24 A0 22 B0 chi + 2/ 4 k426 45

MPa -

EEAMATIRERTR VG R gt R FA N5 50-150
MPa £2 10-100 MPal"> %o 4245 » pedp - 5 R £ f HofLenpe # 55 & § 0 40 MPa-
TR A es gt § RN e d Table3-1 7 R 4 A0 &2 BO W i

RS R ARA TR SR T T
Jerh o pa R AR S R PR 5 8% BB s BT A Ry

16
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Lo mpt > A g H#E 2 3 T0wWt% & 80 wt% PLA 1% A F4F & HiL

LR AFOPRBAE LR FHES > VARG B 2 VR FHE

3-2 PLA/PBS/PBAT/nHA 3 & ##2 FTIR £ pl% %

ARG 2 0t k3 & (FTIR) 4 47 & & PLA/PBS/PBAT/nHA 4§
CREE LRI 5 AL H g pl % 4o Figure 3-1 #777 » % 3000 cm™ Jausiwk o ¥R
3 PLA ¥ —CHs A ¥z 7 $HE0 S54R % o 230 1750 cm™ ehgh ok B ok f
PLA- 122 PBS ¢ PBAT ¥ i fh (C=0) ¥ 45i&#-1181cm™ £ 1082cm™ j
S A H) B figdt? C-O-C e iR o 1040 cm! s o ¥ fF 5100
C-CHs e 297 440 0 nHA et @ > 2% 602 cm™ #2570 cm™ i

BRI Farasofoid o izl 5 nHA ¢ POS™ F ot e i [48,70.72]

BEAR eE ;__7’*\/,9]‘ e nHA #9383 A0 22 BO ¥ » ¥ A% 3| PO
BofciE o @ Figure3-1(a) £ Figure3-1(b) # # & 7 nHA ## 0 FTIR %Rl

HhEr I g > %P0 nHA 242 2B B LFFLHE2ZY o

3-3 PLA/PBS/PBAT/nHA 4§ & ## 2. XRD £ R% %

- # F£3 PLA/PBS/PBAT/nHA 4§ & ##1 ¢ & F = #3% » nHA » I &4
REFHEMP? DRI AFTEFT X MRS (XRD) - & i
7l A & B &1 XRD %% 4 w4c Figure 3-2 (a) £ Figure 3-2 (b) #7177 > &7 7

14‘? ¥ 0 nHA #3554 B3 3@ f%“

B 20 5 15° 3 20° ® BV ELET| PLA chiFpcsEstE > PBS Pl 20 =

22.5° Rt H FpcEstE o nHA i destE P LA 25.9° 5 28° %2 32-35°
% (- 3 MBI

17
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ér_ak,l ‘e nHA k5% A0 &2 B0 ¥ » ¥ ABERT| T nHA 3% - 4p 4
B k& A3 2 A7 ¥ B3 3 B7 ¢ XRD B ¥ 0FH44 ¥ nHA
ZETH A BB DESE 5 R Y 523 0 B nHA 4 ¢ 28 B r 3 &R

S C R K LT

3-4 PLA/PBS/PBAT/nHA 7§ & ##l2 DSC 2% %A 47 % %

AEGAIT R AR BH AT (DSC) NER L B R R E P ORFARESL 7
Lok & i7 A ¥ B /f]‘ v d  Z £ nHA % = U 4c#ud 4 B 4e Figure 3-3 (a)
2 Figure3-3 (b) #7771 o 8. DSC # W#» ¥ ¥ PLA e B#EH 8 &R (Tepra)
48R R (Te) PLA 93 @8 B (Tmpra) s 4 2% %% (AHe) 24 &4

F2 4 % (AHm) > 2 #chh 713 Table 3-2 -

nHA mﬂj‘ B F B PLA/PBS/PBAT 4fF &6 Ml eni fu 75 > i&m BEE &

]

B AR R A S HA R SR (X)) 24T T

AH,, — AH
X, = ’” = x 100% (1)
wpLAAH, pra + wppsAHy, pps + wppaTAHo ppaT

H¥ > opra~@ps 2 opar 4 Y] & 48 & k¥ PLA~PBS ¥ PBAT heE &
&5 5 AHopra ~ AHopss fo AHoppar 4 %] 5 100% % & fs 705 k2 % o < }Fﬁe O
%—éﬂ’ﬂ“”’”}}ﬁﬂ:“f’%mé\‘%‘; PLA % 93.1Jg'>»PBS % 200Jg'>»PBAT 5 114

J g il4873761

boe peerit > PLA & PBS &% PLA & PBAT 2 B en#id §4p 7 { i i
B3RN0 20 it f A2 Y nf i Ko F R 2 kT iR S a0 4

¥ Table 3-2 #757 > PLA/PBS/PBAT #f & #1# (# & A0) 2 ¥ fh & Xe &

18
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201% F 4> 2 g Bz X AL F (nHA) 8 (& A3~AS5 v A7)
SRR Xe A8 3 248% 3 27.0% B EFAE & MRS R B R G Bt
R g o

d Table3-2 =¥ B2 k& & 7] B(#& B0~B3-B5 ¥ B7) i+ » nHA

o HApHERR Xe T ERINER S BH A g L 2 ik g

3-5 PLA/PBS/PBAT/nHA 4 & #H# 2. 2LE B % 5

—
e

%El%iﬁ@}’% v e ¥Rt DSC £ Hezb B R B4

y REF Z XA EHFY B
%ﬁ#fﬁﬁﬂ%i}ﬁ[gl’gzlo AT AR E R & d 200°C 4 ErE 50°C AR o 37
Bt griE & (25575 2 10°C/min) T 2 #nd s 4e Figure 3-4 #1777 © K4 #r

WY VR S A0 T aP R LS

as}

PR H

-
o

BEEJEL%"

$H&" nHA 7 8d 0 H+4r3 3wt% BFo aidtrid 5 2.5°C/min * R
e NS HTE BB HROLEE AHe p 0 H4c 1 7.8)/g- beﬁ.%«?ﬁﬁ?

F¥idedh nHA bR Y s Al e d AR FA P L oF nHA 32

& % b2 AHpe @35 5 B4 o
wmiT’ﬁgwm(%¢ﬁlﬁA)%%%ﬂﬁ 2 v

B 4=
BBEb“‘ ’

5%
F_L

2.5°C/min /4 #rig F 7 > H AHp EiF 10.1J/ge 7224 B3-B5 ¥ B7 &

SREL AHpe SR 1T % BR RSP LY e nHA HE B L5 A

“E B

SRR

73 22308 DSC g Bl#icyp 273t Table3-3 ¢ - &% k7] A & B TR

7R crdB% o T AR H A Y PLA A#E L4 hiB BN A0 ¢ PLA §

PO ERE AL IrEREY GRELN A L F ks nHA P2 24 S Pk

19
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A I E S o T S nHA § R PB4 B AHp BEF A -

t¥E o5 B0 ¢ PLA FERE AL TEGRIESEHLBER AR
TRt nHAC B HAN S & 7 5 0GR A e kA A BTF O 2 A b nHA

1 BO thsApt o BB RARR LR G Lo

3-6 PLA/PBS/PBAT/nHA 4§ & H4l2 . © &2 e 33 B RIRE %

AP FEFE T PV B RPN LR E A &R R
e L7 Ag B e g & nHA g 31 0 g RERS R R SRR
A Figure 3-5 ¢ o £AFRIETET SR ALY RS (W BEE ) A0 RS
F0 Bl 2 R R R By 713t Table 3-4 -

BLEFMPLA 28 5 80 wt% k& k7 B B W aTiE 579+ 1.0
MPas> @ PLA 5 8% 70wt% & 4% A> HP WA 9% 47 50 MPa -
HaE k] A B B g AP RS A T 3 8% 2 it PLA (6% 4
Table2-1 777 ) &2 A B ¥ % (L ¥ 1-3% RFF 3-7%) e g k7] A %

7 nHA 2 e ficfic /it 642 2 905MPa> & 43| B ¥ i 1.0GPa-

LEF nHA e RH oo 2V R A LRV s 2R 2N 4 Swi%enHA
(5 AS & BS5) FEf|eg @ -2Xm > 3% nHA 2 8H#3 3 Twt% (¥ 5

2 OB7) PR W R REF TR Mot et nHA B2 TR o

o RPIEP BT R EF A & Ml awr o ¥ PLA anfirfF &k 95 2.5k
m20%. 44 PLA ¢ B u¢ B 4 ch PBS 2 PBAT 4F & 14 > #7F & i2 % § “78
“od Table 3-4 ¥ L > fefe— A7 S > 42 & nHA H %5 B i

THHE -
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Figure 3-5(a)% (b) A & #7547 A 22 B &% F nHA 7 € T ek *
FPURBRE - BARN RFEFERR -J TR REST G KRS B3 & BS i
B SRR B B SRS o AT T SRR TR B % o nHA
ZAR G AREFAF EHI DG HERY PF PR NE S o g B PR

‘\J:"_ pp BB W R R o

3-7 PLA/PBS/PBAT/nHA 4 & #4212 SEM A 5% %

7o Fh T T RS (SEM) 245 BT B LA S HESGR
BB R E P R e e R L PR & MR B e ek R
SREAR > R ARE SR T2 BB B ¢ 7 53 SEM BREEF AT A Y

P& c P A B B iR %re SEM B e Figure 3-6 #2 Figure 3-7 #151 o

Figure 3-6 (a) % # 3 70 Wi% PLA + i+ nHA # PLA/PBS/PBAT 4f & #

#L2. SEM #:° Figure 3-6 (b) & Figure3-6(d) A 5 %4 3 I 7wt%nHA ~ iv
|

z 70wt% PLA 2. R & 474F & #4417 SEM B’ i§- d Figure3-6(a) ¥ & > 7‘*\/,?]‘4\1

nHA 7 PLA/PBS/PBAT #f & 141 R BAp$tie ke Bt B M it g o

4 3wt% nHA (85 A3) B > 4o Figure 3-6 (b) #77 » 7 AT A 42
4 nHA 3> B 5 %55 + éhdml 6 8o ¥ nHA 7 B 4 0 SEM B i
» ¥ B { % nHA gt~ f > 4o Figure 3-6 (b) © Figure 3-6 (d) #77F o d ** nHA

7 v #F o Figure3-6 (¢c) ¥ Figure3-6(d) %+ %o + MIA % » ¥ F R I 95

ETHA R
BRGS0 STH R )% d dpsie kY & B BB 5 RAT 2 ik

it

ot - HRP AR AT - & TEM B% - %o @R A AR AN 2

w323 o gt ek > nHA 14\1%}&# W R 2B SEM BE AR B
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FonHA Fa Rt REFPFEPRRE URA 2 BB b arf R A B
IERTTE

Figure 3-7 %7 7 % 80 wt% PLA ¢ PLA/PBS/PBAT/nHA #f &+ g
i SEM B:ith o H 78 %72 6 25522 Figure 3-6 — 3%  Figure 3-7 (a) » & &R T/
nHA Sf# > 976 T RAP$HR ke b o § & R E S A £ 40 nHA 3ps
4r Figure 3-7 (b) & Figure 3-7 (d) #77% » %rd % IR 4een¥r4 255 o " ¥ nHA
7 4c B d 4 0 Figure3-7 ¢ ¢h nHA 0% 8 { 4c P & o nHA 3ER R & #2548
PAARg o R bR G ER§ NIRER R M F nHA G E A ¥4

WL RIS GA P o

FEin SEM B 6? 2 sk 3ffenit 8 & 4 » Figure 3-8 &+ 7 £ 448 & & 5
B7 hi £ 4c5+ X 544 (EDX) B - B¢ Ca & P <4 chii s P d o 4

=¥ 5 e nHA 3o

3-8 PLA/PBS/PBAT/nHA 4§ & ## ¢ TEM BIE % %
Figure 3-9 %7 7 # & 4 7] A & 20,000 &3+ & F T TEM 8 o 3¢
Ayt nHA o A0 At R|FIEF nHA SRR ik o 2+ b > Figure3-9 (a) *

BRI ML R B (A RRDORE ) 5 1% 24 PLA A48

3

=

W 3 5 & 4t4p PBS/PBAT - /’J‘ 4v 3wt%nHA %5 > Figure3-9 (b) &1 /],

AL

2k eh nHA 3k #4525 & 70 2 100nm = F P 5 F pF o PBS/PBAT 4 4c4p ©
TR HE nHA AR e F 2t b UL £ AR Y UL R G e dp A A
"% nHA ; 7 frgd Swt% HAcD Twtho R EFpiag A4t RE- KB
PBS/PBAT % #74p %1 L -]' » » B & Figure 3-9 (¢) ¥ Figure 3-9(d) > % iE F 1 &
g > % nHA ﬂj‘ﬁ ¥ s o nHA $pk ¢ FIRE A %+ 0 7 wt% ’J e & PBF
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Figure3-9(d) # ¥ L3174 ¢ ¢ nHA 3k % &5 % 7| B & TEM & % %5 02 »

£ Figure 3-10 # & BO(;’&;‘,’J& ‘e nHA) ¥ & & nHA 3g# % % (Figure 1-13 (a) )e

% nHA 7 e 3 wt% 33 7 wt% pF (Figure 3-10 (b) & Figure 3-10(d) )~
2 ¢ bk nHA %k #icE 34 - TEM i &1 40 nHA #23)Rdmit (%

20 nHA F 2430 F S d a4t o

3-9 PLA/PBS/PBAT/nHA 3§ & #: e# £ £ 45 (TGA)

ARy A B E LT (TGA) iRl 7 F e BE P4 &R BT - K 5

71 A &2 B i TGA 2 ek #1 & » 47(DTGA )#: 3% » %] 4 Figure 3-11 4v Figure

3-12 #7577 «Table3-5 7| 175 & &1 5% 22 50% £ 45 4 B A (Tsw £2 Tso )
B o fzd FERE (Tmw) ME 600°C e TE£EF A (WR)

¥20 4k 5% 7] Ao Figure 3-11 (a) ¥ & TGA #3# & T L5 (A0 & A7)
AR LFREER A 300 2 400°C 2 R o Figure 3-11 (b) e DTGA #v3% % 1)
FRE A fREAR > B P % — B @R PLA g < A j2:# 5[ o 4o Figure 3-11
% Table3-5 5% » v nHA ¥E & 447 ¢ W T BHF 2 - FRP TR
¥ nHA 7 & chf 4 > 500 1 600°C FRIp AT EER A "R HES 4
Figure 3-11 (a) ¥ Table 3-5 #7757 ° k& % 7| B 1 TGA &2 DTGA #.3# 4- Figure
3-12 9757 0 AR AfREARFRT L 300 2 400°C © $5 k7| B e Bk EA Y
EEF Ao PR nHA Fhe - Ko e TGA % 0 A7 7 il

BOREFAEHIBER A EmRE T FETFLEBEMREY -

3-10 PLA/PBS/PBAT/nHA 4§ & il ervR e jTiplid % %
kg At (WA) BT 835
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W, — W,

WA(%) = =5

x 100% (2)

