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53402210 : MAJOR : POLYMER SCIENCE AND ENGINEERING
KEY WORD : POLYBUTYLENE SUCCINATE, POLYLACTIC ACID, GLYCIDYL
METHACRYLATE, FLAME RETARDANT
BENCHAMAS PANYAD : MODIFICATION OF MECHANICAL PROPERTIES AND
FLAME RETARDANCY OF POLYBUTYLENE SUCCINATE FOR USING IN ELECTRICAL
HOUSING. THESIS ADVISOR : ASST.PROF.NATTAKARN HONGSRIPHAN. 160 pp.

This research was aimed to improve mechanical properties and flame
retardancy of PBS using in electrical housing. Two traditions to achieve suitable mechanical
properties were carried out by melt blending PBS with PLA in the presence and absence of
GMA, reactive chemical agent and melt blending PBS with PBT. Flame retardancy of both
preferred PBS/PLA blend and PBS/PBT blend were improved using intumescent flame
retardant which consisted of APP, MA and Si. The properties of the blends were
characterized using SEM, DSC, TGA, tensile test, impact test, vertical burning test and LOI
measurement. The results found that blending PBS with PLA enhanced modulus, tensile
strength, impact strength but reduced elongation at break of the blends compared to neat
PBS. Fraction of PLA in PBS/PLA blends affected compatibility and morphology, which
resulted on mechanical properties of the blends especially when PLA content was reached to
50 wt% which co-continuous structure was achieved. Adding GMA improved compatibility,
interface adhesion and flexibility of PBS/PLA blends. Similar result was established in
PBS/PBT blends, though inclinable decreasing in mechanical properties of the blends
compared to neat PBS occurred due to thermal degradation of PBS during melt-mixed
process. Adding intumescent flame retardant successfully improved flame retardancy and
dripping in both of PBS/PLA and PBS/PBT blends while negatively change in mechanical
properties was introduced. The most efficiency of flame retardant was achieved with 25 wt%
adding which completed V-0 rate and 27% in LOI for PBSL50_G10 blends and completed V-0
rate and 37% in LOI for PBST50 blends. Although all blends prepared in this work did not
have enough properties to compete with HIPS or ABS, materials of choices for electronic
housing, interesting result showed that incorporation of morphology effect and GMA reaction
could superior enhance flexibility in PBSL50_G10 blends which was equal to LDPE.
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A1519% 2.2 duAveINeatINAUTATIUA (Bionolle) tN5AA1S [13]

anin PBSU PBSU PBSU PBSU | LDPE | HDPE | PP 210

#1000 #2000 #3000 #6000 F082 5110

awtims lvain 230 °C 1.5 4.0 28 3.5 0.8 11 3.0

(NFU/10 W)

ANUHUIUY (AT, 1.26 1.25 1.23 132 | 092 | 0095 1.90
gaviinasuyal (°C) 114 104 96 104 110 129 163
gamgiadionna (°C) -32 -39 -45 -10 -120 | -120 -5
ﬂ'J']iJ!L%QLﬁQ‘ﬁi]‘ﬂﬂi']ﬂ 336 270 192 209 100 285 330
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agavfidgamaunulnild usedalsinuu3in Showa Highpolymer Fufufidsniualy
Tuzhnaaneaiaudasiunirelnajdinmanueuemefainanansuainiall Tasall
Tuvaz i3 Mitsubishi Chemical 1ag Ajinimoto 145109 uMIWAINSHAANTATAT i
fnnsagaumasssumd Tasfiu3sn Mitsubishi Juleviefivzndaneadafiausadiun
Tagldnsasadiaiissonl§nningiunesssund  Fsmadnziidunumskdaiisinims
HAANDALAAANLDTA sazmusminlFauununeduananiedalunsnaanansaa
121114 uenanil Mitsubishi na1nT wedTRAUFATATFRen MUz 1 umy
woa loanlud wazweda laiu lumsnaanansusiuiaszan'la
miwﬁﬁwaaﬁaﬁﬁucﬁﬂ&ummi’@]qaumN%mwrﬂuﬂ%mimﬁ@%uiﬂmﬁﬁw
Mitsubishi Chemical F4iimsHAANDATIRIUFATIUA 3,000 FUAol dmsuldlumswanga
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lddesveneslssnumsnanluaouusniitiiaanuannsalumsnas 30,000 dueaedl (1wl

20000 llumevnuiiosvenlszmadiuguiiviinainnnzaulumsiamin Inai 1y
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WodUanANIBTA (polylactic acid 139 PLA) [2, 14]

AR 2.3 Tassadananiived PLA [2]
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(e} SHs O
Ho“rr LRGSR
cH, "o C

