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ABSTRACT

ability to compete with petroleum-based polymers due to its favorable

properties such as high tensile strength and high modulus of elasticity.
Brittleness is the main disadvantage of PLA which limits its practical applications in
some industrial fields like packaging and textile. Blending of PLA with other flexible
bioplastics like polycaprolactone (PCL) and adding nanoparticles like graphene into
PLA are among the techniques that can be used to balance the stiffness and toughness
of PLA.
Methods: Nanocomposites based on PLA/PCL/graphene (G) were prepared by
melt mixing using an internal mixer with direct feeding method. In all samples,
the weight ratio of PCL dispersed phase to PLA matrix phase was 30:70, and three
different weight percentages of nanographene (0.5, 1 and 2) were used. A rheometric

l l ypothesis: Among the types of bioplastics, poly(lactic acid) (PLA) has the

) mechanical spectrometer (RMS), X-ray diffractometer (XRD), and a scanning
electron microscopy (SEM), as well as tensile and differential scanning calorimetry
poly(lactic acid), (DSC) measurements were used to study the microstructure, morphology, mechanical

and thermal properties, respectively.

Findings: The results of XRD showed that graphene nanoparticles are well dispersed
graphene nanoparticles, in the polymer matrix. The SEM results demonstrated that incorporation of graphene
nanoparticles into the PLA/PCL sample led to a decrease in the PCL droplet size.
The melt linear viscoelastic measurements showed that incorporation of 2% (by wt)
mechanical properties of nanographene into PLA/PCL sample enhanced the storage modulus and complex
viscosity by about 200 and 400% due to well-dispersion of nanoparticles in the
matrix that led to the formation of a 3D network between nanographene and/or
nanographene-polymer chains. The tensile test results showed that the elastic modulus,
tensile strength, and elongation-at-break increased by 126.63%, 80.48%, and 97.36%,
respectively, by adding 2% graphene nanoparticles to the PLA/PCL sample. The
results of the thermal tests also showed that the addition of nanographene and PCL
to the PLA polymer causes the nucleation effect and the creation of active nucleation
centers, and the crystallinity percentage of the PLA phase increases, but the effect of
PCL in this research was more evident than that of nanographene.

polycaprolactone,

microstructure,
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Table 1. Composition (weight percentage) of the blends used.

Sample code PLA PCL G
PLA 100 - -
PLA/PCL 70 30 -

PLA/PCL/G 70 29.5 0.5
PLA/PCL/G 70 29 1
PLA.PCL/G 70 28 2
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Fig. 1. SEM images with 2000x magnification: (a) PLA/PCL, (b) PLA/PCL/G(0.5), (c) PLA/PCL/G(1), and (d) PLA/PCL/G(2).
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Fig. 2. Effect of graphene on the crystallinity of nanocomposites.
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Table 2. Mean diameter of PCL dispersed phase droplets in
PLA/PCL blend and graphene nanocomposites with different
percentages of graphene (0.5, 1 and 2% wt) (calculated by

Image J software).

Average diameter of PCL
Sample code
droplets (um)
PLA/PCL 11.242.5
PLA/PCL/G(0.5) 9.2£1.5
PLA/PCL/G(1) 7.6£1.2
PLA/PCL/G(2) 4.5£0.5
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Table 3. Percentage increase variables of storage modulus and
complex viscosity in graphene nanocomposites compared to

PLA/PCL blend at 0.1 frequency.

Complex viscosity | Storage module
Sample code
(%) (%)
PLA/PCL/G(0.5) 175 50
PLA/PCL/G(1) 275 100
PLA/PCL/G(2) 400 200

[04] (F Jsa)
oA sla el léy 50 [P0] OLs 5 Wachirahuttapong
=B 5055 s |, PLA/PCL slaawsesl 55 5 PCL 5 PLA
e L3S Ol el s S 518 1 axdlas oyl =Ll
B oSae LOT SliS 5,01 8 ol s e Sl
53 Al (el KV Gleis 5,01 5 Sk, &8 gl sSa
Sladoys Oa538l 5 Cal dtes b S pon oS gladiles
Lzl 053 625018 2alS o po 0 555 1Sy 56 il
4 o @l PCL jislie 0350 S Jdsas g b 50 (nl 355 0
Sl 4l PLA & Cond il 3 &S 035 L2l PLA
Rl 058N 5 8 L Sl s s 5 sl ol e (65,018
[F0] csls dal = (g mi 2alS baawienl (65,00 8 (S o I
50,55 Jsde PLA/PCL sl 4 o315 &3 5L o5 Swlsl
a5 .ol )3 PLA/PCL awsiewl 4 Cnd Jaliss (55,01 S
5 Sde Jeab 53 St 83 Salosge i johe &
(ol SV b o 5l 55 S350 51 s (5515 cpimeen
3L SlasS sl (3 8 4t Ol e (St 3l o)
oAl Sla,ees OS50 Cudgdeme 5 S Rle Jead Lo 4l
L GBS= 088 Sl (2L (sdman oSl LSS L (6 ks
ek e Al 03 GBS elin S1y 353 (6 ek i 318
ks, sll 5 Bl 65,018 503 dsde ) 4 &S ol
Sl 52 (1 IS2) 558 0 e oS ladslas 5 delrand
LS Glaamio s (SuS1n a3 Shee ol 55 ) el