P o We FHREICERBDEE (& 50°C T 2 % o R TiR)E

W) Wy s iz st F kY tx e g oo

Figure 3-13 B #7F ¥ fiZie ¥ F 4k 24 ] FF{S vk jod % o 30 %
47 Ard * nHA E 4 -kB %% nHA ;| 4c B 4o ke R 2 Ag% o
#5557 B 7‘“%\»Ifut'iz‘éﬁﬁ‘!ﬁ?’}i“l”li%&%‘“ﬁ’ﬁﬁ LA AR FIS kA B 3 R
Wopleh PLA > Hokefe it o i 24 ] pERIEY 0 k& BS ¥ BT avke e
B0 9#E T 15%- Figure 3-14 227 913 th ik PFR R S HrRaR e % o
FERET o REE S AR FREIKSATRR Y F - Al 40% I 50% ;&
@8 R s kB TARE M - A EFEOHD 70% 3 80% e kBT z’v’ﬂ#&ﬂ-%i’ﬂ;%
® PLA 4f & Hatefa b dp 4 - REOMoopeqe @ % 2 P > M-k nHA 4 » 3%

Ok jz@ S o AR EFAF A AT R Y gt -

3-11 87 (IT-1P)~ QT-1P) 2 (2T-2P) 4k it fvs 2 e & %

hFe Bl AT ER G L R TER Y PLA AV A ERRE LR L
Jemgie A B ERPPEL AR AT § PLA REF b seniie B R
gRA gER  HE A1 g en T e gk iFE ¢ (foaming window)P* Y o Sarver {r
Kiran %52 § % Gif#h snimit ¢ $H 502 § v 61 simip O 4y gk (0iE )
H5 100 3 160°C» 4 (T4 =B 5 100 3 200bar - A47§ “ifLe 8 ¥ 58 ¢
K J(T-1P) > dp b feig & To &4 feBd Py ™ o {1 A2 = § 4 (SC-
CO) HREF R EFEFlfos i R LR FRI RBEFE R S48+ i

A2 o
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BERIEHBELY 0 BF R IR R (FREEG AT T2
Wik gy e B NSl v B R R EP Ty AT o < frdn
o BREEFRFEFCRE O ORAEAEYANNEKET SHEFERSRSFR
[365.39.609091 o H ¥ » G PFE R BRI TR L HD > FIZEREHFRERLF LS
ARG R o ERIEZ L D ARREF BRI RFOETER Ts B4 Py ¥
Wi befo— TPEW to0 B SC-CO: 3t B &4 v [ HEFERI? PR,
BR Te X EF- PR o L AERRIBRERS T AFE o g R TR0 A
PP fis QT-IP)e Fhg@e ) SpEmF (r P » R4 Ld {4 PP’

BRA Pr(ge&RS ) PAFESFIHRBBA > PFEFEFEDHEL 2T2P) -

\\\?{r

v;’%r‘ 2 PLA/PBS (80/20 wt%) % &JU¢1 s &2 4@ & T, % 25 150°C -
BEEAR DA §AIER B 160°C B> PLA 3885 B 7 R3Sk ' i 42 ¢
2N ERRA BN A E R 150°C R L T R4EE 4 v‘;f%;‘ﬁj%?»’ﬁﬂ SC-CO: &
AP REL P iR TROS el ot K5 90 A48 MR CO:
GO REAT T o R L ST P R 2 HcE AP 13 [40.53,54,64.94] d\p,n,_ EN L
(IT-1P) H 4 % e s » & 150°C 4 {if &A™ > 4 %14 130~150 fr 170bar i& {7
Fie o B R AT & 150bar AR A4 TEEERBWIRR O F AT RS G

R

Figure 3-15 /& 7 = 4 ¢ W% endk (T 2 22k eh SEM B i1 (A) E 4
(IT-1P); (B) @ E B & B (QT-1P)» ¢ B4 4r3 110°C» @3 10 4455 (C)
SERZEARS ks QT2P): ¢ BEAR L 110°C»> ¥ ¢ B3 5 Bd 150 bar
3 100 baro ® R4 100 bar 4k pesie & v ERPT P FER 110°C 93
Foe g o BEAPM, Fe BAERERF %5 10 A4 > 2T-1P) & (2T-2P)

l‘if;\l% \:‘ i;jiiq” (<]
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HO(IT-1P) %2 {vg A ¢ SEM BT L %2 & 5 ¢ A F Fffna] 3t
MRS RIS AFE o P R E AT & (IT-1P) #iz iy > 3 5 5
1 COx e RBREFA L T S PS8 ] F g X308 R RS2 B (1T-
1IP) R e g E S 7 {F T FRESFREF LE - FETH CO» LB ER
REBIBBERA fabgie o Ra > FRA L5 - BERAFEDSME R 2 Fioan
4 > PLA/PBS/PBAT/nHA R & 4 &% ) 2 % 4] &8 g je 34 241 o 2140 R 8
%ﬂ@%*ﬁii’ﬂﬁ?ﬁ%%ﬂ%%ﬁ%ﬁm&ﬂ£§§@4ﬁﬁo%i%:
RREERASERGUBARA? ANAFRLF L @ B g5

© g 27.6um ]It e

(2T-1P) ¢ ¢ K% B 4v Figure3-15 #7757 > #+4r 7 d 150°C *# 1 110°C 4
Fro @ 110°C 4% 10 248 0 b 4rE FdFFR s e B 135 H 4% je
B BERE B 7 SEM Rij AR 3lest T AT 5 P e R
RN AR TARSEESRIFES AL s ;20590 e B
AA ehT o3l ie s 342pume 50 EF Y e AR 3L A T g

- HTRATFEEA Feiv o

(2T-2P) % {v% C +4-Figure3-15 #77 > &d 150°C " 1 110°C * %4 10
Al pE o B4 d 150bar P8 1 100bar 0 ¥ Y BRA 10 A4S 0 E
AFFIHRBRA o LR AR AL TIH 4 4087 um x 3ty eIt R R R
Moo Kup C A2 T2 2 e K B 227k AR LAY P
B (4 150 2 100bar) e 1345554 = 32H 007 S p b i Hme R4 Ee e
TS A E R e R R TRR R R R 2 L TR g
T SObar BV fef WS RRIFEAEE 5 AP HOT B R A f e
BRSE S ERESPEEFRPFES T E A8 o SEM FIRA T TR BT

FRBRWIRE T g H oS B R AP BEA PR R TV R F R I e
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o oed BHERIGRE FEETEAE > T R FE eI

L\

Figure3-16.§§,§l:—. e §vs ASB~C 3t oA TS o B = ;ﬁi %

MHE e B o AL RET] (IT-1P) Hvd A WIER F i (1.36)  3-Z 7k

FQT-IP) Rvp B AR SRS D 2720 3 il Al QT-2P) Rvp C 518
CRIPEEAZ RS R AL BT 25 LRI WIERFE 54l ¢ B

oA RATT R BEREEE R TSR R e R §

it oo

3-12 €% QT2P FE$5% AP) 3 ieiE 22 $F e 8% 1 BRI 2%

BRI Pz e Rog o - BRI AR RS T R R AR
(2T-2P > F#$+3% AP) - Figure 3-17 &7 7 (2T-2P » FEH-3% AP) %2 ¥k 7 &,
Bl o 5 fc/R+ 28 B A w4 150 bar #2150 °C » & e 5 90 A 4b > MFE
B CO» AN R LR EF? bt B R TERTH I B (Te

AALE R R ) X R E R PR () At AR R ERS 4150
bar & "3 ¢ FRA B (P S EREA ) & - HREF L 10bar/min -
HE e RS R IR s AR LU AP R

.EA’W = thﬁjé_ﬁ,\ X i "ﬁ@r’b.ﬁ’“){)’( 2 [36,59-61]

FroAPEg I #ERY (P P F o #ie@ A (Tr) 28 & 110°C - 4

HAEY FRA SR T =48 (2T2P 0 FEHR5Y AP) e Wi o

(D) FEH-N R4 % T 120bar > RFEHPER (tr) 3 A48
(E) FE4-38 & 4 % 1 100 bar » B3P 5 4 4

(F) FEH-7 B4 ' 3 80bar» FAFPFRF 7 548 o
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Figure 3-18 & 7+ 1 = #84 7¢ %14 D~E~F #f1@ 3|7 SEM # 2 fore = = A4
AR IE S o W BT 0 % (2T2P - FEHY AP) e Kk VR A
F B WA T ot A e {v DE & F Y g5 10 3
160pume 2@ » X 3L T 3a ~f PB4 i e R o e R B BB S $HILk
CHHREF EERE R DAECFo 29 B A (To) HEE 110

°CH> B 11T A BIFHRA RUGRBFERER () BB

WA P PR RIEET o F ek en? RS EHE P SC-COx B A
ALY A R AR E M R G BB RE S AW fFk o § CO: A
FE R E A e 2 SR TR G R F el g oK D
HURA THIER Bl 0 A4 AT 44 BO] 0 5 562um e pt ik B ey
P RIFTARA R np o RS R EE R T 3 R E o Fie
2 S AL AR GEHEREMT &7 o Fie Lok D ¢ RS S 150 bar % 1
120bar (30bar e/R™ ) B 3 Ao 30 e X EpEF A K HRE A

b B F o] o g A enatir <o o Bllte X R bR o

FEe R E ks o v Y R4 ST 100bar T HFeEFRFUEL T 5
AARPE S T A A { A et TEALe 485 602ume Rk F ORIz T A 4R
R4 =4 1 80 bar > #7A;3 enx 3t T 3a 3 F] 775 um e A%k F ¢ o

TObar SR A X PR E S ML MR A lehd 2B AL o

JE_Figure 3-18 #7757 2. B 4 s ™ > ¢ BFF R0 " R i 5 By o o
O ﬁﬁ%»‘é.éﬁﬁo%@%ﬁﬂfﬁhl BARRT PF RO TR GE R Aut ¢ o o
G de s g E'?%\q‘l fe i 2 %Jé & FL "“EF 28 etFl 1&%10 »m < I 8()()“1'1'1 gL 7R
¥ oiased 4 0% Figure3-19 4 7 42 vk D-E~F #»r@ flenx it Lo +

PERG AR ORS FE R T R e R R
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3-13 @ % (2T2P> F3438 AP) 3xiTif 2 F 258 % 1 BR %A

FieR R (Tr) 2B 88— He b dFd o Ee e R4 (Pr) o
150 bar & "% & 100 bar » 4o & @ #rif 2 372 Xv&2 Eo £ 7 b P 50
BAE (Te)» %37 = % (2T2P > FEH-38 AP) 358 ok ¢

(G)Tr % % 100°C

(E)Tr & 110°C

f

H)Tr 5 120°C »

Zm R e B (tr) $9F %5 5 A48 o Figure 3-20 37 #v% G- E &
H 2. SEM Bl itk 2 4 TS o aiple cngfie B4 iE 2T > e
BET NHERSE CO: 2R EF £ RF Y 3 2R EHITEE T HERT B

s BEL AP B R > Ba T BRI ,f‘%f#[gl’gg] °

BRSEET Z e Ry v A2 Rtk Sl oI F R
105 T 164pme K > & e ek era;dehx i« S RIEF e R A A $ MEL
B Z B TR R Y R pap en PLA e § oo p I mpt g on Ao e
% 2 PLA R {35 {15 GE-H th %7 5 ¥ %8R d 100°C
= ® 3 120°C> LAt ¢ R RERFARE - 5- ARV F T SC-CO: &

PLA A& R4 ¢ 3 3R $ 1 2 A% B B -

]

F T3 100°C e g Rg: G #1442 T3V F T35 1 5 889 um

-

R RS AR ETI FMBMRARE ARG G Y KFETER
R MFERRTAL B AR > @ SC-CO RAREF v AR HINRE
P AR fRR o wIPHR R REARY 0 g o SC-COx 7 £ = i+ il dr foshk
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oo OB F e A e AE L o FHBRRY REF LR DRMBAR T
FRMAETTT o 45> fro PR MAA § oo e + K0 & 100°C i
BTOREFERF LG RBAFMWER > F AP FERE 2 YRR TS
STV e Ft 0 ARE G Y MR R B HAEROE LK BT G g e

ERB 0 R BMA SR B

s E & H gz R A Y5 110°C & 120°C » & F & foil B 2 R 4
o F SC-COs e B2 vk G Ap1bvi M0 BRR A2 T g T T

o e g b B SR R R R T UL B e R R o B i
R ArEALY 0 ROE B R R S TR o R A R R A
AT ERR R P A R e gL - A R R T e gt @ 4 PO
e Figure 3-20 %777 » K34 E & H #r# 2 T30% 34k ¢ 4 A8 5 602pum & 476
pum e Figure3-21 &g77 7 = A K v¢ G~E~H #1235+ 34 ¢ anijpdgd

7 FEE A /ﬁ&?f%*#ﬂ/‘:’\‘ -

3-14 EHJREREFEHF LV RAH
AP T F e Rk SRR C RS Table3-6 - BLERM R o B
Wit A& B WAL Itk BWORR FAPEIM (3 3) TIVFRAERS o
A B R PB I F R AR R I A RS T R R RIS TR A

WAGE s T A A P I o
PR T it e Reg Co Wi 7 - =ik e R4 K (50bar) o B
FAREE AFL G OVRRFEFRT D 541 ZRE T ORI F R

I 67.8% iR ¥ A & ;

‘1""?

SRR L FEmEREFHoF Fie TR
R R EERE S 2 L
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.