Low MW prepolymer

(1000-5000 Daltons)
H3C\CIH BH B Chain Coupling
ko' ~c” Direct condensation Agents
Ic; polymerization
L-Lactic acid CH3 o CH, o
Azeotropic dehydration condensation > HO /\ﬂ/ (\;/U\O);\I(O\:)kOH
H S -H,0 2 n s
6% 0H = O CH, O CH
’ \C
HO %
8 Polymerization through . _ H;gg N:)VOV pglymer
D-Lactic acid y, lactide formation Ring Opening (>100,000 Daltons)
Polymerization
o 0 CH,
EHa o} gHz (o] %C/ \C<H
HO/\H/D‘(E)LO Opoly — * | I
0 CH " o cH H '}C\ Cx
’ : H,C o Yo
Low MW prepolymer
(1000-5000 Daltons)

Lactide

4 a a a 1
NMNN 2.4 ﬂWiﬁQLﬂiW%‘Vi‘W@mlﬁﬂ@ﬂu@%ﬂﬁ}?ﬂﬁ%ﬁNﬂ [14]

wealInaumetsnnan (poly(butylenes terephthalate) 150 PBT) [2]

a a 4 1
woatNaumesuntaailuez Isunannedeamasaisleasa Insaaieluana
Y94 PBT uaasaagili 2.5

0 0
|| I
HO(CH, )40 T ¢

C— O — (CHy)y— [}} H
n

A 2.5 Tnseas1e Tuianaves PBT [2]

NITUIUNINAA ‘weamwaummiwmm@mmimm‘%mflﬁ’mnﬂf]ﬂﬁﬂmimma—

an 4
a 14 1
aAnoINIAYY (transesterification) Ls8& N1 I IUNDANDTUUTAIVLUY (polycondensation) Y94
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N,

Collective
Properties

immiscble
Uncompatibized

0% Polymer A 100% Polymer A
100 3% Polymer B 0 % Polymer B
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a ¢ a A a ¢ v
-6 mamiaszrimsilasulasanuvvaveurla PBS GIHWQEILNE)‘JW%TN PBS/PBT Tﬂ?ﬂ“ﬁ

Ubbelohde viscometer

A Y a J
M131EuIn 0.2 Jeyahn ldninmsianar lums lnavesnedweswan Taeld Ubbelohde

viscometer

PBS C (g/cm3) t, Relative viscosity Specific viscosity
C, 0.004996 | 188.53 £0.1342 1.4987 £0.0011 0.4987 £0.0011
C, 0.004163 | 179.05+0.3412 1.4233 £0.0027 0.4233 £0.0027
C, 0.003569 | 172.76 = 0.0899 1.3733 £0.0007 0.3733 £0.0007
C, 0.003123 | 166.90 +0.2192 1.3267 £0.0017 0.3267 £0.0017
C, 0.002776 | 161.21 £0.3505 1.2815 £0.0028 0.2815 £0.0028
PBST50 | C (g/cm3) ts Relative viscosity Specific viscosity
Cl 0.004395 | 170.55 +£1.8153 1.3557+£0.0144 0.3557£0.0144
C2 0.003663 | 160.33 £2.1027 1.2745£0.0167 0.2934 + 0.0080
C3 0.003139 | 157.76 + 1.2435 1.2541 +0.0099 0.2541 £ 0.0040
C4 0.002747 | 155.36 +0.4549 1.2350 £ 0.0036 0.2350 £0.0020
C5 0.002442 | 151.95+0.9694 1.2078 £ 0.0077 0.2079 +0.0040
PBST20 | C (g/cmS) t, Relative viscosity Specific viscosity
C, 0.004852 | 160.33 +0.5960 1.2745 £ 0.0047 0.2745 £ 0.0047
C, 0.004043 | 154.64 £1.0015 1.2286 £ 0.0080 0.2293 £ 0.0080
C, 0.003466 | 149.36 +£0.5045 1.1873 £0.0040 0.1873 £0.0040
C, 0.003033 | 146.41 +£0.2455 1.1638 £0.0020 0.1639 £ 0.0020
C 0.002696 | 144.58 +0.4950 1.1493 £0.0039 0.1493 £0.0039
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Concentration (g/cm3 )

NIWAUIN N.22 Intrinsic viscosity VDI PBS UIgN

£)

4

Do,

a

-7 AN NATIUANITAITINAVDINDANDSNAN PBS/PLA/GMA

0.004

0.005 0.006

5 WealueINay PBSTS0 tias PBST20

ATNAUIN N3 Z’fﬂJ‘Uwaﬂﬁa\igﬂ‘ll’fNW@an@%Nﬁil PBS/PLA ﬂﬂﬁ@ﬂﬁlﬂﬂf‘i’ﬂﬂﬂﬁa\‘l 5

Hadmas/ N

v Young’s modulus Tensile strength

AIDYN %Elongation at break

(MPa) (MPa)

PBS 260 + 6.45 25.8 +£2.485 15.22485+2.674
PLA 1260 + 38.5 57.9+£0.974 8.70922 £ 0.310
PBSL20 371 +£11.2 24.4 +£1.520 10.13223 £ 1.316
PBSL30 418 +£6.05 253+1.154 9.77864 £ 0.829
PBSL40 541 +20.2 30.2 £0.456 10.63517 +£0.233
PBSL50 661 +£9.84 32.7+0.223 14.94204 +1.129
PBSL20 G5 439 £2.69 21.6 £ 1.688 7.06000 £ 1.031
PBSL30 G5 396 + 6.74 22.24+1.045 8.35606 + 8.356
PBSL40 G5 463 +9.07 26.2 +£0.354 15.10337 + 15.103
PBSL50_ G5 619 +7.95 28.7+0.721 28.71706 +28.717
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Young’s modulus

