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ABSTRACT 
With the advent of Additive manufacturing and 3D printing technologies various thermoplastic 
blends are being investigated for high performance applications. Amino functionalized Graphene 
Nanoplatelets (GNP) were incorporated into Polycarbonate (PC) and Poly (lactic acid) (PLA) 
blend to enhance the thermal and mechanical properties while reducing the dependence on 
petroleum resources. Nanocomposites containing 70PC/30PLA and 0.2-5 wt. % GNP were 
prepared via simple solution blending method and then 3D printed. Dispersion of nanoparticles 
and morphology of the blended composites were studied via Scanning Electron Microscopy 
(SEM). Using Differential scanning calorimetry (DSC) glass transition and melting behaviors were 
investigated. Thermal decomposition behavior was examined via Thermogravimetric Analysis 
(TGA). Mechanical properties were investigated by static tensile tests. It was found that selective 
localization of GNP’s into continuous, dispersed and interface phases of the blend affected the 
overall properties of the thermoplastic blend.  

1. INTRODUCTION 
The need for high performance materials in the field of aerospace, automotive, electronics and 
medical industries is increasing every day. Polycarbonate (PC) is an engineering material which 
has good processability and excellent mechanical and thermal properties, impact resistance and 
optical transparency. Despite all these favorable properties PC production highly depends on 
petroleum resources [1]. Development of materials from renewable sources has become top 
priority of researchers today. In such effort polymers derived from agricultural source like corn 
starch-derived poly (lactic acid) (PLA) are of great value as it reduces the dependence on 
petroleum products while maintain acceptable performance related properties [2]. Combining PC 
and PLA to develop a polymer can be very useful as it reduces the dependence on petroleum 
resources. Polymer blending is one of the most efficient ways to address such needs by merging 
the advantages of individual polymer components. However, there are only very few blends which 
are completely miscible at a molecular level rest of them tending to be mostly immiscible. The 
immiscible blends thus created have very poor mechanical, thermal and mechanical properties [3, 



4]. The main reason for such deteriorated properties is due to poor interfacial interaction between 
PC and PLA at molecular level.  
 
Material researchers have been trying to improve the miscibility of PC/PLA blends by various 
methods; one of the methods is use of compatibilizers. Lee J. B. et al. used three different 
compatibilizers such as poly(styrene-co-acrylonitrile)-g-maleic anhydride (SAN-g-MAH), 
poly(ethylene-co-octene) rubber-maleic anhydride (EOR-MAH) and poly (ethylene-co-glycidyl 
methacrylate) (EGMA) and found that the type of compatibilizer effected various properties [5]. 
Phuong V. T. et al. through extrusion process introduced tetrabutylammonium tetraphenylborate 
(TBATPB) and triacetin into PC/PLLA blends. They found that the compatibility was improved 
by forming PC-PLLA copolymer during extrusion time resulting into enhanced compatibility 
between the various components of the blend [6]. Kanzawa T. et al. through reactive processing 
blended ternary PLLA/PC/poly (butylenes adipate-co-terephthalate) and studied the mechanical 
and morphological changes. They found that the tensile strain and impact strength of the ternary 
blends were considerably improved [7]. 
 
However, it was found that the degree of improvement in mechanical property of blends produced 
through PC/PLA compatibilization was very small especially for fracture resistance. To address 
this issue researchers have tried to introduce carbon nanoparticles which helped in improving the 
fracture resistance. One of the nanoparticles is Carbon nanotubes (CNT). If CNTs were successful 
in selectively locating themselves at the interface they act as a bridge between the blend interfaces 
improving the toughening mechanism by preventing the crack propogation. Due to which highly 
enhanced ductility can be achieved [8-10]. Researchers have also found that if CNTs locate in one 
component of the blend, the toughening mechanism is due to formation of CNTs network structure 
that facilitates the stress transfer between components under the load conditions [11, 12]. 
Similarly, graphene is an allotrope of carbon consisting of single layer carbons arranged in 2-
dimensional hexagonal lattice. It can also be considered as a basic building blocks of CNTs [13]. 
Implementing graphene nanoparticles in PLA/PC blends could be an interesting area of research, 
as it is the strongest material tested so far. Graphene can act as a nano-compatabilizer in blends 
which can help in improving thermal, mechanical and electrical properties. Additive 
manufacturing or 3D printing can be defined as the process of joining materials to manufacture 
parts usually layer by layer guided by a 3D model data. Mostly for 3D printing applications PLA 
and ABS are considered to be reference materials, but they have relatively lower heat deflection 
temperature. For PLA and ABS, it is 60 and 100 oC respectively, whereas for PC it is around 135-
145 oC, also they tend to produce ultra-fine particle emissions during printing. Replacing 
conventional PLA and ABS with PC for 3D printing applications could produce parts with better 
mechanical and thermal properties [15]. 
 
In present work Amino functionalized Graphene Nanoplatelets (GNP) were incorporated into 
Polycarbonate (PC) and Poly (lactic acid) (PLA) blend to enhance the thermal and mechanical 



properties. Nanocomposites containing 70PC/30PLA and 0.2-5 wt.% GNP were prepared via 
simple solution blending method and then 3D printed. 
 

2. EXPERIMENTATION 

2.1. Materials 
Poly(bisphenol-A-carbonate) with the trade name LEXAN 103R-112 (Sabic Innovative Plastic) 
was purchased from supplier Boyplastic (ebay), while the Polylactic acid (Ingeo biopolymer 
3051D) was purchased from NatureWorks LLC, Minnetonka, MN, USA. Amino - functionalized 
graphene nanoplatelets (GNP) were supplied by “Cheap Tubes” Inc., (Vermont, USA). Average 
thicknesses of GNP are less than 5 nm and specific surface area about 700 m2/g. The GNP was 
covalently functionalized by amine (-NH2) to achieve desired degree of dispersion. HPLC grade 
chloroform (≥99%) was obtained from Sigma-Aldrich St. Louis, MO. 
 