BT fagie Rod y S# QWF I B g3 F A F (bimodal cell distribution) 2
BHoS R eR R g 2 FERY L HF RS REE R DE &
FYa#m "g¥FY R4 TRRERM I WESSFd 43 21 140> T3t
LA 5624294 pum H4ed 775+ 13.0um P B Fd 602+ 1.2% H

3 77.8£0.6%° 3 iF ¢ <t AU A T i BF R EARY §FeNRE ARG Mo &

A\A

EETER R ST S LRl -2 L

T

F-g o @eie Go HEFIHmAFed7Ld Bgegppd.
ARG Y 0 BT 100°C 2 e Kk G ATEE Bk TEAGVF 5
889.8+66.2um > T T BB Bt F 843+£0.4% o R T o Kk H i (738

5 120°C BT Tk 5l © 5 4764+£23.6um - Bt F g 5 578
+1.2%c " 55 % B o e e R R T R B R TRl CO. 7 R R

SRS TR F L SR FER LR

AT R REATE2 23 e 385 ~ 3V F R T NIVFERRE CBER
FNGHFEEIF > 4w EIRA Figure3-22(a)—(d) ¥ - AT REEF 0 e
WAR DY BFFEOE R R TR TY > T xR R BRIV R A
BHA > BIVHFER S 76.7% I 944% > B RS 57.8% 1 84.3% o
- BEET AL AE IR EF AT HEEE VB ERE BES B

sk qzd % (bioscaffold ) 4F 417775101

3-15 iR g R 2 RN

KA A BRI RE T 5 e R AIRS B2 B AT F L G
F Fe 2R ePHL-K o e Figure 3-23 #757 » g% e Kok B Ol H 2 R Eenit Lok
BEREEY > A 402 4 5 68.5+0.2°0 k% 30 A4BTEE T 50.7+0.1° 4pit 2
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» %4 i e PLA/PBS/PBAT/NHA * i HRL 8 k451 & 5 87.5+1.0% £ ik
Boo M EEEA 0 BB RE E HEE PRI R SRS T HE R
B LG R 2 F e R A R ARR S ] PR
AjRo G Bk GE ~ B AT o Figure3-23 4 % e Ko B WH 2§ 4 F @ ie i

Bk Y & R ARY

TR B IEI AT L F 3-12 22 % 3-13 & eri (2T-2P, FEHIS AP) e

ﬁ%ﬂ%i%%%ﬁﬁ%i$ﬁﬂiﬁﬁﬁ%“ﬁﬁé°%¢é£ﬁ%?£%é

Pk B R TR GRS DR B IRD { MArRE o AL
tH{ i o 4 Figure3-24 (a) #7177 » #7¢ K¢ D~E~F W #H T2 4 4ok EfF & 4

Bl 5 76.0°~68.5° &2 544° 0 ix 8 F]5 {v: F TR ERSELE G RE I HAGLe
HEBI R - G R A BB A & 30 A1 K F RS

2 oREfeE 2740 PR R D & E RS (A B G 614° & 50.7°)-

Figure 3-24 (b) & 7t %1 G-E & H *7# 4% Sovk &/ & 1477 & 34p 048
Fooin i AR iE — SR B B ,fs;,kﬁc‘ 1A% % g3 i T 35+ 234 (interconnected

macrocells ) 7 843 3% 2 AERE 4 4L i R o

3-16 £/ ITREFELEF2HEBHELSIT (DMA) 44

Figure 3-25 %877 7 4% * & 3-12 22 % 3-13 & #rif 2. QT-2P, F&H-5% AP) 3¢
Rkl 2 etk ot A4 (DMA) %% o #7F Bl &E S £ 1 g
F 4 - Figure3-25(a) 5 @ * #j¢ {1 D-E & F “TH@ RIS REE! L%
i és‘?l\ofﬁf{ﬁiﬁ‘léi‘ %1% P AL R 4 7 ik (DMA 7e, Perkin Elmer, Waltham, MA, USA )
BFPAE L A4 10kPa hiE FaE BT e R 424 TkPa H{4e 2 A 113
MPa -
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BEET O APRSTRE D & Eo Rk F B2 R Ak R TR
TR E AT L F e B AR T I o s b R
K D TS G 5% BEFOREES 5 076MPa> @ i E & F A%
0.45MPa £ 0.12MPa- d gt ¥ 4v» Lo L] ik & (K% D) & 7 #F k)
4 (stiffness)> @ T3+ 3t 2 5 vi E 3 F 34 (S > 4k S <hir 14 (toughness)

g A o

Figure 3-25 (b) & %Kv G E & H T Hl#E SRR - HBF75 0 7B
AR AR o ek H #ril#E 5 2 T304 3b < G4 (476.4+23.6um) > £
okl a K G TREE > H T4 44 (889.8466.2um) > E IR
PR G e o S SR RP > BRI AR TREY B RR
FrARAEFE e S Ea BEARREL R FeRI 2R $Hi

B DY
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yrd B3

AT AP EEY FABIER ATV AR P AR LA EHE
A e RIS (PLA) S R 2 i~ Z g (PBS) Re - /¥ - "~ o
fia (PBAT) 1 % % s g gt 7 (nHA) > & 4z fpfh = § 188 (SC-CO2) 1% 3
ST HE RS A R Sy Y LF SN R T

BAL BT o AT A B R ko

1. BHRRAD L
FHE%HT PLA 78 A& 70~80 wt% » ¥ 3% » 3~5 wt% nHA & &
PAFE CREH ARV R PRI 47 2 5STMPa: & ¥ BHEF
Rl end M8 R & R (- HER 5 4LE 40 MPa) o & AE k|12
BHakp T o AP TR BN A ehu  F R G F R R EHP S 1
Bk SLE A W MR A PGl 38 o gt b d 3 PBAT 93l ~
AELILIR T % PLA B R ~$TA R R F Mk gk 8- R 0 MR

W ehiy 8 e 1 R R -

2. BEFTREAR:

LA (TGA) B 5 Ewm» AT L4 £ R EL RER R

.

e 300~400°C 2 > 2P H E i B R OBAEL T if}%‘wi B

E

L (he@ BEF ) S BB 1R 0F Foo nHA i T AR

m-ﬂ

-7

o+
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2%

Table2-1. AF7 3 #7@ * B A F L2 302 S 8o

Physical Properties PLA PBS PBAT
Density (g/cm3) 1.24 1.26 1.25-1.27
Melt flow index (g/10 min, at 190 °C, 2.16 kg) 7 5 2.7-4.9
Melting temperature, Ty, (°C) 155-170 115 110-120
Tensile yield strength (MPa) 60 39 36
Tensile modulus (GPa) 3.5 0.58 -

Tensile elongation (%) 6.0 350 560

#: according to the suppliers.

Table2-2. A7 % ¥ #7i * 2. PLA/PBS/PBAT/nHA % iR} 4lfie = o & o

Specimen Code PLA (wt%) PBS (wt%) PBAT (wt%) nHA (wt%)
Sample with 60 wt% PLA
PLAG6O 60 25 15 0
Sample series A
A0 70 20 10 0
A3 70 20 10 3
A5 70 20 10 5
A7 70 20 10 7
Sample series B
BO 80 15 5 0
B3 80 15 5 3
B5 80 15 5 5
B7 80 15 5 7
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Table 3-1. PLA/PBS/PBAT £ 2 +4#4lz £ ¥ Bl % % -

Sample of PLA/PBS/PBAT Maximum Tensile Stress Elongation at Maximum Tensile Modulus
Blends (MPa) Tensile Stress (%) (MPa)
PLA60 376 £1.8 70=£0.5 584.8 +£71.9
A0 471+£29 79+04 642.0 +109.1
BO 496 £1.6 8.0 £ 0.6 686.1 £91.3
Table3-2. %~ F xR 44#L2 DSC BliES %258 hadh R o
SPECimen Tg,PLA TCC Tln,PLA AHCC AHm XC
Code Q) ) Q) Jg™h Jg™ (%)
A0 62 103 169 12.0 36.3 20.1
A3 63 100 169 13.0 41.9 248
A5 63 99 168 14.9 45.2 26.0
A7 61 99 168 13.5 45.0 27.0
BO 62 103 169 15.7 37.9 20.1
B3 63 101 169 18.6 41.3 20.6
B5 63 102 169 15.6 40.2 22.3
B7 63 102 169 14.8 38.5 215
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Table 3-3. A& 47| A & B &7 /4 fri 5T 2 4

)

Cooling Rate (°C min—1)

Specimen
Code 2.5 5 7.5 10
AHp. (g™

A0 0 0 0 0
A3 7.80 1.08 0.63 0.37
A5 9.88 1.70 0.45 0.41
A7 10.90 2.72 0.91 0.50
BO 10.12 3.46 0.74 0.55
B3 11.96 3.31 0.94 0.46
B5 10.09 2.56 0.84 0.36
B7 10.91 271 0.94 0.48

Table3-4. % ¢ 2 X S A 7 (nHA) 2 £ 2 F &~ F 42 0 2 e pd

B o,

it

Specimen Maximum Tensile Elongation at Maximum Tensile Modulus Impact Strength

Code Stress (MPa) Tensile Stress (%) (MPa) (k] m—2)
A0 471 +£29 79 £04 642.0 +£109.1 4.83 +£0.19
A3 475 £ 0.7 75=£03 887.8 £57.2 432 +0.17
A5 502+ 1.0 74+£04 905.5 + 64.1 4.64 +0.21
A7 474+ 0.3 6.7 +0.3 707.5 + 15.0 4.20 + 0.07
BO 496 + 1.6 8.0£0.6 686.1 +£91.3 3.36 + 0.20
B3 57.8 £ 0.7 71£0.2 1039.4 £+ 37.5 3.21 £ 0.16
B5 579 £ 1.0 73£02 1062.2 £ 97.8 3.42 +£0.17
B7 56.7 £ 1.0 73£01 962.6 +17.4 3.19 £ 0.25
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Table 3-5. PLA/PBS/PBAT/nHA = R H 2 £ A7 % o

Specimen dode Ts0, (°C) Ts500, (°C) Tmax CC) Wr (%)
? ° at 600 °C

A0 325 361 361 1.6
A3 318 360 360 4.5
A5 306 354 355 5.7
A7 319 367 366 7.6
BO 317 355 371 0.7
B3 310 353 369 2.3
B5 302 348 362 4.5
B7 295 343 352 6.3

Table3-6. #4775 ¢ #r4 4k (v ok 2 3¢ L% 4 -

Overatine Strat . ion Rati Porosity Cell Density Cell size (um) Opening Cell

perating strategy xpanston Haho (%) (cell/cm?) (Small/Large) Content (%)
A 1.36 £0.08 26.5+4.4 (1.75 £ 0.17) x 107 27.6 +1.1/— 12.7+2.2
B 2.72 +0.21 652 +2.8 (1.89 £ 0.05) x 107 342 +1.9/— 45.0+15
C 5.41 +0.40 81.5+14 (1.64 £0.02) x 10 —/408.7 + 38.7 67.8+0.5
D 4.30 +0.02 76.7 £0.1 (1.05+0.01) x 10¢° 109.9 +3.2/562.0 +29.4 60.0£1.2
E 7.29 £0.30 86.3 £0.5 (3.24£0.01) x 10° 164.2 +8.4/602.1 +27.3 66.9 +0.7
F 14.01 £0.93 929+0.4 (5.86 £0.02) x 10° 138.2 +5.4/775.6 +13.0 77.8 +0.6
G 17.96 £ 0.20 94.4+0.1 (3.27+£0.01) x 105 151.1 +£12.1/889.8 + 66.2 84.3+0.4
H 448 £0.16 77.7 £0.7 (1.06 + 0.01) x 10° 105.9 +5.1/476.4 + 23.6 57.8+1.2
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Abstract: The physical and mechanical properties of novel bio-based polymer blends of polylactic
acid (PLA), poly(butylene succinate) (PBS), and poly (butylene adipate-co-terephthalate) (PBAT)
with various added amounts of nanohydroxyapatite (nHHA) were investigated in this study. The
formulations of PLA/PBS/PBAT/nHA blends were divided into two series, A and B, containing 70
or 80 wt% PLA, respectively. Samples of four specimens per series were prepared using a twin-screw
extruder, and different amounts of nHA were added to meet the regeneration needs of bone graft
materials. FTIR and XRD analyses were employed to identify the presence of each polymer and nHA
in the various blends. The crystallization behavior of these blends was examined using DSC. Tensile
and impact strength tests were performed on all samples to screen feasible formulations of polymer
blends for bone graft material applications. Surface morphology analyses were conducted using SEM,
and the dispersion of nHA particles in the blends was further tested using TEM. The added nHA also
served as a nucleating agent aimed at improving the crystallinity and mechanical properties of the
blends. Through the above analyses, the physical and mechanical properties of the polymer blends
are reported and the most promising bone graft material formulations are suggested. All blends were
tested for thermal degradation analysis using TGA and thermal stability was confirmed. The water
absorption experiments carried out in this study showed that the addition of nHA could improve the
hydrophilicity of the blends.

Keywords: PLA; PBS; PBAT; nHA; polymer blends; mechanical strength; physical properties

1. Introduction

In recent years, the research and development of biomaterials have developed rapidly
to meet the needs of tissue engineering to improve human life. The interface between syn-
thetic biology and biomaterial design creates promising challenges in health, biotechnology,
and sustainability [1]. Proper design of biomaterials must cover both their mechanical
properties and biological activity. Future biomaterials can maintain organ transport and
self-healing functions, biocompatibility, biodegradability, bioactivity, and tissue regenera-
tion activity [1,2]. Biomaterials are generally classified as natural, metal and alloy-based,
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ceramic-based, polymer-based, or composite materials for tissue engineering scaffolds,
each of which has a variety of applications [3,4]. It has been reported that surgeries to treat
bone defects in orthopedics has a growing rate [5], and the development of biomaterials for
orthopedic implants has received much attention [6-10]. The design and fabrication tech-
niques for bone tissue engineering have been reported in the review literature, addressing
engineering processes and functional properties [11-14]. Although most bone implants are
metal-based, polymers and their composites are projected to become more suitable in the
future [15]. In recent reviews, next-generation bone tissue bio-based materials, especially
biodegradable polymers and nanotechnology, have received much attention [16-18].

Polylactic acid (PLA) is the most commonly used semi-crystalline bio-based polymer
approved by the U.S. Food and Drug Administration (FDA) for its desired biocompati-
bility and biodegradability [19]. In order to improve some of its limitations in terms of
mechanical properties, toughness, hydrophilicity, and cell affinity, composites of PLA with
other polymers or inorganic additives have been studied in the literature. For example,
hydroxyapatite (HA) has been added to PLA to study the in vitro osteogenic differentiation
of human mesenchymal stem cells [20]. According to previous reports [21,22], the current
improvement of tough PLA was achieved through polymer blending, copolymerization,
plasticization, or composite modifications. Blending PLA with other elastomeric poly-
mers is relatively easy and often considered to be the most effective method. PLA with
biodegradable polymers such as polycaprolactone (PCL), poly(butylene succinate) (PBS),
poly(butylene succinate-co-adipate) (PBSA), and poly(butylene adipate-co-terephthalate)
(PBAT) have been discussed. Recent literature has reported the mechanical and physical
properties of blends of PBS and PBAT with various compositions, including behavior after
supercritical CO; foaming [23,24]. The mechanical and physical properties of PLA /PBS
or PLA /PBAT blends with proper compositions have been investigated in previous re-
ports, demonstrating their morphology, mechanical properties, and potential applications
as scaffolds in tissue engineering [25-31]. Biomaterials for tissue engineering preferably
contained bioactive components such as chitosan (a natural polysaccharide) or HA (the
main component of human bone tissue) in structured scaffolds to facilitate the regenerative
process. The fabrications of PLA-based scaffolds with other biodegradable polymers and
bioactive materials have been shown in the literature [32-38]. It has been reported that
loaded nano-HA (nHA) particles could promote cell proliferation and mimic the structure
of the bone extracellular matrix [20,35-39].