Tensile strength

f10819 %Elongation at break
(MPa) (MPa)
PBSL20 G10 287 +11.5 21.2+2.202 14.59804 + 3.726
PBSL30 G10 311 £7.91 22.2+0.408 17.32851 = 1.471
PBSL40 _G10 409 +22 22.0 £0.864 18.83994 + 5.318
PBSL50 G10 428 £27.2 22.4+£0.756 406.6292 + 37. 369

ATNAUIN N4 auﬂ’ﬁmsﬁaﬁmmwaama%mu PBS/PLA %ﬂﬁ@ﬂﬁ’)ﬂﬁﬁﬁﬂ"ﬁﬁﬂ 500

NadmaI/um

v Young’s modulus Tensile strength

1IN %Elongation at break

(MPa) (MPa)

PBS 280 +3.15 29.2+1.104 17.99488 + 2.552
PLA 1280 + 23.00 72.3 £0.683 10.53199 +0.841
PBSL20 388 +5.60 29.6 £0.671 13.06559 +0.838
PBSL30 432 +5.58 30.8+0.351 12.78518 + 0.552
PBSL40 574 +£7.46 352+0.314 12.38527 + 0.475
PBSLS50 695 +15.00 39.0 £ 0.662 16.54820 + 1.513
PBSL20 G5 439 +2.16 253+1.012 7.26089 £ 0.539
PBSL30_G5 417 +10.50 28.4 £0.603 12.09026 = 0.790
PBSL40 G5 535+5.88 32.3+0.412 14.35864 +0.776
PBSL50 G5 667 +23.9 36.9+0.624 15.95206 + 1.331
PBSL20_G10 337+5.68 27.9 +£0.827 16.48796 +2.306
PBSL30_G10 402 £6.52 28.2+1.165 13.15839 £2.216
PBSL40_G10 516 £25.8 31.6 £0.765 15.04058 +2.833
PBSL50 G10 601 +5.13 29.9+0.672 40.90129 + 6.489
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Impact strength

Impact strength

PR : A9819 ,
(kJ/m") (kJ/m")
PBS 4.5413 +0.6995 PBSL30_G5 3.5234 + 0.4976
PLA 5.0084 + 1.0332 PBSL40_G5 3.5556 + 0.4043
PBSL20 4.0687 + 0.6933 PBSL50_G5 4.9313 +0.4407
PBSL30 3.6878 +0.5417 PBSL20 G10 3.8536 + 0.3745
PBSL40 4.0526 + 0.3723 PBSL30 _G10 4.1524 + 0.2548
PBSL50 4.6529 + 0.3497 PBSL40_G10 43030 £0.5114
PBSL20 G5 3.3913 +0.1733 PBSL50_G10 5.0432 + 0.4864

wa A a d
-8 WA NATOUANVATINAVDINDANDIHAN PBS/PBT

an a ¢ Y
ATWHUIN N.6 anmmiﬁqﬁmmwamm*mau PBS/PBT ﬂﬂﬁ@ﬂﬂ]ﬂ@@i1ﬂ15a\1 5

Haawas /A

v Young’s modulus Tensile strength

AIDYN %Elongation at break

(MPa) (MPa)

PBS 260 + 6.45 25.8 +2.485 15.22485 +2.674
PBT 814 +25.7 50.4 +£2.004 652.11400 +27.962
PBST20 372 +2.13 15.4 £ 0.446 5.00718 £0.144
PBSL30 424 £4.40 16.0 +0.867 4.65872 +0.449
PBST40 495 +8.50 152+1.103 3.66451 £0.339
PBSTS50 513 +£15.50 33.0+0.697 13.71639 + 0.697
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ATWHUIN 1.7 anﬁﬁmiﬁqﬁmmweama%mu PBS/PBT %ﬂﬁ@ﬂﬁ}]ﬂé’@ﬁﬂﬁaﬂ 500

NadaI/umM

v Young’s modulus Tensile strength

AIDYN %Elongation at break

(MPa) (MPa)

PBS 280 +3.15 29.2+£1.104 17.99488 +2.552
PBT 846 +79.20 53.6£1.163 94.35369 + 11.759
PBST20 401 +4.50 20.7+0.714 7.44385 +0.334
PBSL30 453 +7.85 20.7 +0.881 6.85529 +0.479
PBST40 538 +10.10 18.1 +1.442 4.87620 £0.493
PBST50 549 +£17.10 37.8+0.476 13.94523 £ 1.216

