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ABSTRACT: A combined experimental and finite element analysis (FEA) investigation
was performed to study the effect of incorporating poly(propylene carbonate)(PPC) and
curcumin on the mechanical properties of poly(lactic acid) (PLA). In addition, the
chemical interaction and morphological changes brought upon by each subsequent
additive were also observed. The addition of PPC at 30 wt% into PLA causes a decrease
in strength and modulus by 51% and 68% respectively whilst inducing higher elongation
by 74%. The resultant decrease in strength and modulus of the PLA/PPC blend was
recovered by adding a low weight percentage (1 wt%) of curcumin. The images of the
fractured surfaces via scanning electron microscope (SEM) revealed the brittle-ductile-
brittle progression of PLA due to the addition of PPC and curcumin which corroborates
the findings from the tensile test. Fourier-transform infrared spectroscopy (FTIR) revealed
that the addition of PPC by 30 wt % resulted in chemical interaction between the carbonyl
groups of PLA and PPC as the C=0 peak of PLA slightly shifted to a lower wavenumber.
The presence of curcumin peaks however was found to be difficult to be identified in the
PLA/PPC/curcumin blend. The simulated results for the stress-strain profile using FEA
agreed well with the experimental tensile test profile with a relatively low percentage error
of less than 6%. Therefore, it was concluded that for these compositions, the developed
model can be used for further simulation works to design biomedical devices.

ABSTRAK: Gabungan penyelidikan secara eksperimen dan analisis unsur terhad (FEA)
telah dijalankan bagi mengkaji kesan campuran poli (propilen karbonat) (PPC) dan
kurkumin pada sifat mekanikal poli (asid laktik) (PLA). Tambahan, interaksi kimia dan
perubahan morfologi pada setiap penambahan berikutnya turut diperhatikan. Penambahan
PPC pada 30 wt% ke dalam PLA menyebabkan pengurangan pada tenaga dan modulus
sebanyak 51% dan 68% masing-masing sementara menyebabkan kenaikan pemanjangan
sebanyak 74%. Hasil pengurangan pada tenaga dan modulus campuran PLA/PPC
diseimbangkan dengan mencampurkan peratus kurkumin kurang berat (1 wt%). Melalui
mikroskop imbasan elektron (SEM), didapati imej permukaan retak menunjukkan PLA
berturutan rapuh-mulur-rapuh disebabkan penambahan PPC dan kurkumin di mana ianya
menyokong dapatan kajian ini melalui ujian kekuatan tegangan. Spektroskopi Inframerah
Jelmaan Fourier (FTIR) menunjukkan dengan penambahan PPC sebanyak 30 wt %,
interaksi kimia antara kumpulan karbonil PLA dan PPC pada puncak C=0O PLA telah
berubah sedikit kepada nombor gelombang lebih kecil. Walau bagaimanapun, kehadiran
puncak kurkumin adalah sukar dikenal pasti dalam campuran PLA/PPC/kurkumin.
Dapatan hasil simulasi pada profil strain-tekanan menggunakan FEA adalah sama dengan
ujian kekuatan tegangan dengan peratus ralat yang agak rendah iaitu kurang daripada 6%.
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Oleh itu, komposisi model yang dibangunkan ini adalah sesuai bagi meneruskan kerja-
kerja simulasi iaitu bagi mereka bentuk alat biomedikal.