To the best of our knowledge, most literature reports have presented the properties
and applications of biodegradable binary polymer blends (for example, PLA/PBS or
PLA/PBAT) [28,29,31] or a single polymer with nHA particles added [36,40,41]. Although
some studies on ternary systems have been carried out [38,40-42], more experimental
measurements are still needed. The aim of this study was to explore the properties of
novel polymer blends containing three biodegradable polymers (PLA, PBS and PBAT) with
inorganic nHA added. The main component of the blends was PLA, which is suitable for
bone graft applications due to its good mechanical strength. The elongation and toughness
limits of PLA can be improved by blending with ductile PBS and PBAT. Biodegradable PBS
also showed good cell viability [38]. PBAT has a strong but underexploited potential for
bone growth in vivo, and the studies on including nHA in PBAT are still limited [35,36].
Therefore, this study proposes a novel bone graft biomaterial, a PLA/PBS/PBAT/nHA
composite, produced using a twin-screw extruder. No organic solvent was used in this
study to avoid any safety concerns as implant biomaterials. The mechanical and physical
properties of various formulations of this blend were measured and promising blends for
further bone graft applications are illustrated.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA, Ingeo 4032D) was purchased from NaturalWorks LLC, Min-
netonka, MN, USA. It is semi-crystalline, with an average D-lactide content of 1.4 wt%.
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Poly(butylene succinate) (Bio PBS, FZ 91), a semi-crystalline polyester, was purchased from
PTT MCC Biochem Co. Ltd., Bangkok, Thailand. Poly(butylene adipate-co-terephthalate)
(PBAT, ecoflex F blend C1200) was purchased from BASF SE, Ludwigshafen, Deutsch-
land. The physical and mechanical properties of these polymers are listed in Table 1.
Nano-hydroxyapatite (nHA, CAS registry number 12167-74-7) was purchased from Sigma-
Aldrich, UNI-ONWARD Corp., Taiwan, with purity greater than 97 wt%, mean particle
size of 72-80 nm, molecular weight of 502.3, and melting temperature of about 1100 °C.

Table 1. Physical and mechanical properties of polymers used in this study 2.

Physical Properties PLA PBS PBAT
Density (g/ cm?) 1.24 1.26 1.25-1.27
Melt flow index (g/10 min, at 190 °C, 2.16 kg) 7 5 2.7-49
Melting temperature, Ty (°C) 155-170 115 110-120
Tensile yield strength (MPa) 60 39 36
Tensile modulus (GPa) 35 0.58 -

Tensile elongation (%) 6.0 350 560

2: according to the suppliers.

2.2. Preparation of Composite Blends

PLA, PBS, and PBAT polymers were first dried in a vacuum oven at 80 °C for 6 h
before compounding. These blends were prepared using a twin-screw extruder (Process 11,
Thermo Fisher Scientific, Waltham, MA, USA). The extruder was equipped with a volu-
metric feeder and a strand pelletizer for blending the polymers. The diameter of the screw
extruder is 11 mm, with an L/D ratio of 40. Polymers were fed into the hopper of the
extruder for the compounding process. The extruder has six zones, from feed to die, where
the extrusion temperatures were controlled independently. The feed rate of the polymer
pellets was 1 kg h™!, and the screw speed was 50 rpm. The temperature settings for the
feed and mixing zones were adjusted to be 200-210-220-225-225-220 °C. After blending, a
water bath was used to cool the extruded products. These products were then granulated
and dried for a sufficient time before mechanical property testing. Plate specimens with a
thickness of 1.2 £ 0.2 mm were made by compression molding at 200 °C for 5 min, followed
by cooling to room temperature. The specimens were packed in plastic bags and stored in
cool surroundings before tests. The extruded products for polymers with added nHA were
prepared with the same procedure. Samples with various formulations were also used for
thermal, chemical composition, morphology, and water absorption analyses.

Table 2 lists the formulations of PLA-based polymer blends in this study. The specimen
code PLA60 represented a polymer blend containing 60 wt% PLA and two other polymers
(25 wt% PBS and 15 wt% PBAT), without the addition of nHA. Samp]e series A and B listed
in Table 2 included specimen codes with various amounts of nHA added. For example,
specimen AQ listed in Table 2 represented a blend containing 70 wt% PLA, 20 wt% PBS,
10 wt% PBAT, and no added nHA. Specimens A3, A5, and A7 in sample series A had the
same PLA/PBS/PBAT composition as specimen A0, but with the addition of 3, 5, and
7 wt% nHA, respectively. Sample series B contained 80 wt% PLA, 15 wt% PBS, 5 wt% PBAT,
with 0, 3, 5, and 7 wt% nHA added to specimens B0, B3, B5, and B7, respectively. It has
been pointed out that nanocomposites comprising nHA favored the biocompatibility of
bone formation [10,36-39,43,44]. The average particle size of nHA used in this study was
within the range of nHA particle sizes reported in the literature [44].

) doi:10.6342/NTU202502722



Polymers 2023, 15, 4585 4 of 21
Table 2. Formulations of PLA /PBS/PBAT/nHA blends in this study:.
Specimen Code PLA (wt%) PBS (wt%) PBAT (wt%) nHA (wt%)
Sample with 60 wt% PLA

PLA60 60 25 15 0
Sample series A

A0 70 20 10 0

A3 70 20 10 3

A5 70 20 10 5

A7 70 20 10 7
Sample series B

BO 80 15 5 0

B3 80 15 5 3

B5 80 15 5 5

B7 80 15 5 7

2.3. Analysis and Testing
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR, Thermo Fisher Scientific Summit LITE
Spectrometer, Madison, W1, USA) using the ATR technique was employed for analyzing
the chemical structures of the polymer blends. The wavenumber in the tests ranged from
4000 to 500 cm 1. The resolution was 4 cm !, and the number of scans was 32.

2.3.2. X-ray Diffraction Analysis

The intensity of crystallinity of the polymer blends was analyzed using an X-ray
diffractometer (XRD, Rigaku, Tokyo, Japan) with Cu-K radiation (A = 1.54 A) operated at
40 kV and 15 mA. The XRD data were collected in the 26 angle range from 5 to 40°, with a
scanning rate at 10° min 1.

2.3.3. Differential Scanning Calorimeter Measurements

The thermal and crystallization behavior of various polymer blends was analyzed
using differential scanning calorimetry (DSC, Hitachi High-Tech Science DSC-7000, Tokyo,
Japan) under a nitrogen atmosphere. Each sample of 4-6 mg was heated at a rate of
10 °C min~! from 30 to 200 °C and held at 200 °C for 5 min in the first heating process to
remove any thermal history. The sample was cooled to —50 °C at a rate of 10 °C min~! and
kept at —50 °C for 5 min. In the second heating process, the sample was heated from —50
to 200 °C at a rate of 10 °C min~!. The glass transition temperature, cold crystallization
temperature, melting temperature, enthalpy of cold crystallization, and enthalpy of melting
were recorded for each sample.

DSC (Hitachi High-Tech Science DSC-7000, Tokyo, Japan) was also employed to evalu-
ate the nonisothermal crystallization behavior of various polymer blends. The prepared
samples were kept in aluminum pans under nitrogen atmosphere. The samples were first
heated from 30 to 200 °C at 10 °C min~! and then maintained at 200 °C for 5 min to remove
any thermal history. Next, the samples were cooled to 50 °C at various rates of 2.5, 5, 7.5,
and 10 °C min~!. Finally, heat flow traces were recorded for analysis.

2.3.4. Mechanical Testing

The tensile and impact strength for various polymer blends were measured in this
study. A universal material testing machine (Cometech QC-508M2F equipment, Taichung,
Taiwan) was used. The tensile tests were conducted at a tensile rate of 50 mm min !
using dumbbell specimens (ASTM D638 Type IV, length: 33 mm, width: 6 mm, thickness:
3 mm, the gauge length being 50 mm). The impact tests (ASTM D412; the degree between
pendulum and sample was set at 150°) were performed using a Ceast pendulum impact
tester (Model Resil 50B) and a Ceast notch cutting machine. The Izod method was employed.
A 2.75 ] hammer was sufficient to break all specimens tested for impact strength. At least

33 doi:10.6342/NTU202502722



Polymers 2023, 15, 4585

50f21

five repeated tests were conducted for tensile and impact strength measurements. The
averaged values and standard deviations for these mechanical properties were recorded.

2.3.5. Surface Morphology

A scanning electron microscope (SEM, TESCAN VEGA 3 SBH, Brno, Czech Republic)
was used to observe the surface morphology and the dispersion of nHA in the PLA /PBS/
PBAT/nHA blends. The SEM was operated at an acceleration voltage of 20 kV and a
magnification of 3000x. All samples were dried under vacuum and sputter-coated with
gold before SEM experiments. The chemical composition of the blends was studied using
an energy-dispersive X-ray spectroscope (EDX) attached to the SEM (Nova NanoSEM 230,
currently supported by Thermo Fisher, Waltham, MA, USA).

2.3.6. TEM Measurements

A transmission electron microscope (TEM, Hitachi H-7650, Tokyo, Japan) was used
to investigate the distribution of nHA in the PLA/PBS/PBAT/nHA blends. Ultrathin
sections of sample were prepared using a cryomicrotome with a diamond knife in a dry Np
atmosphere at —100 °C. The thin film pieces were placed on a copper grid and the TEM
analyses were conducted at a low voltage of 70 kV to prevent electron beam damage.

2.3.7. Thermogravimetric Analysis (TGA)

The thermogravimetric analyses for the polymer blends were performed using a ther-
mogravimetric analyzer (TGA, Pyris 6, Perkin Elmer, New Castle, DE, USA) to investigate
the thermal stability of the blended samples. Approximately 8 mg of each polymer blend
sample was heated from 40 to 600 °C under a nitrogen atmosphere at a heating rate of
10 °C min~!. TGA thermograms were recorded during the heating process and differential
thermogravimetric analyses (DTGAs) were also performed.

2.3.8. Water Absorption Measurements

The water absorption for various polymer blends was investigated in this study. The
specimens with 20 mm x 10 mm x 2 mm were dried in a vacuum oven at 50 °C for 48 h.
The specimens were weighed after the drying process using a balance (Precisa ES 225
SM-DR, Dietikon, Switzerland, readability 0.01 mg). The specimens were then completely
immersed in distilled water at 25 °C for 24 h and longer, up to 8 days. After immersing the
specimens in distilled water for t days (t =1, 2, 5, and 8), they were taken out and wiped
with filter paper before weighing for water absorption. The water absorption percentages
for various samples were determined from weight gain after the water immersion process.

3. Results and Discussion
3.1. Tensile Strength Test Results for PLA/PBS/PBAT Blends

The mechanical strength of polymer blends without the addition of nHA was first
tested to screen for acceptable formulations. The tensile strength test results for these
polymer blends without nHA are presented in Table 3. It is observed that specimen PLA60
had a maximum tensile stress (tensile strength) of 37.6 &+ 1.8 MPa, while specimens A0
and B0 both had maximum tensile stress greater than 45 MPa. The tensile strength of
human cortical and cancellous bone, although age-dependent, is 50-150 and 10-100 MPa,
respectively [10,45,46]. According to the literature [42], tensile strength higher than 40 MPa
meets the need for bone tissue engineering material. It is observed from Table 3 that
specimens AQ and BO almost reached the lower limit of the tensile strength of human
cortical bone. The elongations at maximum tensile stress were about 8%. The tensile
modulus results for specimens A0 and B0 were also better than that of human cancellous
bone [8]. Therefore, PLA-based polymer blends containing 70 or 80 wt% PLA in this study
were considered acceptable biomaterials for bone grafts. Specimens in series A and B listed
in Table 2 were used for further physical and mechanical property analyses.
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Table 3. Tensile test results of PLA /PBS/PBAT blends.

Sample of PLA/PBS/PBAT Maximum Tensile Stress Elongation at Maximum Tensile Modulus
Blends (MPa) Tensile Stress (%) (MPa)
PLA60 376 £1.8 7.0+ 05 584.8 £ 71.9
A0 471 £29 79 £04 642.0 £109.1
BO 496+ 16 8.0+ 0.6 686.1 £ 91.3

3.2. FTIR Measurement Results for PLA/PBS/PBAT/nHA Blends

The chemical structures for various PLA /PBS/PBAT/nHA blends were characterized
using FTIR spectroscopy. The results for all specimens are presented in Figure 1. The
band around the wavenumber of 3000 cm ™! represented the symmetric and asymmetric
stretching vibration of CHj in PLA. The peak at 1750 cm ™! showed the stretching of the
C=0 group of PLA as well as PBS and PBAT. The bands at 1181 cm~! and 1082 cm™!
belonged to the peaks of C-O-C. The peak at 1040 cm ! is attributed to C-CHj [42,47-50].
The characteristic peaks at 602 cm ™! and 570 cm ! represented the characteristic peaks of
PO;~* in nHA [42,48,50].

602 /

Transmittance (a.u.)
¥
% g

— Al 570

— 3 / N\
1752

— A7 1083

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(a)

Figure 1. Cont.
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Figure 1. FTIR measurement results for polymer blends: (a) sample series A and (b) sample series B,
with various amounts of nHA added.

It was observed that no nHA peaks were present in specimens A0 and B0, to which no
nHA particles were added during the preparation of the polymer blends. The characteristic
peaks of nHA in the FTIR spectra for other specimens in Figure 1a,b clearly indicated the
existence of nHA in the blends.

3.3. XRD Measurement Results for PLA/PBS/PBAT/nHA Blends

XRD analysis was performed to further confirm the presence of nHA in the PLA /PBS/
PBAT/nHA polymer blends and to identify the crystalline species in the polymer blends.
The results are presented in Figure 2a,b for sample series A and B with various amounts
of nHA added. The diffraction peaks between 2 0 at 15° and 20° were owing to the
characteristic pattern of PLA. The diffraction peaks of PBS were observed at 22.5°. The
diffraction peaks at 25.9°, 28°, and 32-35° contributed to the characteristic peaks of
nHA [42,49,50]. There were no nHA peaks for specimens A0 and BO without added nHA
in the PLA/PBS/PBAT blends. It is also shown that the characteristic peaks of nHA were
observed for specimens A3 to A7 and B3 to B7.
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Figure 2. XRD measurement results for polymer blends: (a) sample series A and (b) sample series B,
with various amounts of nHA added.

3.4. DSC and Crystallization Analysis Results for PLA/PBS/PBAT/nHA Blends

DSC analyses were used to measure the reliable thermal history and crystallization
of semi-crystalline polymers. The second heating curves of the DSC measurements for
sample series A and B with various amounts of nHA added are shown in Figure 3a,b. The
glass transition temperature of PLA (Tg pLa), cold crystallization temperature (Tcc), melting
temperature of PLA (T, ppa), enthalpy changes of cold crystallization (AHc.), and enthalpy
changes of melting of blends (AHy,), as listed in Table 4, were retrieved from the DSC
thermogram. Addition of nHA affected the crystallization behavior of the PLA /PBS/PBAT
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blends and, therefore, their physical properties [42,51]. The relative crystallinity X. of
blends with various formulations was calculated by:

= AHu — AHe X 100% 1)

X, =
wpraAH, pra +wppsAHy, pps + wppaTAHo ppAT

where wpy 4, wpps, and wpp AT represented the weight fractions of PLA, PBS, and PBAT in
the polymer blends, respectively. AHy pra, AHo,pps, and AHy ppat denoted the enthalpy of
fusion values for 100% crystalline polymers. The theoretical values AHy of PLA, PBS, and
PBAT are 93.1, 200, and 114 ] g’l, respectively [42,51-54].
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Figure 3. DSC curves (second heating) for polymer blends: (a) sample series A and (b) sample series

B, with various amounts of nHA added.
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Table 4. DSC test results and the calculated degree of crystallinity for various polymer blends.