AITNAUIN N.8 ﬁ‘JJ‘Uwaﬂﬁ%J‘]JLLi\‘]ﬂﬁmmﬂ‘ll’f)\‘lWﬂanﬁ]gNﬁ'iJ PBS/PBT

v Impact strength v Impact strength
AIDYN 5 AIDYN 5
(kJ/m") (kJ/m")
PBS 4.5413 £ 0.6995 PBST30 2.1560 + 0.8395
PBT 5.3801 £0.4148 PBST40 2.9263 +£0.4523
PBST20 2.3901 +0.1703 PBST50 3.3126 £0.2903

wa A a d A v
N-9 HanaaduaNuA¥INavIINdaINdINaN PBSL50 _G10 ttaz PBSTS0 ﬁmummma‘lw

a a 14 { a v v @
AT NAUIN N.9 ﬁﬂJﬂﬁﬂ15$ﬂ§@ﬂ]@ﬁW@ﬁle]iNﬁN“ﬁLGIiJﬁWiﬁu’NU],V\l ﬂﬂﬁ@ﬂ@?ﬂ@ﬁi']ﬂ'lia\? 5

Nadwas/un
Y Young’s modulus Tensile strength
e RIAN %Elongation at break
(MPa) (MPa)
PBSL50 G10_FO 107 +12.8 19.7 £ 1.243 353.6283 +17.962
PBSL50 G10_F15 303+ 15.5 12.1 +£0.399 652.11400 + 0.315
PBSL50 G10_F20 318+ 10.8 12.5+0.369 5.00718 £ 0.329
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Young’s modulus

Tensile strength

A10819 %Elongation at break
(MPa) (MPa)
PBSL50 G10_F25 321+7.7 12.6 £0.401 4.65872 +0.443
PBSTS50 FO 560 + 37.565 24.4+£0.915 5.54731 £ 0.530
PBST50 F15 645 +£107.266 16.5 £0.926 2.78526 £0.313
PBST50 F20 762 £27.135 16.6 £ 0.652 2.43553 +£0.140
PBST50 F25 721 +76.469 18.1 £0.969 2.70152 £0.168

MINHUIN 0,10 auiaMIAIaURINB AN NaUNAL1THU 11 NadeuAI189RTINMTAY

5000aAWAT/ U

Y Young’s modulus Tensile strength

AIDYN %Elongation at break

(MPa) (MPa)

PBSL50 G10_F0 288 £18.10 19.0 £0.437 125.2580 +10.552
PBSL50 G10_F15 391 +£9.03 17.1 £0.489 8.6507 £0.353
PBSL50 G10_F20 394 £4.57 16.9 £ 0.367 9.2339+0.513
PBSL50 G10_F25 418 £4.21 17.2 £0.282 9.1884 +0.330
PBST50 FO 416 +7.787 33.8 £2.557 8.8970 +1.896
PBST50 F15 545 +12.624 22.0+1.984 3.3822 +0.257
PBST50 F20 574 +£2.982 17.6 £0.741 2.8023 £ 0.004
PBST50 F25 640 +37.906 19.6 = 1.593 2.8061 £ 0.004

a @ a 4 { A v
AT WHNUIN N.11 ’cﬂJﬁJﬁﬂ'li'ﬂJLlj\?ﬂi&l“l/]ﬂ"UfNWﬂﬁ!ﬂ@iﬂﬁﬂﬁlﬁhﬁ1iﬁu3\‘ﬂw

Impact strength

Impact strength

A0819 ) A20819 )
(kJ/m") (kJ/m")
PBSL50_G10_F0 6.7094 + 0.5516 PBST50 FO 3.4719 + 0.4546
PBSL50_G10_F15 0.9451 + 0.1840 PBST50 F15 1.9382 + 0.2257
PBSL50_G10_F20 1.1273 + 0.2457 PBST50 F20 1.7451 + 0.0942

PBSL50 G10 F25

1.0047 +0.1615

PBST50 F25

1.7804 £ 0.1631
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Influence of Processing Procedure on Mechanical Properties of PBS/PLA Reactive Blend
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L Introduction

Poly(butylene succinate) (PBS) is a biodegradable
and bic-based polyester. Although it is euvironmental
friendly and gzood in processability, its mechmical
properties  have not been satisfactory for mnny
applications such as electrondc of automnobile parts. Oune
of the miesesting solutions s blending PBS with
polyilactic ncid) (PLA), which i also biodegradable
polyester. Many research [1.2] reported compatibilized
effect fu blending between polyester usiug glycidyl
methacrylate (GMA)
However, the reaction was extremely random and
depended oa processie conditions, This research was
thiss performed 1o investigate mfluence of processing
procedure on mechamcal properties of PBS/PLA renctive
blend i the presence of GMA.

as n reactive compatibilizer

2 Experimental Methods

Before compounding, PBS (GS Ph®, AZTITN,
Mitsubishi Clemical.) and PLA (Ingeo™ Grade 3051D.
Nature Work LLC) were dned i an sir-circulating oven
at 60 °C for 12 h. Three types of melt blending were
camied out using 8 Co-rofoting fwinescrew  extruder
(Rheomex PTWI16/25D, Haske). Extrusion temperature
profile was controlled from 135 1o 155 =C as schematic
shown in Figure |