KEYWORDS: PLA; PPC; curcumin; tensile; FEA

1. INTRODUCTION

Poly(lactic acid) (PLA), recently, has been the main thermoplastic polymer candidate
for applications that require tailored biodegradability feature such as in the biomedical as
well as food and packaging industry [1]. The biomedical application of PLA is due to its
ability to fulfil complex requirements in terms of biodegradability, and thermoplastic
processability [2, 3]. In comparison to other traditionally studied biodegradable polymers,
PLA is able to provide excellent features at low cost [4]. PLA offers good thermal
processability, thus, the polymer can be processed via various techniques such as injection
moulding, film extrusion, blow moulding and fiber spinning. Despite the polymer’s copious
advantages, the application of PLA has been restricted to a certain extent due to its inherent
brittleness, hydrophobicity, poor heat resistance and poor degradation rate [5,6].
Specifically, one of the main drawbacks of PLA for biomedical application is attributed to
its high brittleness [7], since it reduces the flexibility and plasticity [8] of the polymer. The
brittleness of PLA is a result of the formation of large spherulites due to its slow
crystallization rates [9]. A simple and efficient method to modify the flexibility, strength,
processability, and impact toughness of PLA is by blending with various plasticizers such
as poly(propylene carbonate) (PPC) [10,11], polyethylene glycol (PEG) [12,7],
glucosemonoesters , poly(vinyl acetate) (PVAc) [13], and partial fatty acid esters.

The biodegradable poly(propylene carbonate) (PPC) 1is synthesized from
copolymerization of renewable CO2 and propylene oxide (PO) and is typically amorphous
[14]. PPC has a chemical structure akin to that of PLA as shown in Fig. 1. The polymer
offers good mechanical property, in particular ductility that could be used to improve the
toughness of PLA [11]. In comparison to PLA, PPC has a relatively low glass transition
temperature (around 35 °C) due to the lack of a strong polar group in its chain, therefore
enabling the PPC chain segment to move easily [15]. Hence, PPC displays a very flexible
structure. The polymer‘s elongation at break is nearly 330%, which is at least five-fold
greater in comparison to other polyesters [16].
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Fig. 1: The chemical structure of (a) Polylactic acid, PLA and
(b) Poly(propylene carbonate), PPC [11].

Curcumin, an orange-yellow crystalline powder with a chemical structure shown in Fig.
2 1s prepared from solvent extraction followed by purification of ground rhizomes of
turmeric [17]. Curcumin is commonly used in various applications such as foods and
cosmetics. Due to its medicinal properties, there is a high tendency for curcumin to be used
in medical applications for antibacterial, antitumor, and antioxidant purposes [18-21]. The
bioactivities of curcumin such as anti-cell adhesion and motility, anti-angiogenesis and anti-
microbe properties have been elucidated in in vivo/in vitro studies [22]. Various
curcumin/polymer blends have been electrospun into nanoscale fiber scaffolds or mats [21,
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23]. Several studies of wounded animals treated with PLA/curcumin nanofiber mats have
been noticed to undergo improved wound closure rates [24, 25]
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Fig. 2: The chemical structure of curcumin [26].

Thin films often experience very high stresses during service which leads to distortion
or deformation [27]. Finite element analysis (FEA) provides insight in identifying critical
locations of the device (high stress/strain regions), reduces design iterations/optimization,
and reduces the need for bench-top testing; thereby reducing the cycle time during product
development [28]. FEA has been used not only to model the mechanical properties [29,30]
but also degradation performances [31,32] of various materials. Previously, flat tension
specimens of various ceramic matrix composites and monolithic ceramics have been studied
via FEA for creep performance [33]. This work was prompted by the scarcity of FEA study
on flat thin films subjected to uniaxial tensile tests. The motivation for this study is twofold:
first, to study the effect of PPC and curcumin addition on PLA upon its structural,
morphological and mechanical properties, and second, to simulate the mechanical effect of
PPC and curcumin addition in the elastic and plastic region using FEA (ABAQUS).

2. METHODOLOGY
2.1 Sample Preparation

PLA (IngeoTM Biopolymer 3052D) was obtained from Nature-works (USA) whilst
PPC (QPAC 40) was sourced from Empower Materials (Malaysia). Analytical grade
chloroform (R&M Chemicals, United Kingdom) was used as solvent. The curcumin (Live-
well™) used in this study was manufactured by Pahang Pharmacy Sdn. Bhd. (Malaysia).
Both PLA and PPC pellets were dried at 70 °C and 40 °C respectively for 2 hrs in an oven
prior to being dissolved in chloroform. Subsequently, PLA, PPC and curcumin were
prepared at different weight % ratios (PLA:PPC -100:0, PLA:PPC - 70:30 and
PLA:PPC:curcumin; 69:30:1). Both PLA and PPC were dissolved in chloroform at the ratio
of 1:10. Upon complete dissolution, curcumin was then added and stirred for 1 hour. Each
blend was then poured into a Teflon covered container and was left to dry for 24 hours at
ambient temperature.