Specimen Tg,PLA ch Tm,PLA AHCC AHp, Xc
Code O (W@ (W®) Jg™D gg™ (%)
A0 62 103 169 12.0 36.3 20.1
A3 63 100 169 13.0 419 24.8
A5 63 99 168 14.9 45.2 26.0
A7 61 99 168 13.5 45.0 27.0
B0 62 103 169 15.7 37.9 20.1
B3 63 101 169 18.6 41.3 20.6
B5 63 102 169 15.6 40.2 22.3
B7 63 102 169 14.8 38.5 21.5

As discussed in the literature, the thermodynamic compatibility between PLA and PBS
or PLA and PBAT was poor [26,51,55-57]. Nanoparticles were used as a nucleating agent
in the crystallization process to increase crystal growth [55-58]. As shown in Table 4, the
relative crystallinity X. in the PLA/PBS/PBAT blend (specimen A0) was 20.1%. The relative
crystallinity X. in polymer blends with the addition of various amounts of nHA (specimens
A3, A5, and A7) increased from 24.8 to 27.0%. Increased crystallinity of polymer blends
would lead to better mechanical properties. It is observed from Table 4 that sample series B
(specimens B0, B3, B5, and B7) also had a similar slight increase in relative crystallinity X
as the added amount of nHA increased.

3.5. Nonisothermal Crystallization Behavior of PLA/PBS/PBAT/nHA Blends

Heterogeneous nucleation effects in nonisothermal crystallized polymer nanocompos-
ites characterized by DSC have been discussed in the literature [59,60]. Figure 4 shows the
heat flow curves of the prepared specimens in this study during cooling from 200 °C to
50 °C at rates of 2.5, 5, 7.5, and 10 °C min 1.

The cooling traces showed that no obvious peak was observed in specimen A0, and its
melt crystallization ability was poor. When the nHA content in the specimen increased from
0 to 3 wt%, the appearance of crystallization behavior was observed during the cooling
process at 2.5 °C min~!, which exhibited an increase in the crystallization enthalpy value
AHy, from0to 7.8] g’l. This result can be attributed to the introduced nHA, which may
play a role as a nucleating agent and lead to heterogeneous nucleation behavior. As the nHA
content further increased, the AHj,. values increased slightly. Compared with specimen AQ,
specimen B0 showed a relatively high melt crystallization ability, exhibiting a AHy,. value
of 10.1 ] g~ ! at a cooling rate of 2.5 °C min~! in the absence of nHA. However, similar
AHy, values were observed in B3, B5, and B7 specimens, indicating that no significant
crystallinity change was obtained upon the addition of nHA.

All nonisothermal DSC-measured data are listed in Table 5. The different tendencies
of the sample series A and B may result in the basic crystallization ability of PLA in
different compositions. The PLA content in specimen A0 was lower, resulting in limited
melt crystallization during the cooling process. When nHA was added, a nucleation effect
occurred, making crystal formation less difficult. Therefore, as the nHA content increased,
the AHy, increased significantly. On the other hand, specimen B0 had a relatively higher
PLA content and had advantages in crystallization. The addition of nHA in sample series
B may not have produced significant improvements in crystallization compared to neat
specimen B0 without nHA.
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Figure 4. DSC curves of prepared specimens in the cooling process at 2.5, 5, 7.5, and 10 °C min~!

(a) A0, (b) A3, (c) A5, (d) A7, () B, (f) B3, (g) B5, and (h) B7.
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Table 5. Crystallization enthalpy values of sample series A and B under various cooling rates.

Cooling Rate (°C min—1)

Specimen
Code 2.5 5 7.5 10
AHp J g1

A0 0 0 0 0
A3 7.80 1.08 0.63 0.37
A5 9.88 1.70 0.45 0.41
A7 10.90 2.72 0.91 0.50
BO 10.12 3.46 0.74 0.55
B3 11.96 3.31 0.94 0.46
B5 10.09 2.56 0.84 0.36
B7 10.91 2.71 0.94 0.48

3.6. Tensile and Impact Strength Test Results for PLA/PBS/PBAT/nHA Blends

Tensile and impact strength tests were conducted in this study to examine the me-
chanical properties of various polymer blends. Typical tensile stress measurement results
of sample series A and B with various amounts of nHA added are graphically shown in
Figure 5. The maximum tensile stress (tensile strength), elongation at maximum tensile
stress, tensile modulus, and impact strength data obtained from repeated tests in this
study are listed in Table 6. It was observed that sample series B containing 80 wt% PLA
exhibited higher tensile strength, up to 57.9 £ 1.0 MPa, while the tensile strength of sample
series A with 70 wt% PLA was about 47 to 50 MPa. The elongation of sample series A and
B both ranged from 7 to 8%, better than neat PLA (6%, as shown in Table 1) or human
bone (1-3% for cortical bone and 3-7% for cancellous bone) [8]. The tensile modulus for
sample series A with various nHA contents ranged from 642 to 905 MPa, while that of
sample series B could reach 1.0 GPa. Tensile strength and tensile modulus increased with
increasing nHA addition, reaching the highest values for polymer blends containing 5 wt%
nHA (specimens A5 and B5). Polymer blends with a higher 7 wt% nHA (specimens A7 and
B7) showed a slight decrease in tensile strength, suggesting that there might be an optimal
nHA addition. Impact strength measurements indicated the toughness of the polymer
blend. The impact strength of neat PLA was about 2.5 k] m~2[21]. All polymer blends
yielded better toughness by blending PLA with ductile PBS and PBAT. It can be seen from
Table 6 that the additional amount of nHA in this study had no significant effect on the
impact strength results for a specific sample series. Examination of these comparisons
indicated that specimens B3 or B5 could be the formulations with acceptable mechanical
strength for composite bone graft materials. It was deduced from the mechanical prop-
erty measurements that the added nHA nanoparticles acted as nucleating agents during
the crystallization process of the polymer blends, thereby increasing the crystallinity and
tensile strength.

Table 6. Tensile and impact test results of polymer blends with various compositions of nHA.

Specimen Maximum Tensile Elongation at Maximum Tensile Modulus Impact Strength
Code Stress (MPa) Tensile Stress (%) (MPa) (k] m—2)
A0 471+29 79+04 642.0 = 109.1 4.83 +£0.19
A3 475+ 07 75403 887.8 £ 57.2 4.32+0.17
A5 502+ 1.0 74404 905.5 & 64.1 4.64+0.21
A7 474 +03 6.7 +£0.3 707.5 £15.0 4.20 +0.07
BO 49.6 +1.6 8.0+ 0.6 686.1 £91.3 3.36 +0.20
B3 578 +£0.7 71402 1039.4 £ 37.5 3.21+0.16
B5 579+ 1.0 73+02 1062.2 £ 97.8 342+ 0.17
B7 56.7 = 1.0 73+0.1 962.6 +17.4 3.19 +£0.25
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Figure 5. Typical tensile stress measurement results for polymer blends: (a) sample series A and
(b) sample series B, with various amounts of nHA added.

3.7. SEM Analysis Results for PLA/PBS/PBAT/nHA Blends

SEM analyses of fractured surfaces have been demonstrated in the literature discussing
polymer composite morphology and additive distribution in the polymer matrix [61-63].
The transition from ductile to brittle in polymer composites and the morphology-mechanical
properties relationship can be examined using SEM analyses. SEM images of the impact-
fractured surfaces for sample series A and B of polymer blends in this study are shown in
Figures 6 and 7, respectively.

XY
-

‘20 pm

Figure 6. Comparison of the SEM images for polymer blend sample series A with various amounts
of nHA added in (a) Specimen A0, (b) Specimen A3, (c) Specimen A5, and (d) Specimen A7.

Figure 6a shows the SEM image of specimen A0. Figure 6b—d show the SEM images
of specimens A3, A5, and A7, respectively. Figure 6a indicates that specimen A0 without
nHA presented a relatively rough and tough fractured surface. For specimen A3 with
3 wt% nHA added, well-dispersed nHA particles can be observed as small white dots in
Figure 6b. With the higher amount of added nHA, a brittle fractured morphology with
cracks appeared, as shown in Figure 6¢,d. A transition in fractured surface morphology
from relatively rough and ductile to hard and brittle was observed. These SEM results
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are also supported by the TEM results discussed in the next section, showing that the
nanoparticles were uniformly distributed. The effect of nHA addition on tensile and impact
strength was consistent with the SEM results, where the polymer blends became harder
and brittle with increasing nHA addition. As the amount of nHA added increased, the
mechanical tensile strength showed an increasing trend.

Dt t

20 pm e 20 pm

Figure 7. Comparison of the SEM images for polymer blend sample series B with various amounts of
nHA added in (a) Specimen B0, (b) Specimen B3, (c) Specimen B5, and (d) Specimen B7.

Figure 7 shows similar SEM images for sample series B, containing 80 wt% PLA.
An impact-fractured surface morphology consistent with Figure 6 was observed. No
nHA particles were detected in Figure 7a, which presented a relatively rough surface.
When nHA particles were added to the polymer blends, they produced sharp fractured
surface morphologies, as shown in Figure 7b—d. The nHA particles were well dispersed
in the polymer matrix and became aggregated at higher nHA contents. As the amount
of nHA added increased, the fracture morphology once again exhibited hard and brittle
characteristics. To confirm the chemical compositions of nanoparticles shown in the SEM
images, the EDX spectrum for a typical polymer blend of specimen B7 is shown in Figure 8.
The characteristic peaks of Ca and P elements shown in Figure 8 indicated the nHA particles
in specimens.

Spectrum 1

1 T T T T
1 2 3 4
ull Scale 563 cts Cursor: 0.000

Figure 8. Typical results of the EDX spectra of a polymer blend (specimen B7, with the addition of
7 wt% nHA).
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3.8. TEM Measurement Results for PLA/PBS/PBAT/nHA Blends

TEM images of sample series A are shown in Figure 9 at 20,000x magnification.
No nHA particle images were detected in specimen AQ. In addition, phase separation
morphology in the blend can be observed in Figure 9a, with a continuous region (or lighter
region) as the major component PLA matrix and a darker region as the minor PBS/PBAT
dispersed phase. With the addition of 3 wt% nHA, the TEM image shown in Figure 9b
exhibits the presence of small black dots of nHA, with a particle size in the range of
70-100 nm. Furthermore, the PBS/PBAT dispersed phase became smaller in size with the
addition of nHA particles, indicating that the addition of nHA particles helped to disperse
polymer phases during the twin-screw mixing process. With a further increased amount of
nHA addition from 5 to 7 wt%, the degree of uniform dispersion of the polymer phases
also increased, and PBS/PBAT phases became even smaller, as seen in the images shown
in Figure 9c,d. However, it is noted that with a higher amount of nHA addition, nHA
particles became larger due to aggregation during mixing. For 7 wt% of nHA addition,
a near-micrometer size of nHA particles was observed, as seen in the image shown in
Figure 9d. Similar results for TEM images of sample series B are presented in Figure 10.
For specimen B0, no nHA particle images were detected, as seen in Figure 10a. When the
addition of nHA increased from 3 to 7 wt% as shown in Figure 10b—d, an increased number
of fine black dots of nHA particles was displayed. TEM images also showed nHA-induced
morphological refinement, indicating that nHA helped disperse polymer domains.

Figure 9. TEM images for polymer blends of sample series A with various amounts of nHA added
(magnification 20,000 ). (a) Specimen AQ, (b) Specimen A3, (c) Specimen A5, and (d) Specimen A7.
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Figure 10. TEM images for polymer blends of sample series B with various amounts of nHA added
(magnification 20,000 x ). (a) Specimen B0, (b) Specimen B3, (c) Specimen B5, and (d) Specimen B7.

3.9. TGA for PLA/PBS/PBAT/nHA Blends

This study examined the thermal stability of polymer blends with different formula-
tions using thermogravimetric analysis (TGA). The results for sample series A and B are
shown with TGA and DTGA thermograms in Figures 11 and 12, respectively. Table 7 lists
the decomposition temperatures for 5% and 50% weight loss (Ts¢, and Tsp9,), the tempera-
ture of maximum decomposition rate (Tmax), and residual weight percent at 600 °C (WR)
for all specimens measured in this study. For sample series A, the TGA thermograms in
Figure 11a show that the main decomposition temperature of each specimen (A0 to A7) was
between 300 and 400 °C. The DTGA thermograms shown in Figure 11b depict the two-step
decomposition of each specimen. The first peak indicated the maximum decomposition
rate of PLA [64], and the second peak was owing to the maximum decomposition rate of
PBS/PBAT. As shown in Figure 11 and Table 7, adding nHA did not seem to significantly
affect the Tax of the polymer blends. The residual weight percent in the temperature range
of 500 to 600 °C increased reasonably well with increasing thermally stable inorganic nHA
content, as shown in Figure 11a and Table 7. The similar TGA and DTGA thermograms
of sample series B are shown in Figure 12, with data also listed in Table 7. The main de-
composition temperature range was also between 300 and 400 °C, as shown in Figure 12a.
The increase in residual weight percent for four specimens of sample series B was again
consistent with the increasing amount of nHA added. From the TGA results, polymer
blends in this study all had good thermal stability for bone graft material applications.
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Figure 11. Thermogravimetric analysis results of (a) TG and (b) DTG thermograms for sample
series A, with various amounts of nHA added.
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Figure 12. Thermogravimetric analysis results of (a) TG and (b) DTG thermograms for sample
series B, with various amounts of nHA added.

Table 7. Thermogravimetric measurement results for PLA /PBS/PBAT/nHA blends.

. ° 0 ° Wr (%)
Specimen Code Ts59, (°C) Tsg9, (°C) Tmax (°C) at 61})0 °oC
A0 325 361 361 1.6
A3 318 360 360 45
A5 306 354 355 57
A7 319 367 366 7.6
BO 317 355 371 0.7
B3 310 353 369 23
B5 302 348 362 45
B7 295 343 352 6.3
3.10. Water Absorption Measurement Results for PLA/PBS/PBAT/nHA Blends
The water absorption percentage gain (WA) was calculated by:
Wy — W,
WA(%) = ———4 % 100% )
d

where W,; was the weight of the sample after drying (dried at 50 °C for 2 days before the
water absorption test) and W; was the weight of the sample measured after immersion in
distilled water for t days (t = 1, 2, 5, and 8). The water absorption results for all specimens
after immersion in distilled water for 24 h are shown in Figure 13. For sample series A, due
to the hydrophilicity of nHA, the water absorption tended to increase with the increase in
nHA addition. Sample series B also exhibited a similar water absorption trend. Compared
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to sample series A, sample series B displayed lower water absorption due to its higher PLA
content. For the 24 h test, the water absorption of specimens B5 and B7 was about 15%
better than that of specimen B0. The water absorption results for a longer time are depicted
in Figure 14 for all specimens. It is demonstrated that after five days of water immersion,
the degree of water absorption of each specimen increased by about 40% to 50% compared
to the degree of water absorption on the first day. After absorbing water for eight days, the
degree of water absorption increased by about 70 to 80% compared with one-day water
absorption results. These increased water absorption percentages were consistent with
those shown in the literature for composites involving PLA [65,66]. The results of water
absorption indicated that the addition of hydrophilic nHA enhanced the water absorption
rate, which is beneficial to the application of polymer blends in bone tissue engineering.