Stmple reacrive Dlendg (process 4): PBS 78
Wi%. PLA 25 wi%. and GMA 10 phr (Aldrich) were
physical mixed and fed into the twin-scréw extruder
through the main feed at a screw speed of 30 rpo

One-step masterbateh bending (ocess B). PBS
76 wt*s nnd PLA 25 wi% were physical mixed and

davided info two portions. The first one was then added
GMA 10 phr and fed imto the twinsscrew extruder
trough the main feed The second portion was fed
through the port |, The screw speed was kept o1 30 rpan,

el Tellw  TelWw

Telw Iwilly

Figure 1. Haake co-rotating twin screw extruder

Two-step masterbarch Blending  (process C)
Firstly, the austerbatch was prexiuced by physical nusing
PBS $0 wi%s, PLA 50 wid, and GMA 20 phr and feeding
into the rwig-screw extruder through the wain feed af a
screw  speed of 30 spm. Then, the just-produced
masterbatch was pelletized and physical mixed with pure
PBS to produce blend of PBSPLA 7525 wi% with
GMA 10 phr. The mxixture was compotuded at & screw
speed of $0 rpm to produce the sample peliets

Extrudates wers pelletized and dried in an oven at
60 °C for 12 hs., then fabricated into micro tensile and
fmpact specimens at 160 °C using a hot pressing.
Specimens were fested in accordance to ASTM-D1708
and ASTM-D256. Fracture surface of tmpact spectmens
were chamactenized by SEM, FTIR was used 10
chamctenze functional groups in test specimens

3. Resnlts

SEM m Figure 2A revealed phase sepamtion of
non-conpatibilized PESPLA blend although weiting of
PBS on PLA was observed. Incorporation of GMA
unproved companbility berween PBS and PLA as seen

CcT-2 o
-
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Modification of mechanical properties of polybutylene succinate
using in-situ compatibilization blend with poly(lactic acid)

Eenchamas Panyad, Nattakarn Hongsriphan
Department of Marerials Science and Engineering, Faculty of Engineering and Industvial Technology,
Silpakorn University, Nakhon Pathom, Thailand

Abstract

PES/PLA blends in various blend rados added GRMA
o modify their commpatibility were prepared using melt
blending. Mechanical propermies of polymer blends befors
apd affer in-sim compatbilizadion were imvestizated.
Morphology snd companhbility of modified blends was
smdied via SEM and DSC. respecavely. FES/PLA 50:50
wi%e added 10 wi%e GMA exbubited kigh percentge of
elonzation 2t break in a range of LDPE due w co-
confnuons smucnres. This phenomencn zlso benefited
the mmpact smength of medified blends.

Introduction

In recent vears, great attenton has besn fornzed on
bindegradable and bis-basad polyner becauss of serions
envirommental pollution due o non-biodegradable plastic
wastes. Polvibamvlens succinate) (PBS), a bicdsgradable
aliphatic polyesier, probable to produce from remewsble
resources which i superior to pemrolemun-bazed polymer
from the standpoint of biedesradsbility and less fotal
epergy  consumpfion spd life-cycle ©O0. emdssion.
Although FES haz a geod advanrage of hizgh flexibilicy,
excellent impact strength melt processibiliy, thermal and
chemical resistance, some  mechamical  properties
especially modulus spd  smength  have mor besn
safisfactory for mawy spplicatons such as elecromic or
automobile parts.

Elending PBS with polvilactc acid) (PLA), which is
dlso  bipdegradsble polyester with hizher rigidicy,
probably is one of the interesting of those solutions agres
with the research report by Amira Bhatia @ ai. [1]. They
smdied compatibility and teasile properies of FLA/FES
blends. In the blends with PES being mamx phase,
increasing of PLA comtent increased Youngz's modulus
which was counfrary with tensile swength dus o
imrpizcibiliny of PBS and PLA. Guanz-Xm Chean ar al. [2]
smdied FLLAPES blend added twice finctionalized
organoclay (TFC), organeclay contalling epoxy Eroups,
which was synthesized by mearng Cloisite ®25A with
(elycidoxypropvlimi methoxy silane and found to have a
high degree of exfolistion & polymer matiy as a result
of a chemical reacton betwesn the epoxy sroups and the
pobymer. In their smdy, FLLAPEBS TFC composites wers
prepared by melr compounding Becauss the TFC comld
react with both PLLA and PBS, the in sim formed

polymer-clay bybrid conld play a role as a companbilizer
between the PLLA spd FESh As mentioved above, the
reacitve TEC plaved an important role in the blend similar
to the in st reacdve compatibilizer causing bemer
dispersion of the clay plaelsts o polymer mamiz and
enhancement in both of wosils modulns and elongation at
brezk of PLLAPBATEFC composttes. M Kumar er al. [3]
smudied influence glycidvl methacrylate (GMAY oo
mechanical and morphological property of PLAFBAT
blend. Thev found that incorporation of 3-5 wie of GMA
which had epoxy growp in the stucmre as a reacdwvs
compatibilizer conld improve interface adhesion betwesn
oo phazes in PLAPBAT reactave blend. In this smdy,
PBS/PFLA blends with varions blend ratios ware preparad
using melt blending in 3 twin-screw exmodsr. GMA was
mmodwced 83 a reactive companbilizer to  improve
compatibility berween bicdegradsble blends. Mechanical
properties of polvier blends before and afier in-zsim
compatitbilization were imvesfizated using fensile and
mmpact test. Morphology and compadbility of reactve
blends was characterized viz SEM and DSC, respectively.