2.2 FTIR Analysis

Identification of the functional groups of the PLA and PLA/PPC blends were obtained
by using Tensor 27 FTIR Spectrometer (Bruker, USA). The spectra were collected within
4000 — 600 cm™! region with a resolution of 4 cm™ and 16 scans.

2.3 Morphological Observation

The surface of the fractured tensile test specimens were sputtered with palladium using
a Quorum SC7620 Sputter Coater in order to make the surface conductive prior to SEM
analysis. The resulting surfaces were then observed via InTouch Scope JSM-IT100 (JEOL).

2.4 Tensile Test
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The FEA simulations for the studied polymers were based on the stress-strain response
of the materials conducted according to ASTM D882. Thin films were cut according to the
following dimensions of 50 mm x 10 mm x 0.80 mm with an extra 10 mm at both ends for
clamping purposes as shown in Fig. 3. The grey tabs in this figure represent the glued
cardboard strips of the same size, by which the sample is clamped between machine grips.
Tensile tests were performed using a Shimadzu Universal Tensile Machine (AGS-10K
NXD) at a crosshead speed of 20 min/mm with a load cell of 5 kN. The average and standard
deviation of the mechanical properties were calculated from the load-elongation curve based
on 5 samples.

10 mm 50 mm 10 mm
7 10 mm
Cardboard tab Thin film
— ——

Fig. 3: Preparation of test specimen for tensile test.

2.5 Simulation Model

The FE model of the thin films were developed using Abaqus software. The 3D model
was discretized into a structured element mesh using 3D linear hexahedral elements
(C3D8R) which resulted in total mesh and node values of 1562 and 700 respectively for all
samples. A schematic representation of the tensile specimen as well as the boundary
condition inflicted on the sample is shown in Fig. 4.

L 4a
W f Top grip length (10 mm)

Length (50 mm)

. <% 1
. -L_1 Bottom grip length (10 mm)

A4 44

(a) (b) (c)

Fig. 4: (a) Schematic representation of the specimen geometry (b) Finite element mesh
using 3D linear hexahedral elements (C3D8R) (c¢) boundary conditions for the simulation
of the tensile test.

In the actual tensile test, each specimen was clamped and displaced using hydraulic rigid
grips. The additional length of 10 mm at each end of the sample functions as a grip length
in which the top grip length will be displaced upward by the load cell whilst the bottom grip
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length would be stationary. In order to replicate the experimental tensile test, the boundary
and loading conditions were translated as follows [34]; the top grip length (10 mm) and
sample test length (50 mm) were kept as fixed in all directions but unconstrained in the
direction of the load applied. The top grip was loaded with an upward load of 5 kN.
Meanwhile, the bottom grip length had no degree of freedom. The average thickness of each
sample was 0.8 mm. The constitutive material data for the elastic model in the simulation
were defined by the experimental elastic modulus whilst Poisson’s ratio was obtained from
the literature [35] as shown in Table 1. The plasticity model was included in the FEA by
defining the region of yield stress and corresponding plastic strain that were obtained from
the experiment. There were no purposefully designed geometrical flaws such as notches or
necking in the simulation model that would trigger localization of the specimen at any
desired region.