0.7

WA (%)

0.3
0 3 5 7

wt% of nHA

Figure 13. Comparison of water absorption percentage gain (WA) at 24 h for all specimens with
various amounts of nHA added. (:l: sample series A; . sample series B).
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Figure 14. Water absorption profiles for (a) sample series A and (b) sample series B.

4. Conclusions

The physical and mechanical properties of novel bio-based polymer blends of PLA /
PBS/PBAT/nHA were investigated in this study. The aim was to screen promising for-
mulations of polymer blends with biocompatible and osteoconductive nHA to provide
options for bone graft materials. Various analytical results for physical and mechanical
property tests were reported. The conclusions are as follows: (1) Polymer blend formula-
tions containing 70 or 80 wt% PLA content with the addition of 3 to 5 wt% nHA exhibited
tensile strengths ranging from 47 to 57 MPa, suitable for bone graft applications. The
elongation and impact strength of these formulations were also satisfactory. (2) The thermal
degradation temperatures of various PLA/PBS/PBAT/nHA blends ranged from 300 to
400 °C, suggesting that the polymer blends had satisfactory thermal stability. (3) The
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addition of nHA in the polymer blends increased water absorption due to its hydrophilicity.
Addition of 5 wt% nHA resulted in about a 15% increase in water absorption in the 24 h
water immersion test compared to polymer blends without nHA.
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Abstract: This study explored the innovative foaming behavior of a novel biodegradable
polymer blend consisting of polylactic acid/poly(butylene succinate)/poly(butylene
adipate-co-terephthalate) (PLA/PBS/PBAT) enhanced with nanohydroxyapatite (nHA),
using supercritical carbon dioxide (SCCO2) as an environmentally friendly physical foam-
ing agent. The aim was to investigate the effects of various foaming strategies on the re-
sulting cell structure, aiming for potential applications in tissue engineering. Eight foam-
ing strategies were examined, starting with a basic saturation process at high temperature
and pressure, followed by rapid decompression to ambient conditions, referred to as the
(1T-1P) strategy. Intermediate temperature and pressure variations were introduced be-
fore the final decompression to evaluate the impact of operating parameters further. These
strategies included intermediate-temperature cooling (2T-1P), intermediate-temperature
cooling with rapid intermediate decompression (2T-2P), and intermediate-temperature
cooling with gradual intermediate decompression (2T-2P, stepwise AP). SEM imaging re-
vealed that the (2T-2P, stepwise AP) strategy produced a bimodal cell structure featuring
small cells ranging from 105 to 164 pum and large cells between 476 and 889 pm. This study
demonstrated that cell size was influenced by the regulation of intermediate pressure re-
duction and the change in intermediate temperature. The results were interpreted based
on classical nucleation theory, the gas solubility principle, and the effect of polymer melt
strength. Foaming results of average cell size, cell density, expansion ratio, porosity, and
opening cell content are reported. The hydrophilicity of various foamed polymer blends
was evaluated by measuring the water contact angle. Typical compressive stress—strain
curves obtained using DMA showed a consistent trend reflecting the effect of foam stiff-
ness.

Keywords: PLA/PBS/PBAT/nHA polymer blend; supercritical CO2; foaming strategy;
bimodal cell structure
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1. Introduction

Tissue engineering has developed rapidly in the past four decades, with the goal of
achieving the regeneration of human tissues or organs. Biomaterial scaffolds are im-
portant to multidisciplinary tissue engineering research [1-3]. Appropriately engineered
tissues are being implanted in patients clinically [3-5]. Porous biomaterials are extremely
useful in medical applications, where the cell structure, porosity, and interconnectivity
are important for the functionality and biocompatibility of the tissue matrix. Voids in the
material facilitate tissue growth and outward nutrient and waste mass transfer. Appro-
priate cell structures and porosities vary with tissue-specific biomaterials [6-8]. Porous
biomaterials have a wide range of medical applications in subcutaneous tissue, bone, car-
diovascular system, brain, eyes, etc., and have been reviewed in recent literature [9-14].
Biomaterials are generally divided into natural materials, metals and alloy materials, ce-
ramic materials, polymer materials, and composite materials, each of which has its ad-
vantages and disadvantages [3,5,11,15,16]. Currently, metal-based or ceramic-based im-
plant materials are mainly used. Polymer-based materials and their composites are more
viable in the future due to their tunable, biodegradable properties and processing capa-
bilities [17,18].

According to recent literature reports, biodegradable materials have important clini-
cal indications, including drug delivery, tissue engineering, medical imaging, vaccine car-
riers, biosensing, fracture fixation, ligament reconstruction, and meniscal repair [19,20].
The synthetic biodegradable polymers most investigated are poly(e-caprolactone) (PCL),
polylactic acid (PLA), polyglycolic acid (PGA), and the copolymer of PLA and PGA
[21,22]. PLA is a semi-crystalline polymer approved by the U.S. Food and Drug Admin-
istration (FDA) with desired biocompatibility and biodegradability [22]. In order to im-
prove the shortcomings of PLA, such as toughness, hydrophilicity, and cell affinity, pre-
vious literature has studied composites of PLA with other bio-based polymers or inor-
ganic additives. The morphology, microstructure, thermal properties, and mechanical
properties of PLA with poly(butylene succinate) (PBS) or PLA with poly(butylene
adipate-co-terephthalate) (PBAT) polymer blends have been studied in previous reports
as potential scaffold materials in tissue engineering [23-29]. Inorganic bioactive materials
are added to polymer blends to achieve the necessary infrastructure. For example, hy-
droxyapatite (HA) or nanohydroxyapatite (nHA) are major components of human bone
tissue and are added to various polymer blends [30,31].

According to the literature we are aware of, most polymer scaffold materials are bi-
nary bio-based polymer blends (e.g., PLA/PBS or PLA/PBAT) or single polymers with ad-
ditives such as nanohydroxyapatite (NnHA) particles [24-31]. Some studies on ternary sys-
tems (e.g.,, PLGA/HA/collagen or PLA/PBAT/nHA) have been conducted [30,32], and
more hybrid polymer/inorganic systems are expected to emerge. We recently presented
thermal, physical, and mechanical studies of a novel bio-based PLA/PBS/PBAT ternary
blend with added nHA [33]. Based on our previous study [33], a PLA/PBS/PBAT blend
(80/15/5 by weight) with 5 wt% of added nHA met the needs of tissue engineering mate-
rials [32]. The thermal and mechanical properties of PLA/PBS/PBAT/nHA blends have
been described in our previous study [33]. The added nHA helped increase the hydro-
philicity and improve the blend’s strength. It was stated in our previous study [33] that
the 5 wt% added nHA was uniformly distributed in the polymer blend from the TEM
measurement image. This novel bio-based PLA/PBS/PBAT blend with added nHA is a
promising tissue engineering material, and the foaming properties of the blend were fur-
ther investigated in this study.

For tissue engineering applications, porous polymer foams accounted for the most
significant market share [34]. The preferred porous material must have an open-cell mor-
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phology and interconnected cell structure. Foaming using physical blowing agents, espe-
cially carbon dioxide or nitrogen, has received much attention in academic research and
industrial applications [35]. The use of supercritical carbon dioxide (SCCOz) for polymer
foaming has been reviewed in the literature [34-37]. PLA in porous form is widely used
in biomedical applications, and many studies on the use of SCCO: to form porous PLA or
PLA composites have been proposed in the literature [38]. Foaming polymer blends con-
taining semi-crystalline PLA using SCCO: is complex due to the COz-induced crystalliza-
tion of PLA [39]. Yang et al. [40] presented the foaming of PLA with SCCO: at a fixed
saturation pressure of 16 MPa. A foaming temperature window was proposed according
to the crystal structure of PLA. Different cell size and volume expansion ratio distributions
were obtained after foaming at different temperatures and pressures. Chen et al. [41]
showed a similar foaming temperature window for the foaming behavior of two PLA
specimens with different D-isomer contents. A two-step temperature-induced forming
process was used. During the first saturation process, SCCO: was saturated into PLA at
16 MPa and 150 °C for 1 h. The second foaming process was carried out at different form-
ing temperatures, and various foaming results were analyzed to obtain the foaming tem-
perature window. Huang et al. proposed a multiple saturation temperature method under
fixed pressure [42]. They reported that in addition to the first stage of high-temperature
saturation and cooling procedures, a second stage of heating and cooling was ultimately
added to complete rapid decompression foaming. Various operating parameters were dis-
cussed to obtain bimodal open-cell PLA with suitable cell size for tissue engineering ap-
plications. The foaming of a polymer blend of PLA/PBS using SCCO2 has been presented
in the literature, where the PBS phase might act as a heterogeneous nucleation site. Li et
al. [43] studied the effects of PBS content and foaming temperature for PLA/PBS at a fixed
foaming pressure of 10.3 MPa. The PLA/PBS blend was first heated to a higher tempera-
ture of 180 °C to eliminate thermal history and then cooled to a lower temperature for a
single-stage foaming process. The temperature and material composition window to ob-
tain open-cell results was demonstrated. A similar melt-saturated foaming strategy pro-
posed by Wang et al. [44] was used to prepare highly expanded open-cell PLA for oil-
water separation. Yu et al. studied the effect of adding PBS to PLA-based polymer blends
on foaming behavior [27]. The PBS phase with low melt strength helped reduce the vis-
cosity of the blend, and the interface between PLA and PBS acted as a cell nucleation site.
It was found that PLA/PBS (80/20 by weight) could produce a highly open cell structure
and obtain a bimodal cell size distribution through a two-step pressure reduction process.
The foaming of PBAT was studied by Wang et al. [45] using SCCO2 and nitrogen co-blow-
ing agents to improve the shrinkage of PBAT foam through a single decompression pro-
cess.

The literature has also demonstrated two-step pressure-reduction foaming processes
of polymers and their blends with additives [46—48]. The polymer sample was soaked in
SCCO:z for a certain saturation time and then depressurized to an intermediate pressure
for the first time. After being maintained at the intermediate pressure for a selected hold-
ing time, the sample was rapidly depressurized to ambient conditions to complete the
foaming process. A bimodal cell size distribution could also be observed through the two-
step decompression process. Large cells were obtained during the first slow pressure re-
duction, and small cells were received during the second rapid depressurization [47,48].
The desired large and small cell sizes for tissue engineering applications were obtained
by adjusting the foaming process parameters.

To the best of our knowledge, SCCO: foaming of PLA/PBS/PBAT ternary polymer
blends with added nHA has not been shown in the literature. With the dispersed
PBS/PBAT phase in PLA, possible nucleation sites can be expected at the interface between
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polymers to facilitate the foaming process. This study aims to investigate the SCCO: foam-
ing strategy of a recently reported blend of PLA/PBS/PBAT (80/15/5 by weight) with the
addition of 5 wt% nHA. The main foaming parameters are the saturation and foaming
temperature, pressure, and time. The foaming process included SCCQOzsaturation into the
polymer matrix, foaming at appropriate temperature and pressure, and finally, rapid de-
compressing to obtain the desired foamed product. The feasible operating parameters for
obtaining bimodal cellular structure porous materials were studied and discussed. The
innovation of this study is the foaming of a ternary polymer blend with the addition of
nHA, leading to the formation of a bimodal cell structure by employing a gradual pressure
reduction process.

2. Results and Discussion
2.1. Foaming Results from Strategies with (1T-1P), (2T-1P), and (2T-2P) Operating Conditions

The role of selecting appropriate operating conditions during the foaming process is
significant, especially for PLA-based biodegradable polymer blends. Much previous liter-
ature has investigated the foaming temperature and pressure conditions of polymer sys-
tems containing mainly PLA. The range of operating conditions was expressed as a foam-
ing window [39—41]. In a recent review article, Sarver and Kiran [35] elaborated on this
forming window. As reported in these review articles, the operating temperature range
was 100 to 160 °C, and the pressure range was 100 to 200 bar. The simple one-step foaming
strategy involves a saturation process of SCCO: absorption into polymer blends at satu-
ration temperature (Ts) and pressure (Ps), followed by rapid decompression to ambient
conditions, which is referred to as the (1T-1P) foaming strategy in this study.

In tissue engineering material research, there is discussion about the bimodal distri-
bution of small and large cells [49,50], and more research on various polymer systems is
still in progress. According to the literature, in order to obtain a bimodal distribution dur-
ing the foaming process, a two-step operation is required by changing the temperature or
pressure [27,42,46,47,51,52]. In the two-step process, variable temperature operation is the
most common in the literature due to the important influence of temperature on polymer
crystal formation and melt strength changes. The polymer or its blend was heated to a
higher saturation temperature (Ts) and pressure (Ps), and maintained in the saturated state
for a particular saturation time (ts). This step allowed SCCO: to be absorbed into the pol-
ymer matrix. The system was then reduced to an intermediate or foaming temperature
(Tt) and held for a certain holding or foaming time (t¢) before being rapidly depressurized
from Ps to ambient conditions to complete the batch foaming process. This study refers to
this as the (2T-1P) foaming strategy. If the operating pressure Ps dropped rapidly to an
intermediate pressure level, i.e., the foaming pressure (Pr), within the foaming time inter-
val (tr) before the final rapid pressure release, we call it a (2T-2P) foaming strategy in this
study.

In previous literature (PLA/PBS, the weight ratio of 80/20) [27], the saturation tem-
perature (Ts) used was 150 °C. It is also noticed that at higher Ts above 160 °C, the melt
strength of PLA was insufficient to withstand the internal pressure during the absorption
process [41]. Therefore, the saturation temperature Ts in this study was selected as 150 °C.
Based on the solubility data of SCCO:2 in biodegradable polymers measured in previous
literature [53-55], the saturation time (ts) was selected as 90 min, at which the CO: uptake
in the PLA-based blends in this study was estimated to be close to equilibrium. This satu-
ration time is reasonable compared to the values used in previous literature [40,41,56-58].
Firstly, the (1T-1P) foaming strategy was adopted, and the experiments were carried out
at a saturation temperature of 150 °C and saturation pressures of 130, 150, and 170 bar.
Based on these preliminary results, the highest expansion ratio can be obtained when the
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saturation pressure (Ps) was selected as 150 bar, and it is reasonable to set Ps as 150 bar in
this study.