Materials

Polvrmers wsed o thiz study were polybaivienss
succinate) (PBE) (G5 Pla® Grade AZTITH, Mitsabishi
Chemicals) with MFI of 220 g/10 min (155 °C, 2.16 kg)
and polylactc acid) (FLA), (Inpeo™ Grade 30510,
Manoe Wark LLC) with MFT of 1.12 g/10 min (155 °C,
216 kg). Glycidyl methacrylate (GMA, 87% purity) was
parchazed fom Aldrich apd used as received Pror o
compounding, PES snd PLA pellets were dried m an air-
circnlating oven zt &0 °C for 12 b to remove motsture.

Experimental

PBS and PLA were meli-mixing in vanous blend
rafes with and withonr 10 we%e of GMA The formula of
blends is pressnted m Table 1. The FES was intended mw
be polymer mamiz in our stady. PBS/PLA blends were
camied owf wsing a co-TotEfing owin screw  exmmder
(Fheomex PTWI1625D, Haake, Germany) with 3 screw
speed of 35 rpmn. Temperatures along the extrmuder ware
conrolled o achieve a temperamre profile ranzing from
135 3C w 1535 *C. The exmudates were pelledzed and
dried in ap oven ar &0 *C for 12 hr. Dhwobbell shapad
specimens and mmpact specimens were fabricated by
injecton molding.



Table . Formula of PBS/PLA blends

: PBSPLA/GMA PBS/PLA/GMA
Code (in wtta) Code (in wtdo)
P35S 100:0/0 PLA 010010
P3520 802010 PBS20 Gi0 VIR0
PBS30 70300 PBS30 Gio 632710
PES40 50/40:0 PBS4D GIO 543610
PBS30 50/500 PBS50 GIO 434510

Tensile rest was performed accordance to ASTM-
D638 using & Universal Testing Machine (Instron, Model
5969, Instron Engineering Corporation. USA). The test
specimens of neat PBS and PLA, PBS/PLA blends were
conditionad at 25 °C for 48 L prior to testing. The test was
perfonued with @ crosshead speed of 3 mmyvmun at room
remperanue and the average of seven measurements was
reported.

Notched Izod impact test was performed accordance
0 ASTM-D236 using an impact tester (Zwick,
B5102.202, Gemnmany) with 3 pendulum hammer of 4.0 1.
The test specimens of neat PBS, neat PLA, and PES/PLA
blends were conditionad at 25 *C for 48 b prier to testing.
Tha test was performed at room temperamue and the
average of eight measurements was reported.

Morpholozy of the blends was exammed by =z
scanning  elecwon muicroscope (SEM) (Jeol, JSM
5410LV). Specimens were cryozenically fractured in
Iiqud nimogen. The fracrured surface was zold coated
prior to nspecton to avoid electrostaric charging

Thenua! analysis of neat PBS. near PLA, and
PESPLA blends were determined under a nitrogen
amosphere by using a differential scanning calorimeter
(DSC. Menler DSC 1). The sample weight used was
approximataly 5-10 mg weight. The samples were tested
in a hear-cool-beat mode. with the heatng rate and the
cooling rate of 3 °C/min Temperature :can was
perfonmed from - 35 °C 10 180 °C.

Results and Discussion
Morphology of PBS/PLA blend

Fiz. 1 A-E shows SEM nucrographs of crvogenc
fracrured surface of neat PBS, neat PLA and their blends
with and without 10 wt?e GMA  Under 300X
magnification, neat PBS was fractured showing rougher
surface than near PLA revealing ductile behavior even
under cryogenic condition. Meanwhile, smoother fracture
surface of peat PLA indicates brimlensss of polymer
matrix. It is importan: to note that PLA melt was much
more viscous than PBS melr under the mixing condition at
155 °C (additional MFI tests performed). The mixing
speed was kept constanr at 35 rpm to obtain appropriate
mme for GMA interaction with polymer mamix.
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Figure 1. SEM micrographs (500X for nest resin and 3000X for
blends) revealad cryogenic fractare surface of Al) Naat PBS,
A2) Neat PLA, BI) PBS20, B2) PBS20_Gl0, C1) PBS30,
C2) PB330_G10, D1) PBS40. D2) PBS40_G10, E1) PBS30,
and E2) PBS30_G10

In the blend, it is clearly seen that phase separation
was observed in all PBSPLA bleads; however, having



GMA as the compatibilizer resulted change in sizes and
shapes of PLA dispersed phases. In FigBl and C1,
viscons PLA dispersed phases in PBS mairix were spheres.
in warious sizes. The weting of PLA on PBS was
between them even GMA did not add into the blends.