TYOEVT el 0 0313 Cad (5 00l (Slo oo Sl s
o3 S 5 RIBIL st e s dalin Y IS 3 S b 0les
el & o Balisen (555018 503 ke sldie 31S 55
by e sla govn lagel 93 8 534S (6 sbay ool anl 0550

1000000
g8
got
1000001 -;i“i“
g
88 i
g2
100001 § 8z
< i
[ g1
5/ . ! H oPLA
10001 $ g A APLA/PCL
P g D x PLA/PCL/G(0..5)
1001 $ [N +PLA/PCL/G(1)
A
2 N ®PLA/PCL/G(2)
10 T r T
0.1 1 10 100 1000
o (rad/s)
(a)
100000
! 3 3 E ° Sog
100009 °°°¥< 2 8gggss,
Yaaa, 2980,
A, Xe " m° o
4 a A x ’ a [}
N N * g B s ) °
/"?]000- A‘Af,-..
g S
P oPLA fome
= 100 om,
APLA/PCL 2 2s
xPLA/PCL/G(0..5) ige
101 opramcrc : § a
3(1) .
a
aPLA/PCL/G(2)
1 T T .
0.1 1 10 100 1000
o (rad/s)
(b)

Sl e  laliss (65,01 5 5 0,003 Jode Dl s Y IS
s PLA/PCL/G(1) PLA/PCL/G(0.5) PLA/PCL PLA ,»

PLA/PCL/G(2)
Fig. 3. Variation of storage modulus and complex viscosity versus
frequency in PLA, PLA/PCL, PLA/PCL/G(0.5), PLA/PCL/G(1),
and PLA/PCL/G(2).
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Fig. 5. Nonisothermal thermograms of DSC during second-

ary heating stage PLA, PLA/PCL, PLA/PCL/G(0.5), PLA/

PCL/G(1), and PLA/PCL/G(2).
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Fig. 4. Nonisothermal thermograms of DSC during cooling
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and PLA/PCL/G(2).
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Table 4. The thermal data obtained from DSC results of PLA, PLA/PCL, PLA/PCL/G(0.5), PLA/PCL/G(1), and PLA/PCL/G(2).

PLA
Sample code . .
T (O) T, (C) DH_(J/g) DH_ (J/g) X,
PLA 150.4 109 2.025 1.1 1.175
PLA/PCL 150 111 20.32 9.5 14.592
PLA/PCL/G(0.5) 150.4 112 12.7 10.12 15.651
PLA/PCL/G(1) 150.8 112 11.99 10.17 15.848
PLA/PCL/G(2) 152 113 18.17 10.28 16.255
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Fig. 6. Tensile strength in pure PLA and PLA/PCL composite
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samples and PLA/PCL/G nanocomposite with different
percentages of graphene (0.5, 1 and 2 %wt).
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Fig. 9. Fracture energy in pure PLA and PLA/PCL composite
samples and PLA/PCL/G nanocomposites with different
percentages of graphene (0.5, 1 and 2% wt).
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Table 5. Mechanical properties of pure PLA polymer, PLA/PCL composite and PLA/PCL/G nanocomposites with different weight

percentages of nanographene (0.5, 1 and 2%wt).

Sample code Fracture energy (J) | Elongation at break (%) | Tensile strength (MPa) | Elastic modulus (MPa)
PLA 910 2.46 36.23 1521.66
PLA/PCL 1520 4.23 20.5 574.33
PLA/PCL/G(0.5) 2800 4 37.66 899.33
PLA/PCL/G(1) 3010 2.96 40.33 1355.33
PLA/PCL/G(2) 3000 2.8 37 1301.66
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Fig. 10. Typical stress-strain curve for PLA, PLA/PCL and PLA/PCL/G2 Samples.
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