Figure 1 shows the operating conditions for three foaming strategies and their result-
ing SEM images: (A) one-step (1T-1P) process, (B) two temperature levels (2T-1P) process
with intermediate cooling to 110 °C, holding time was 10 min, and (C) two temperature
levels and two pressure levels (2T-2P) process, with intermediate temperature cooling to
110 °C and intermediate rapid pressure reduction from 150 to 100 bar. The intermediate
pressure at 100 bar was selected based on the foaming window shown in the literature
[35]. The intermediate temperature at 110 °C chosen in this study is reasonable, which is
about the middle temperature in the previously reported foaming window [40,41]. A
foaming time tt of 10 min was used in the (2T-1P) and (2T-2P) strategies.

150 bar 150 bar

150 bar

100 bar

PorT
PorT

time time

(A) (@)

Figure 1. Operating conditions and SEM images for foaming strategies: (A) Strategy A with one-
step (1T-1P) process, (B) Strategy B with two temperature levels (2T-1P) process, with intermediate
cooling to 110 °C, and (C) Strategy C with two temperature levels and two pressure levels (2T-2P)
process, with intermediate cooling to 110 °C and intermediate rapid pressure reduction to 100 bar.

From the SEM observation of the (1T-1P) foaming strategy A, it is evident that the
foamed product contained sparsely distributed small cells, while a significant portion of
the sample remained unfoamed. This outcome suggests that during the (1T-1P) foaming
process, only a small amount of absorbed COz underwent nucleation to form small bub-
bles during the rapid pressure drop, leaving behind a large unfoamed region. The defin-
ing feature of the (1T-1P) strategy is its isothermal operation, meaning that the polymer
blend absorbed CO: at a single elevated temperature and then initiated foaming by a sud-
den release of pressure to ambient conditions. However, due to the lack of a second tem-
perature zone to adjust the melt strength and foaming ability, the PLA/PBS/PBAT/nHA
blend could not form a large or bimodal cell structure. This limitation is particularly crit-
ical for polymer blends, where achieving a well-defined porous structure depends on
carefully controlling both temperature and pressure conditions. Without an additional
temperature change stage, the melt strength remained inappropriate to support stable
bubble growth, leading to the unsatisfactory formation of only small cells with an average
size of 27.6 um using strategy A.

The (2T-1P) foaming strategy B shown in Figure 1 included an additional tempera-
ture cooling (from 150 to 110 °C) and holding at 110 °C for 10 min. During the cooling and
holding process, bubbles nucleated and presented an unimodal cell structure after rapid
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decompression. With foaming strategy B, no large cells were detected from the SEM im-
ages. This may be because the nucleation energy barrier was not overcome within the
holding time to induce the nucleation and cell growth. Only during the final rapid decom-
pression step did relatively short nucleation and small-cell formation occur [59,60]. Small
cells with an average size of 34.2 um were obtained through foaming strategy B. To obtain
both small and large cells for tissue engineering applications, consideration of two-step
pressure manipulation was further investigated.

The (2T-2P) foaming strategy C shown in Figure 1 included temperature cooling
(from 150 to 110 °C) and holding at 110 °C for 10 min. As the temperature reached 110 °C,
the pressure was quickly reduced from 150 to 100 bar and held in this intermediate pres-
sure for 10 min before final rapid depressurization to ambient conditions. This foaming
strategy produced mainly large cells with an average size of 408.7 um and a lower cell
density. The cell size and structure produced by strategy C are completely different from
those by strategy B, mainly due to a rapid, intermediate pressure drop from 150 to 100
bar. According to classical nucleation theory [48,61], the free energy barrier for nucleation
is inversely proportional to the square of pressure supersaturation, which is defined as
the difference between the critical bubble pressure and the operating pressure. When the
operating pressure was quickly reduced by 50 bar, it is possible that excessive cell nucle-
ation was induced during the quick, intermediate decompression and a high degree of
cell growth during the holding time, resulting in almost no small cell size during the final
rapid decompression to ambient conditions. SEM images showed large cells, indicating
excessive expansion of the bubbles and possible coalescence. This result expresses that
larger cells can be obtained through a two-step depressurization operation, but the degree
of the intermediate depressurization and the time of holding the intermediate pressure
should be adjusted to obtain a bimodal cell structure.

Figure 2 plots the relative frequency of cell size distribution for three foaming strate-
gies A, B, and C. It shows that unimodal cell structures were obtained from these three
strategies. This study observed that the (1T-1P) foaming strategy A had a lower expansion
ratio of 1.36 and a smaller cell size. The (2T-1P) foaming strategy B increased the expan-
sion ratio to 2.72, but the cell size was still small. The (2T-2P) foaming strategy C, which
changed both temperature and pressure in the intermediate stage, produced almost all
large cells with a higher expansion ratio of 5.41. The intermediate pressure change is ben-
eficial for obtaining larger cells, but a gradual pressure change might be needed to get
desirable bimodal cell structure products.
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Figure 2. Plots of the relative frequencies of cell size distribution results for foaming strategies: (A)
Strategy A with one-step (1T-1P) process, (B) Strategy B with two temperature levels (2T-1P) pro-
cess, with intermediate cooling to 110 °C, and (C) Strategy C with two temperature levels and two
pressure levels (2T-2P) process, with intermediate cooling to 110 °C and intermediate rapid pressure

reduction to 100 bar.
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2.2. Foaming Results from Strategies with (21-2P, Stepwise AP) Operating Conditions: Pressure
Effect

Based on the three foaming strategies discussed above, the temperature change pro-
cess accompanied by a stepwise decrease in pressure (2T-2P, stepwise AP) was further
investigated. Figure 3 shows a schematic diagram of the (2T-2P, stepwise AP) foaming
strategy. The saturation pressure and temperature remained at 150 bar and 150 °C, respec-
tively. The saturation time was maintained at 90 min to ensure sufficient absorption of
CO: into the polymer blends. After the saturation stage, the operating temperature drops
to an intermediate value (T¥) (or the foaming temperature) and remains there for a holding
time (tf). During this holding time, the operating pressure was gradually reduced from
150 bar to an intermediate value (Pr) (or the foaming pressure), with each pressure reduc-
tion step being 10 bar min-'. With the gradual change in pressure, a porous product with
a bimodal cell structure is expected to be obtained, in which large cells are formed during
the intermediate holding time, and small cells are formed during the final rapid decom-
pression step [27,46-48].

A

150 bar
P
= 150 °C
o]
o
90 min Ty
tf
: >
time

Figure 3. The schematic diagram for operating conditions of the (2T-2P, stepwise AP) foaming strat-
egy.

Firstly, the effect of foaming pressure (Pr) was studied, where the foaming tempera-
ture (Tr) was maintained at 110 °C. Three (2T-2P, stepwise AP) foaming strategies were
investigated based on different intermediate pressure effects: (D) stepwise pressure drop
to 120 bar with a holding time (t) of 3 min, (E) stepwise pressure drop to 100 bar with a
holding time of 5 min, and (F) stepwise pressure drop to 80 bar with a holding time of 7
min. Figure 4 shows the SEM images and relative frequencies of cell size distribution ob-
tained for the three foaming strategies: D, E, and F.
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Figure 4. The SEM images and relative frequencies of cell size distribution results for (2T-2P, step-
wise AP) foaming strategies: (D) Strategy D with stepwise pressure drop to 120 bar and with a hold-
ing time of 3 min, (E) Strategy E with stepwise pressure drop to 100 bar and with a holding time of
5 min, and (F) Strategy F with stepwise pressure drop to 80 bar and with a holding time of 7 min.

It is observed that bimodal cell structures were obtained with the (2T-2P, stepwise
AP) foaming processes. Generally speaking, the average small cell size ranged from 110
to 160 pum for the three foaming strategies: D, E, and F. However, the average large cell
size depended on the degree of pressure change. Both the operating temperature and
pressure have an important influence on the cell size and structure. For foaming strategies
D, E, and F, the intermediate temperature (Tt) was maintained constant at 110 °C. The
effects of the remaining operating parameters, namely the degree of pressure variation
and the foaming time (tt), are discussed below.

For these three foaming strategies at the same intermediate temperature, as the pres-
sure decreased in the intermediate foaming stage, the solubility of SCCOz in the polymer
becomes smaller, resulting in the gradual release of gas from the polymer matrix. When
CO:2 escaped, it created a supersaturated state, which caused bubbles to form. The extent
of the pressure drop affected the number and size of bubbles. The pressure drop extent of
foaming strategy D was the smallest among the three pressure reduction strategies, and
the resulting average large cell size was also the smallest, about 562 um.

This result is consistent with the classical nucleation theory, where the maximum free
energy barrier related to forming a new phase is inversely proportional to the square of
pressure supersaturation. Cell nucleation and growth occurred during the time when the
pressure was gradually reduced. The pressure drop of 30 bar in foaming strategy D lasted
for 3 min, which was insulfficient to allow the growing nuclei to form larger cell sizes com-
pared to the other two foaming strategies, E and F, with longer foaming times. If a larger
cell size is desired, the degree of pressure drop should be increased.

The results of foaming strategy E show that when the intermediate pressure was re-
duced to 100 bar and the foaming time was extended to 5 min, larger cells could be ob-
tained, and the average cell size was about 602 um. The results for strategy F showed a
gradual pressure drop to 80 bar over a period of 7 min, with an average large cell size of
775 pm. A pressure drop of 70 bar in foaming strategy F might reduce the nucleation bar-
rier to a low enough level to result in the growth of large cells. Examining the pressure
effects shown in Figure 4, it can be noted that intermediate stepwise pressure drops can
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adjust the desired cell size and bimodal cell structure. Various cell sizes might be required
for different applications in tissue engineering [6]. For example, bimodal cell structure is
advantageous for bone tissue engineering scaffolds, and large cell sizes up to 800 ym still
contribute to bone formation [62]. Figure 5 plots the average large cell sizes for foaming
strategies D, E, and F. It supplies a guideline for choosing the operating pressure condition
to obtain desired bimodal cell structures.

1000

900
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700 | E

Cell size (um)

\
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500 |

400 T T
120 100 80

P (bar)

Figure 5. Effect of the foaming pressure on the large cell size obtained from foaming strategies D, E,

and F.

2.3. Foaming Results from Strategies with (2T-2P, Stepwise AP) Operating Conditions:
Temperature Effect

The effect of foaming temperature (Tr) was further examined, with the foaming pres-
sure (Pf) gradually reduced from 150 to 100 bar, as described in Section 2.2 under foaming
strategy E. Three variations of the (2T-2P, stepwise AP) foaming strategy were investi-
gated, each with a different intermediate or foaming temperature (T¢): (G) Tt set at 100 °C,
(E) Trset at 110 °C, and (H) Tt set at 120 °C. The foaming time (tf) was maintained at 5 min
for all three strategies. Figure 6 presents the SEM images and corresponding cell size dis-
tribution frequencies for strategies G, E, and H. Under the same foaming pressure condi-
tions, temperature emerged as a critical factor influencing the solubility and diffusivity of
supercritical COz within the polymer blend. It also affected the molecular chain mobility
and melt strength during the foaming process [52,63], ultimately impacting the resulting
cell structure.
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Figure 6. The SEM images and relative frequencies of cell size distribution results for (2T-2P, step-
wise AP) foaming strategies: (G) Strategy G with intermediate temperature at 100 °C, (E) Strategy E
with intermediate temperature at 110 °C, and (H) Strategy H with intermediate temperature at 120
°C.

It was observed that all three foaming strategies produced a bimodal cell structure,
with average small cells ranging from 105 to 164 pm. However, the average large cell sizes
varied under each foaming temperature condition. All three temperatures fell within the
foaming window of PLA, as reported in previous studies [39—-41], making them suitable
for foaming the PLA-based blends in this study. For strategies G, E, and H, the results
show a decreasing trend in macrocell size as the foaming temperature changed from 100
°C to 120 °C. This trend can be attributed to the changes in SCCO: solubility within the
PLA-based blends of this study and the effects on the melt strength of these blends.

Foaming strategy G, operated at a foaming temperature (Tt) of 100 °C, produced the
largest average macrocell size of 889 um among the three strategies. This result can be
explained first by gas solubility. In strategy G, the larger temperature drop from the high
saturation temperature to the lower foaming temperature resulted in a higher gas density,
increasing the solubility of SCCO:z in the polymer blend. During stepwise decompression,
higher SCCO: contents led to greater supersaturation, generally promoting larger cell for-
mation. In addition to SCCO: solubility, the melt strength of the polymer blend played an
important role. According to the literature [52], sufficient melt viscosity can stabilize cell
growth. At 100 °C, the polymer blend exhibited relatively higher melt strength than those
at the other two foaming temperatures, which benefited the bubble expansion and, thus,
the formation of larger macrocells. This explains the result observed with strategy G,
where the combination of melt strength effect and stepwise pressure reduction created a
favorable environment for large cell growth, ultimately producing a bimodal cell structure
after the final decompression.

Foaming strategies E and H were conducted at higher foaming temperatures (T¢) of
110 °C and 120 °C, respectively. This resulted in a smaller temperature drop from the ini-
tial saturation temperature compared to strategy G. The smaller temperature drop main-
tained the SCCO: density lower than that of strategy G. The lower solubility of SCCO:
may have resulted in the reduction in the macrocell size compared to the 100 °C condition.
Additionally, the melt strength of the polymer blend decreased at these higher foaming
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temperatures. During the final rapid cooling and sudden drop in pressure to ambient con-
ditions, the melt strength of the polymer blend increased again. As reported in the litera-
ture [40,64], the sudden increase in melt strength might promote the retraction of polymer
chains, leading to bubble shrinkage and further reducing the final macrocell size. As
shown in Figure 6, the average macrocell sizes for foaming strategies E and H were 602
pum and 476 pm, respectively. A graphical illustration of the decreasing trend of the aver-
age macrocell size from strategies G, E, and H is shown in Figure 7.
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Figure 7. Effect of the foaming temperature on the large cell size obtained from (2T-2P, stepwise AP)

foaming strategies G, E, and H.

2.4. Comparison of Foaming Results from All Operating Strategies in This Study

The experimental results of all foaming strategies in this study are summarized in
Table 1. It was observed that foaming strategies A and B produced only small cells with
relatively low expansion ratios (less than 3) and high cell densities. The opening cell con-
tents of foaming strategies A and B are lower because the operating pressure drops too
quickly, resulting in larger unfoamed spaces and more closed cells. When applying foam-
ing strategy C involving a rapid, intermediate pressure drop of 50 bar, only large cells
with an increased expansion ratio of up to 5.41 were obtained. The opening cell content
increased to 67.8, possibly due to cell coalescence when the cells grew to a large size.

Table 1. Summarized foaming results from all operating strategies in this study.