When PLA content was up io 40 wi?s m PESPLA
blend (PBS540), some PLA dispersed phases were
elongated and imeven shapes were observed. This resulted
from the combinston of low inferfacial interaction
between PLA and PES and mmch higher wiscosity of the
dispersed phases. When the PLA content was up to 50
wi%e (PB530), the co-contiomous morpholozy in polymer
blend was formed.

Incorporanon of 10 wis of GMA as compatdbilizer in
modified PESPLA blends improved interfacial adhesion
between PES and PLA as confirmed by DSC resulis
which is discussed later. Epoxy groups m GMA could
react with both carboxyl and bydroxyl groups in FBS and
PLA chain ends during mel-mixing as the result of the
reaction, randorm terpolyvmer of ethylens acrylic ester and
GMA are formed im-sim at the imterface [4,5]. Compared
at the same weizht ratio of the blends, it is seen thar the
PLA dispersed phases were kept in spherical shape until
PLA comtent was up to 40 wite. The better imterfacial
smesses o mansfer from mamixz to dispersed phases
requlfing on elongsted mps to be splif info smaller
spheres as ewident in Fig V2. In the FigE2X the co-
continnons sitips of PBS/PLA 50:50 wi% was finer than
the same ones withowt GhA. This phenomenon has effect
sigmificanty on mechanical properties such 2z elongaton
at break and impact swength

Thermal properties of FBES/PLA blend
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Thermal properties of neat PBES, neat PLA and their
blends obtamed by DSC measmement are presented in
Tahle 2. Meat PLA had the glass transition femperamre
(Ty) at 31.81 °C, the broad cystallization peak (T.) at
12201 °C and single melting peak (T, at 14623 =C.
Likewise, PBS had the crystallization peak (T.) at 90.86
°C and double melting peak (Te) at 100.57 *C and
1071 °C, but its glass fransiion temperature (T,) did not
show in the range of the smdy. In FBS/PLA bend withont
Ghi4, PES thermogram was in the same characteristcs,
while PLA thermogzram showed the double melting peaks.
Several researchers reported the doublet m meling peak
of PLA afier the secomd heating scam of DSC
measurement that the lower endotherm comesponded to
meliing peak located at the lower tempersiure was
atiributed to less orgamized crystals which would be
formed during the DEC measurement [2,3 4]

Genetally, compatibility of polymer blend comld be
investigated using the shift of T, of constiment pelymer.
In this research, although the endothermic T, peaks of
FBES and PBS phase in polymer blends were not strong,
the obvious T, shift of PLA in PBS/FLA blends toward
lower tempersnme demonsmated interfacial interacton
between FBS and PLA after melt blending. Inferestingly,
mcorporation of 10 wi% of GMA in the blends, not only
provounced the T, shift of PLA phase comparison to
uncompatbilized blends, the intensity of lower endotherm
T, of PLA was slishtly decreased while the lower
endotherm of PBS was obscured therefore a broad melting
temperature was present. Similar to double endothermic
meliing peak of PLA, two endothernic melting peaks of
FBS conld be explained using a melting-recrystallization-
remeling model, in which the lower endotherm was due
to partial melting of some or all of the orizinal crystals.
After that heating during the thermal analysizs cansed
small and imperfect crystals recrganized mio more stable
crystals then therefore higher endotherm was camied omi

Table 2. Thermal properties of neat FBS, neat PLA, and PES/PLA blends.
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by the meltnz of remaived original crystals and
recrystaliized cryswls [5,6]. Thes indicates addinoa of 10
wi% of GMA promoted perfectly crysmallized process of
both PBS and PLA.

Mechanical properties of PBS/PLA blend

Typically. blending of two or more constituen:
polymer produced polvmer blend whick itz properdes
rasuits from a2 combination of each constimuent polymer
property and could be predicted simply by mean of
nuxing mule Therefore, we would demonsmate mechanical
propertes of PBSPLA blends compared with the
prediction values of mechanical propermes from the
nuxing mle as follows:

P=Vap TV )

where 015 preperty of PBS/PLA blend, Vo i volume Faction
of PBS m PBSPLA blend, p, is property of PBS.\-,: 13