Table 1: Material properties used for the FEA simulation element

Composition (wt%) Young’s Yield strength  Poisson’s
modulus (MPa) (MPa) ratio
Neat PLA 936 8.4 0.36
PLA/PLC 156 3.5 0.36
(70:30 wt%)
PLA / PPC / curcumin 771 11.7 0.36

(69:30/1 wt%)

3. RESULTS AND DISCUSSION
3.1 FTIR

Figure 5 shows the FTIR spectra of neat PLA, PPC, and curcumin as well as their
blends. The FTIR detects the chemical interaction and compatibility between the molecular
chains of different polymer blends by the shift and broadening of the absorption band [36].
The neat PLA spectra shows characteristic stretching frequencies for C=0, —CHs3
asymmetric, -CH3 symmetric, and C-O, at 1752 cm™!, 2995 cm!, 2947 cm™ and 1085 cm™
!, respectively. The PPC spectra shows the typical characteristic peaks at 2920 cm™, 1746
cm’!, and 1235 cm! attributed to C-H bond stretching vibration, C=O bond stretching
vibration and C-O stretching respectively. In the 3700 — 3100 cm™! region, the absorption of
neat PPC and PLA is not identified due to the rarity of terminal O-H groups.

The PLA/PPC spectra in the high wavenumber region, (3100-2800 cm™), relates to the
-CH- stretching vibration, which shows similar absorption peaks as pristine PLA. Ma et al.
[38] observed that the stretching vibration may shift with higher PPC loading dueto
intermolecular interaction between C-H and O-C- or between C-H and O=C-. PLA is made
from lactic acid and forms rich carbon chains that serve as the main functional group (C=0
groups). The functional group is detectable at the frequency region of 1740-1750 cm™
(denoted as ‘A’) [37]. The addition of 30 wt % PPC causes the C=0 peak of PLA at 1752
cm'to slightly shift to a lower wavenumber cm™ (by 3 cm™). Therefore, implying that the
carbonyl groups may have taken part in the interaction between PLA and PPC. Such
interaction could be between C-H...O=C-, C=0...0=C or C=0...0-C dipole-dipole
interaction [38]. A more significant wavenumber shift of up to 11 cm™ has been observed
with higher PPC loading [38]. It was noted that there is no significant peak shift in the C-H
bending (‘B’ region) as well as the C-O stretching vibration (‘C’ region). It was deduced
that despite the similar chemical nature of PLA and PPC, the addition of 30 wt% of PPC
only resulted in chemical interaction between the carbonyl groups of these polymers.
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Fig. 5: Fourier transform infrared (FTIR) spectra of PLA, PPC, PLA/PPC, and
PLA/PPC/curcumin blends.

Curcumin can be distinguished by its phenolic O-H stretching band at 3508 cm™ [26,
39]. Other significant curcumin bands are the aromatic C-C band (1602 cm™), olefinic C-H
(1428 cm™), asymmetric C-O-C (1026 cm™) and phenolic C-O (1276 cm™) [40, 39]. These
significant peaks are found to be comparable and appear at 3507 cm™!, 1601 cm™!, 1428 cm™
1,1026 cm and 1274 cm™ respectively. A sharp common peak at 1180 cm!, assigned as
phenolic C-O is observed in both curcumin and PLA/PPC/curcumin, hence confirming the
presence of curcumin in the blend. Apart from the C-O phenolic peak, the lack of presence
of other curcumin peaks observed in the PLA/PPC/curcumin trace suggests that these
curcumin peaks were either eclipsed by the more generous peaks of PLA at that
wavenumber range due to the higher weight % of PLA [41]. The FTIR samples for
PLA/PPC/curcumin were performed twice to confirm such a scenario. Previously, Chen
et al. [42] reported that curcumin loading below 5% would not give any chemical reaction
with PLA.

3.2 Tensile Test

The tensile test was conducted to investigate the mechanical effect of adding 30 wt%
of PPC and 1% of curcumin at the expense of PLA. Figure 6 illustrates that the neat PLA
curve behaves linearly in the low strain, then starts to plastically deform in the region of 3%
strain. The strain at break of neat PLA in this study is 11.7% and is higher than the PLA thin
films studied by Yao et al. [10]. Aside from the grade of PLA used, the difference in sample
thickness, as well as testing speed [13], it is postulated that the strain value in this study may
have also been affected by the sample preparation technique since the thin films in their
study [10] were prepared by melt compounding.
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Fig. 6: Stress-strain curves for neat PLA, PLA/PPC, and PLA/PPC/curcumin.