) . ) Porosit Cell Densit Cell size (um) Opening Cell
Operating Strategy ~ Expansion Ratio (%) ’ (cell/cm?) Y (Small/Lafge) CI:mtengt (%)
A 1.36 +£0.08 26.5+4.4 (1.75+£0.17) x 107 27.6 +1.1/— 12.7+£22
B 2.72+0.21 65.2+2.8 (1.89 £ 0.05) x 107 342+1.9/— 45.0+1.5
C 5.41 +0.40 81.5+1.4 (1.64 £ 0.02) x 104 —/408.7 + 38.7 67.8+0.5
D 4.30 +0.02 76.7 £0.1 (1.05 £ 0.01) x 10¢° 109.9 +3.2/562.0 +29.4 60.0+1.2
E 7.29 +0.30 86.3+0.5 (3.24 £0.01) x 10° 164.2 +8.4/602.1 +27.3 66.9 0.7
F 14.01 +£0.93 929+0.4 (5.86 +£0.02) x 10° 138.2 +5.4/775.6 + 13.0 77.8 £0.6
G 17.96 +0.20 94.4 +0.1 (3.27 £0.01) x 10° 151.1 +12.1/889.8 + 66.2 84.3+0.4
H 4.48 +0.16 77.7 £0.7 (1.06 £ 0.01) x 106 105.9 +5.1/476.4 +23.6 57.8+1.2

The remaining five foaming strategies all resulted in bimodal cell distribution, which
is advantageous in tissue engineering and regenerative medicine applications. Comparing
foaming strategies D, E, and F, the expansion ratios increased from 4.3 to 14.0 as the inter-
mediate pressure drop increased. The macrocellular size (from 562 +29.4 to 775 + 13.0 pm)
and opening cell content (from 60.2 + 1.2 to 77.8 + 0.6%) also showed an increasing trend.
Larger cells indicate that the bubbles may have merged during the expansion process,
forming interconnected cells and leading to higher opening cell content. The macrocell
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sizes obtained from strategies G and H showed their dependence on the intermediate
foaming temperature. In this study, the largest macrocell size of the foamed product pre-
pared by strategy G at the intermediate temperature of 100 °C was 889.8 + 66.2 um, and
the highest opening cell content was 84.3 + 0.4%. Foaming strategy H, which was operated
at a higher intermediate foaming temperature of 120 °C, had a smaller macrocell size of
476.4 +23.6 um and a smaller opening cell content of 57.8 + 1.2% compared to strategy G.
The graphical presentations of the large and small cell sizes, cell densities, expansion
ratios, and porosities, and opening cell contents of the foamed polymer blends in this
study using various foaming strategies are illustrated in Figure 8a-d, respectively. It is
demonstrated that with the stepwise pressure drop in the intermediate stage of the foam-
ing process, bimodal cell structures can be achieved with porosity ranging from 76.7% to
94.4% and opening cell content from 57.8% to 84.3%. These data suggest that this study’s
foamed polymer blends are suitable for bioscaffold use in tissue engineering [5,6,13].
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Figure 8. The experimental results of (a) cell size, (b) cell density, (c) expansion ratio and porosity,
and (d) opening ratio of the foamed polymer blend in this study using various foaming strategies
from A to H.

The water contact angle measurements demonstrate the hydrophilicity of the foamed
polymer blends produced using various foaming strategies. Figure 9 presents a repre-
sentative water contact angle result for the blend processed with foaming strategy E. The
initial water contact angle was recorded as 68.5 + 0.2°, gradually decreasing to 50.7 + 0.1°
after 30 min. In comparison, the contact angle of the unfoamed PLA/PBS/PBAT/nHA
blend was 87.5 + 1.0°, which was close to the hydrophobic nature. These results indicate
that the bimodal cell structure achieved through foaming strategy E expressed enhanced
hydrophilicity. Similarly, all other foamed products with a bimodal structure displayed a
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comparable trend in hydrophilicity, attributed to the formation of large open cells that
facilitated water absorption.

t =20 min

t=10 min

64.3 +0.3° 57.9%0.1°

Figure 9. The water contact angle of the foamed polymer blend using foaming strategy E.

The decreased behavior of the water contact angle with time is discussed below for
the foamed polymer blends treated using the (2T-2P, stepwise AP) foaming strategies de-
scribed in Sections 2.2 and 2.3. All of these foams had a bimodal cell structure, and the
results show that the foamed products with larger macrocells had lower water contact
angles. For example, as shown in Figure 10a, the initial water contact angles of the foamed
products from strategies D, E, and F were 76.0°, 68.5°, and 54.4°, respectively. This is be-
cause strategy F produced the foamed products with larger macrocells and a larger open-
ing cell content than the foamed products produced by strategies D and E. After a period
of 30 min, the water contact angle of the foamed product produced by strategy F decreased
to 27.4°, which was lower than the water contact angles of the foamed products produced
by strategies D and E (61.4° and 50.7°, respectively). Figure 10b shows similar trends for
the foamed products prepared using strategies G, E, and H. The decreasing water contact
angle curves shown in Figure 10a,b highlight the enhanced hydrophilicity of the bimodal
foamed products due to interconnected macrocells.
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Figure 10. The decreasing trend of water contact angle for the foamed polymer blends from (a)
foaming strategies D, E, and F; (b) foaming strategies G, E, and H.

Figure 11 shows the DMA measurement results of the foamed products processed
using the (2T-2P, stepwise AP) foaming strategy described in Sections 2.2 and 2.3. All
foamed products had a bimodal structure. Figure 11a presents the compressive stress—
strain curves of the foamed products produced using foaming strategies D, E, and F. The
strain data were recorded using dynamic mechanical analyzer (DMA, 7e, Perkin Elmer,
Waltham, MA, USA ) at a constant increasing load stress rate of 10 kPa min~, starting
from 7 kPa up to 1.13 MPa. The foamed product from strategy F displayed a greater strain
value under fixed compressive stress than those from strategies D and E. This is consistent
with the increasing trend of average macrocell size obtained from these strategies. Specif-
ically, the foamed product from strategy D had a compressive stress of 0.76 MPa at 5%
strain. For the foamed products from strategies E and F, at the same 5% strain value, the
corresponding compressive stress dropped to 0.45 MPa and 0.12 MPa, respectively. These
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results indicate that the foamed product with smaller macrocells using strategy D exhib-
ited higher stiffness, whereas the foamed products with increasing macrocell sizes using
strategies E to F exhibited better toughness. Figure 11b shows a similar trend for the
foamed products produced using strategies G, E, and H, indicating that the foamed prod-
uct using foaming strategy H (with macrocell size of 476.4 + 23.6 um) exhibited higher
stiffness. In contrast, the foamed product prepared using foaming strategy G (with a mac-
rocell size of 889.8 + 66.2 um) exhibited enhanced toughness.

1.5

—D
—E
—F

Compressive Stress (MPa)
Compressive Stress (MPa)

"o 10 20 30 40 50 0 10 20 30 40 50
Strain (%) Strain (%)

(a) (b)

Figure 11. The compressive stress—strain curves for the foamed polymer blends from (a) foaming

strategies D, E, and F; (b) foaming strategies G, E, and H.

3. Materials and Methods
3.1. Material

The materials used in this study are the same as those in our previous research [33],
and according to the supplier, the main physical properties of these materials are as fol-
lows. Polylactic acid (PLA, Ingeo 4032D), with an average D-lactide content of PLA of 1.4
wt%, was purchased from NaturalWorks LLC, Minnetonka, MN, USA. The melting tem-
perature of PLA is 155-170 °C, and its melt flow index (at 190 °C and 2.16 kg) is 7 g/10
min. Poly(butylene succinate) (Bio PBS, FZ 91) was purchased from PTT MCC Biochem
Co. Ltd., Bangkok, Thailand. The melting temperature of PBS is 115 °C, and its melt flow
index (at 190 °C and 2.16 kg) is 5 g/10 min. Poly(butylene adipate-co-terephthalate) (PBAT,
ecoflex F blend C1200) was purchased from BASF SE, Ludwigshafen, Deutschland. The
melting temperature of PBAT is 110-120 °C, and its melt flow index (at 190 °C and 2.16
kg) is 2.7-4.9 g/10 min. Nano-hydroxyapatite (nHA, CAS registry number 12167-74-7) was
purchased from Sigma-Aldrich, UNI-ONWARD Corp, Taiwan. The purity of nHA is
greater than 97 wt%, with a mean particle size of 72-80 nm, molecular weight of 502.3,
and a melting temperature of about 1100 °C.

3.2. Preparation of Composite Blends

The polymer blends (PLA/PBS/PBAT) added with nHA were prepared using a twin-
screw extruder (Process 11, Thermo Fisher Scientific, Waltham, MA, USA). All PLA, PBS,
and PBAT polymers were first dried in a vacuum oven (Channel, VO45L, KO TSAO spe-
cialty Instrument & Supplies Co. Ltd, Taipei, Taiwan) at 80 °C for 6 h before charging into
the extruder. The formulation of the blends PLA/PBS/PBAT used in this study is 80/15/5
in weight percentage, added with an additional 5 wt% nHA. The extruder for blending
the polymers was equipped with a volumetric feeder and a strand pelletizer (Process 11,
Thermo Fisher Scientific, Waltham, MA, USA). The diameter of the screw extruder is 11
mm, and the L/D ratio is 40. Polymers were fed into the hopper of the extruder, where the
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extrusion temperatures were controlled independently. The feed rate of the polymer pel-
lets was 1 kg h, and the screw speed was 50 rpm. The temperature settings for the feed
and mixing zones were 220-225-225-225-225-220-210-200 °C. After the blending process,
the extruded products were cooled by a water bath and were then granulated and dried
for a sufficient time. Rectangular specimens with 3 mm x 7 mm and thickness of 2 mm
were made by compression molding at 200 °C for 5 min, followed by cooling to room
temperature. The specimens were packed in plastic bags and stored in cool surroundings
before the foaming experiments.

3.3. Saturation and Foaming Steps

Saturation and foaming steps were included to obtain a porous structure of the pol-
ymer blend. Supercritical CO: diffused into the polymer blend at high pressure (saturation
pressure, Ps) and high temperature (saturation temperature, Ts) with a saturation time of
ts. The foaming stage involved changes in intermediate temperature and pressure,
namely, foaming temperature (Tt), foaming pressure (Pf), and foaming time (tr), and fi-
nally, rapid decompression to ambient conditions to obtain the final foamed product. A
schematic diagram for the foaming process of the PLA/PBS/PBAT/nHA samples in this
study is shown in Figure 12. The polymer blend sample was put into a high-pressure ves-
sel (Applied Separations 70770, Allentown, PA, USA). The chamber was placed inside a self-
made electric heater with an openable cover and temperature controller. The uncertainty
of temperature was + 2 °C in this study. The chamber was purged with low-pressure CO:
for 5 min to remove any air inside. The chamber was heated to the desired temperature
by the electric heater and pressurized to the operating pressure using an ISCO 260D sy-
ringe pump (Teledyne Technologies, Lincoln, NE, USA). This study emphasized investi-
gating various strategies of saturation and foaming of the PLA/PBS/PBAT polymer blends
added with nHA. The detailed temperature and pressure operating parameters for vari-
ous foaming strategies are listed in the results and discussion section.

Heater
CO S 3% epﬂ
z =D = &
— oC

) U U Foam
PLA 5: —— .qu C‘" % L\
PBS I AT A T T T Ty —
PBAT L4 00 ¢ ¢ 4 1 i I
nHA A s s e

Extruder

Figure 12. Schematic diagram of the experimental foaming process.

3.4. Determination of the Characteristic Structures and Properties of Foamed Polymer Blends

The characteristic structures of the fracture surfaces of the foamed polymer blends
were observed using a scanning electron microscope (SEM, Nova NanoSEM 230, Hills-
boro, OR, USA). Prior to SEM measurements, the foamed samples were dried under a
vacuum and sputtered with gold.

The expansion ratio ¢ of the foamed sample was determined by Equation (1) [27,41]:
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=P
o M
where p; and p; are the densities of the solid (unfoamed) and foamed samples, respec-
tively. These densities were measured by the water replacement method according to

ASTM D792 [55,57].
The cell density No (cells/cm?) is the number of cells per unit volume (cm?) of foamed

polymer, was determined from Equation (2) [27,40,41]:
o &)

o T[D3 X 1012 (2)
where D is the average cell diameter (um) measured from the SEM images.
The porosity of the foamed samples was evaluated using the expansion result by
Equation (3) [27,41]:
p—1
E= @)
The opening cell content (OCC) is an important factor for the tissue material. It is
determined by the ratio of the open-cell volume (V,.,) to the total volume (V4q;) of the

foamed sample, as shown by Equation (4) [43]:

0CC = Vopen =1 Vtrue (4)

Vtotal Vtotal

The open-cell volume is calculated by subtracting the true volume (Vi, the close-
cell volume plus the cell wall volume) from the total volume. The open-cell volume values
were measured by a nitrogen pycnometer (AccuPyc II 1340, Micrometric, Norcross, GA,
USA)

3.5. Water Contact Angle and Mechanical Compression Measurements

Water contact angle measurements for various foamed polymer blends were per-
formed using a contact angle analyzer (SEO Phoenix, S.E.O. Co. Ltd., Ansung City, Re-
public of Korea). The initial water contact angle and its changes with time were recorded
for up to 30 min. The compressive stress—strain data of the foamed polymer blends were
obtained using a dynamic mechanical analyzer (DMA, Perkin Elmer 7e, Waltham, MA,
USA). The specimens were tested under a loading range from 7 kPa to 1.13 MPa at a con-
stant rate of 10 kPa min". A similar DMA experiment for porous PDLLA/bioglass compo-
sites has been shown in the literature [65].

4. Conclusions

In this study, supercritical CO: was used as an environmentally friendly physical
foaming agent to investigate the foaming behavior of biodegradable PLA/PBS/PBAT ter-
nary blends with the addition of nanohydroxyapatite (nHA). Eight different foaming
strategies were explored, varying operating temperature, pressure, and duration. It was
observed that intermediate temperature adjustments and pressure drop regulations are
critical before the final rapid decompression to ambient conditions, ensuring a foamed
product with an acceptable expansion ratio and cell size.

A stepwise intermediate decompression strategy was employed to produce foams
with a bimodal cell structure. Under different foaming temperatures and pressures, the
average size of the smaller cells in the bimodal structure ranged from 105 to 160 pm, while
the large cells ranged from 476 to 889 um. The gas solubility principle and classical nucle-
ation theory were applied to explain the effects of stepwise pressure reduction. This study
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found that with the increase of the intermediate pressure drop, the nucleation energy bar-
rier decreased, resulting in the bimodal structure’s enlargement of the macrocell size. Fur-
thermore, increasing the intermediate foaming temperature led to a decrease in the size
of the larger cells. The temperature effect was attributed to the lower CO: solubility at
higher intermediate temperatures and the possibly more pronounced polymer retraction
effect during the final rapid decompression stage. The stepwise pressure variation strat-
egy produced foams with diverse cell sizes and opening cell contents ranging from 60%
to 84%, making them suitable for tissue engineering applications.

Water contact angles were measured for each foamed polymer blend, and their
changes over 30 min were recorded. The results confirmed that all foamed products ex-
hibited hydrophilic behavior, and the hydrophilicity increased with the increase in mac-
rocell size and opening cell content. Compressive stress—strain measurements were con-
ducted using a dynamic mechanical analyzer (DMA). Mechanical results show that the
foamed polymer blends with smaller macrocells had higher stiffness, while those with
larger macrocells showed higher toughness.
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