volume fraction of PLA tn PES/PLA blend
0, isproperty of PLA

In Fig.2A-B, it is found that higher content of PLA
mereased Younz's modulus and tensile smength of the
wnodified blends Nevertheless. thess values were below
the mixing rule lipe due to poor intarfacial adhesion
berween thesa phases. Young's modulus and tensile
smenzth of modified blends were lower than those of
unmodified blend although good companbility bemween
the phases was achieved as evident in the percentage of
elonganon. The reason behind the neganve effect of GMA
on rizidity and smength of modified blend comes from
chanzing in shapes and sizes of PLA dispersed phases. As
seen in SEM micrograph PLA dispersed phases in
unmodified PBSPLA 60:40 wt% became ellipses and
elongated lumps so that the aspect ratio (lenzrth/'diamater)
was relanvely increased. Reinforcinz effect of high-
modulus elongated PLA dispersed phaszes thus overcams
interfacial interaction between phases, and the reinforcing
effect was more pronounced when the co-contiuuous
smucture in PEBSPLA 5030 wr was generated. [n the
other hand. zood compatibility between PBS and PLA in
modified blends caused PLA to ba split into small spheras
as discussed in SEM micrographs. Thus, modulus of the
blends was hugher comespoading 1o kigher PLA conten:
only and the similar aspect ratio of PLA dispersed phases
did zor affect tensile smength of the blends.

In Fiz2C, effect of modification by GMA on
mrerfacial zdbesion between PBS and PLA is clearly
presentad Good imterfacial adbesion i polymer blends
resulted in higher percentage of elongation than predicrad
by the mixinz rle. Combinad with chanzing aspect ratio
in PLA dispersed phases, the percentaze of elonganon
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Figure 2. Tensile proparties of PBSPLA blends
A) Youngz's Modulus, B) Tensile smenzth. and
C) %Elongation at break
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was siguificantly nuproved in PES/PLA 60:40 wr%: blend.
Swprisingly, the co-continuous structure of PBSPLA
50:50 wi%e modified with 10 wtPo GMA increased the
percensage of elongzation to be 406.63%. whuch is mn the
range of LDPE’s elongation.

As shown in Fig. 3, impact smength of PLA 1s higher
than PBS altbough fracrure behavior of them is different.
PLA wathstands impact by its high rizadity and is broken
in brirtle behavior, while PBS absorbs impact energzy from
its ducnlity and is broken in ductle behavior. For polymer
blend, the impact smensth trend is sinular to the in brimle
bebavior, whule PBS absorbs impact energy from it
ductility and 1s broken in ductle behavier. For polvmer
blend, the impact strength teand is sinular to the
percentage of elonganon. which mterfacial adhesion
berween phaszes 12 a kay factor to improve impact of the
blends. It is found tha: the co-conmnuous strucmre of
mamodified PBSPLA 30:30 wi% provided impact
resistance to be closed to the predictad value by the
nuxing rmle, aod their impact resistance was higher than
the mixing mile after addingz 10 wr?e of GMA to improve
interfacial adhesion berween the stnps of polviner mamix.
Howevear, the sypergisic effact on mmpact swength is not
as high as happened in tensile test This is due to suck a
blend has less time to respond to the impact compared o
the tensile test, thus less time to allow yielding iz PBS
matrix that could absorb more impact enerzy.

il
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Fizurs 3. Impact sirength of PES/PLA blends.

To understand fracture bebavior of PES/PLA blends
under impact loading, the mmpact fracture surface of the
blends with various blend ratios adding 10 wt%s of GMA
is ipvesngated by SEM and their micrographks are
demonstrated m Fiz 4A-D. Although there are some
cavitazions observed resulong from PLA phases beinz
pulied out, most of the PLA dispersed phases are
embedded in the PBS matnx indicatng zood intarfacial
adhesion s achieved. With low content of PLA. fracture
surface of the specimens 13 smoother mmplving brttle
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bekavior donunates. When PLA content 1z 20 and 50
wt%, the facture swface is rougher and some dispersed
phases ars coverad with mamix indicating ductile behavior
becomes more dominant during the mmpact.

Figure 4. SEM pucrozraphs (3000X) revealed mmpact Sacre
suriace of A) PBS20_GI0, B) PBS30_GLC, C) PB320_C10,
and D) PBS50_GL0O

To understand fracture bekavior of PES/PLA blends
mnder impact loading, the mmpact fFachwe surface of the
blends with various blead ratios addingz 10 wt®e of GMA
15 mvestngated by SEM and their micrographs are
demonstrated i Fiz. 4A-D. Although there are some
cavitatons observed resulting from PLA pkases beins
pulled our. most of the PLA dispersed phases are
embadded in the PBS mamix indicatng good interfacial
adhesion is achieved. With low content of PLA, fractura
surface of the specimens i1s smoother implving brrle
bekavior donunates. When PLA content is 20 and 50
wi%, the facnure surface is rougher and some dispersed
phases are coverad with mamx indicating ductle behavier
becomes more dotuinant during the impact.

Conclusions

Good interfacial interaction benween PBS and PLA
was aclueved after adding 10 wrie GMA into polymer
blend durinz the melr bleading which is confirmed by
shifting in T, and decreasing in endotherm T, of PLA.
Although pkase separation was presant in all blend ratos,
the modified blend: showad higher elongztion at break
and better impact strength. PBS/PLA 50:50 wr®s added 10
wi% GMA exlubited high percentage of elongation at
brezk in a range of LDPE dus to co-contnnous souchwes.
This phenomenon also bevefited the impact smength of
modified blends to be higher than the predicted value
from the puxing rale.
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