Studies on PLA/PPC blends by Zao et al. [43] and Yu et al. [44] suggest that the
addition of 30 wt% of PPC creates the optimum blend after considering the resulting
elongation and flexural and impact strength properties. In this study, the addition of 30 wt
% of PPC into PLA causes a decrease of strength and modulus by 51% and 68% respectively
(Table 2). The trend of decreasing tensile strength and Young’s modulus upon blending of
PPC into PLA is well documented. Studies by Ma et al. [38] and Zou et al. [43] show a
decreasing trend in strength as well as of modulus with further loading of PPC. It is also
seen that PPC contributes to the elastic component. As a result, a higher strain at break by
74% was achieved in the PLA/PPC blend in this study. Such an increase in strain value is
manifested from the weak molecular chain interaction and the presence of plenty weak
flexible, polar C—O—C bonds in the backbone structure of PPC [15, 43]. Sun et al. [45]
suggested that the transformation of PLA from brittle to ductile nature indicates a good
compatibility between PLA and PPC as evidenced by the chemical interaction found in
FTIR.

Table 2: Mechanical properties of neat PLA, PLA/PPC and PLA/PPC/curcumin

Properties Neat PLA PLA /PPC PLA/ PPC/Curcumin
Modulus (MPa) 481.3 £ 145.1 155.4+26.9 726.7 +62.4
Strength (MPa) 153+2.8 7.4+0.3 11.0£1.1

Strain at break (%) 11.7+3.3 204+14 24+0.7

The addition of 1 wt % of curcumin significantly improves the strength and modulus
of PLA/PPC, hence suggesting that the curcumin particles act as reinforcement filler. The
presence of curcumin creates resistance that reduces the mobility of internal PLA/PPC
structures and resulted in an enhanced stiffness property. However, the inclusion of filler
also increases the polymer blends’ brittleness characteristics [46]. As seen here, when the
PLA/PPC/curcumin was subjected to tensile-mode deformation, the samples failed at very
low tensile strain. The composition of curcumin was restricted to only 1 wt% in this study
since previous study by the author [47] has shown a decreasing trend in strength with further
curcumin additions. An obvious decrease in the tensile strength at higher filler content is
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likely to occur as the filler-matrix interaction is replaced by the contact between particles as
well as filler agglomeration [46, 48].

3.3 Surface Morphology

The photographs of the dried polymer blend films are shown in Fig. 7. The addition of
PPC into PLA increases opacity whilst the addition of curcumin imparts yellowish hue due
to the bioactive yellow pigment from curcumin with the following structure; 1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione.

Fig. 7: From left to right, fractured tensile test specimens of PLA, PLA/PPC, and
PLA/PPC/curcumin.

The morphological structure of the PLA blend was examined via SEM, and the results
are shown in Fig. 8. The SEM image of neat PLA exhibited the fractured surface that occurs
at different layers and at different parts of the sample. Similar surface topography was
observed from other studies [13, 49] that confirms the brittle nature of PLA. The blending
of PPC into PLA creates a surface fracture that is much smoother with no visible
aggregation. Such effect signals good dispersion and homogeneity in the blended films. The
transition of the PLA and PLA/PPC samples from rough to smooth surface are in agreement
with the observations made from the mechanical properties, in which the neat PLA
progresses from a brittle to a ductile nature with the decrease in stiffness and an increase in
strain values. In comparison, the addition of curcumin induces a much rougher fractured
surface with a phase-separated morphology. It was observed that the dispersed curcumin
particles created almost spherical and empty voids at the fractured surface. The change in
the fractured surface of PLA/PPC blend from smooth to rough correlates to the effect of
filler particle addition that changes the PLA/PPC from being ductile to a more brittle nature
[46].

Fig. 8: SEM micrographs at 1000x magnification of the surfaces of the fractured (a)
neat PLA (b) PLA/PPC (¢) PLA/PPC/curcumin films subjected to uniaxial tensile stress.
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3.4 Finite Element Analysis of the Tensile Test

The results from FE simulations are compared to the experimental data in Fig. 9 - Fig.
11. The graphs obtained show that the simulated stress-strain behaviour (overall shape) in
the elastic and plastic region are in excellent agreement with the experimental data for all
compositions studied. The damage criterion model was not implemented in this FEA model,
hence the simulation and experimental work are comparable up to the ultimate tensile
strength (maximum stress) only. The convergence between the simulation and experimental
results near the maximum stress value indicates the reliability of the model since the
maximum stress value is generally used as a criteria in design. The accuracy of the
experimental and simulated model was obtained by comparing the integrated area beneath
the stress-strain curves. Simulation performed using Abaqus FEA models described

accurate results with a relatively low percentage error of 1% for both PLA as well as
PLA/PPC and 6% for PLA/PPC/curcumin.

25
20

15 r

Stress (MPa)

10

I/ —Experimental neat PLA

—Simulation neat PLA

0 2.5 5 7.5 10 12.5
Strain (%)

Fig. 9: Stress-strain curves obtained experimentally and via FEA for neat PLA.

10

Stress (MPa)

—Experimental PLA/PPC

2 (70/30)
——Simulation PLA/PPC
1 (70/30)
0
0 25 5 7.5 10 125 15 17.5 20 225
Strain (%)

Fig. 10: Stress-strain curves obtained experimentally and via FEA for PLA/PPC.
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Fig. 11: Stress-strain curves obtained experimentally and via FEA for PLA/PPC/curcumin.

(a) (b) (©)

Fig. 12: Contour plots of computed Von Mises stress along the specimen length for (a)
neat PLA, (b) PLA/PPC blend and (c) PLA/PPC/curcumin blend.

Figure 12 shows the distribution of Von Mises stress calculated by the finite element
model based on Young's modulus, Poisson ratio, boundary conditions as well as applied
load. Similar topography of low to high Von Mises Stress was obtained for all compositions
studied. It can be seen from Fig. 13 that the stress distribution is divided into three regions.
The first region undergoes no stress since it is the area under grip length, and hence was not
deformed. The second region, is noted as the transition phase in which the stress starts to
increase. It is also noted that the FE model highlighted the highest Von Mises stress in this
transition region between grip and gage length which may indicate the location that possibly
initializes the fracture [33]. The model postulated that fracture may occur at either end of
the grip length since there were no purposefully designed geometrical flaws such as notches
or necking in the simulation model that would trigger localization of the specimen at any
desired region. The FE model shows that the addition of PPC into PLA increases the Von
Mises stress scale from 1400 MPa to 300 GPa. Whilst the addition of curcumin particles
into PLA/PPC blends resulted with reduced Von Mises stress distribution (640 MPa). The
values for Young's modulus used for the FE analysis were 936 MPa, 156 MPa and 771 MPa
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for PLA, PLA/PPC and PLA/PPC/curcumin respectively. The Young’s modulus property
influences the stress distribution and hence the elastic deformation of the model [50]. Thus,
as the Young's modulus of the sample increases or decreases, correspondingly the upward
tensile force respectively causes less or more stress due to the material’s resistibility to
deformation.

Region 1
. Region 2
Maximum von
Mises stress .
Region 3

Fig. 13: Identified regions of Von Mises Stress.

4. CONCLUSION

The FTIR analysis illustrated that the chemical interaction, in particular between
the carbonyl group (C=0), exists when PPC was added at 30 wt% into PLA. Despite the
resultant decrease in strength and modulus, the strain at break increased by 74%. The
drop in strength and modulus of PLA/PPC blend was recovered by adding a low weight
percentage of curcumin. However, the PLA/PPC/curcumin blend failed at very low
tensile strain which shows the increase in the brittle nature of the blend. In light of this
observation, it was further confirmed by SEM images that the addition of PPC and
curcumin respectively increases its ductility and brittleness. The validation and the
excellent agreement between the simulation and experimental results are important
indices of the simulated model developed using Abaqus. Hence, this model can be used
to predict the performance of complex design components based on PLA/PPC/curcumin
blends for biomedical applications.
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