2.2. Sample preparation 
The NH2 rich GNP nanoparticles were dispersed at 0.2, 0.5, 1.0, 3.0 and 5 wt. % in chloroform 
using ultrasonic probe for 1 hour. The polymer solution was prepared by dissolving the polymer 
pellets at a ratio of 70/30 for PC and PLA respectively in chloroform/GNPs solution with 
continuous magnetic stirring for 24hrs until the solution is formed. This polymer solution was used 
to fabricate the films through 3D printing process. The Hyrel system 30 M model 3D printer was 
used for printing polymer films. No external heat was applied to the printed hot bed. The films 
were dried at room temperature. AutoCAD software was used to model the structure of films and 
then slice the structure to create the machine-readable G code file. After that Repetrel software 
was used to print the films using the G code file. About 10 ml solution was taken on to 12 mL 
syringe and set it up into motorized head slot. The films were printed on a flat glass plate mounted 
on to motorized stage and removed after 5–10 min for drying at room temperature. A schematic 
flow diagram of 3D printing process showed in the below Figure 1. 
 



 
Figure 1. Manufacturing process of GNP reinforced PC/PLA polymer films. 

 

2.3. Characterization 

2.3.1. Scanning Electron Microscopy (SEM) 
Morphology and dispersion of nanoparticles into the films were studied using scanning electron 
microscopy FE-SEM (Joel JSM -7200F). Samples were initially sputtered with thin layer of gold 
under vacuum prior to SEM imaging. 
 

2.3.2. Differential Scanning Calorimetry 
DSC was done using non-isothermal mode of scans at 10 ˚C/min using TA Instruments Q2000 
DSC machine. The machine was purged with dry nitrogen at 50 mL/min. Each sample was sealed 
in an aluminum pan and the test was run against an empty reference pan. DSC scans for each resin-
initiated system was performed from 25 to 300 °C. 

2.3.3. Thermogravimetric analysis 
Influence of individual nanoparticles on thermal stability and residue of the material was 
investigated using thermogravimetric analysis (TGA) using TA Instruments’ Q-500. The 
equipment was purged with dry nitrogen at 90 mL/min. Samples were scanned from 30 to 800 oC 
at a ramp rate of 10 oC/min while data for sample weight loss was recorded as function of 
temperature. Sample weight loss and its derivative weight loss curves were obtained from each 



test and thermal stability parameters such as onset and decomposition temperatures were recorded 
along with residue for each sample.  
 
2.3.4. Tensile tests 
 
For mechanical characterization, tensile tests were done according to the ASTM D 882 using 
Zwick Roell with a load cell capacity of 2.5kN. The tests were conducted at room temperature in 
displacement control at a constant crosshead speed of 3.0 mm/min.  This test method was used to 
determine the stress-strain curve, elastic modulus and tensile strength of the material.    
 

3. RESULTS 

3.1. Morphology and Dispersion 
SEM micrographs were taken for each kind of polymer film, it was found that the PC/PLA films 
without any reinforcement had a visible phase separation. On addition of graphene nanoparticles, 
they acted as bridging agents primarily at the interface region of the PC and PLA (Figure 2). GNP 
nanoparticles helped the polymers bind and restrict the molecular chain motion upon application 
of load which was further confirmed in the tensile tests. Further increasing the nanoparticle loading 
leads to agglomeration which leads to premature failure of member in spite of high reinforcement. 
The agglomerated regions act as a stress concentration sites which leads to crack growth and 
ultimately failure. 
 

   
 
Figure 2. SEM micrographs of a) PC/PLA b) PC/PLA/0.2GNP c) PC/PLA/5GNP polymer films. 

 

3.2. Thermal Properties 
DSC curves (Figure 3) were studied to find the glass transition temperatures in the blends. For 
pure PLA, transitions which can be differentiated from the DSC heating curve, ascribed to the 
glass transition (Tg-PLA) at about 59 °C, and melting behavior at about 155.96 °C (Tm-PLA). For 
pure PC there is no melting behavior but there is only glass transition at about 150 °C (Tg-PC) 
suggesting PC is amorphous. Binary blend has two transitions one for PLA and other for PC 
signifying the blend is immiscible. The transition temperature of polycarbonate tends to overlap 



with the melting temperature of PLA. With the addition of nanoparticles there seems to be no 
significant change in the crystallization behavior. Specially observing that the transition 
temperature of PLA is further decreasing on addition of GNP nanoparticles suggests that the 
nanoparticles are selectively localizing in the PC phase of the polymer films. The enothermic peaks 
being observed at around 230 °C could be due to decomposition PLA phase in the blend system. 
It can be obserevd that as the GNP content increases the endothermic peak minimizes suggesting 
the delay in decomposition temperature due to thermal stability of nanoparticles which is also 
observed in TGA graphs. 
 

 
Figure 3. DSC heating curve for PC/PLA/GNP nanocomposite with various contents of GNP 

 
TGA graphs (Figure 4 & 5) were helpful in determining the temperatures at onset of decomposition 
(5 % wt. reduction), maximum rate of decomposition  and % residue at 750 ˚C. Temperature at 
maximum rate of decomposition was ascribed from the peak of derivative cure. It was found that 
the onset of decomposition was influenced by both the component polymers for PC/PLA blend. 
PC being more thermally stable relative to PLA preserved the thermal stability of the blend. Upon 
addition of GNP nanoparticles onset of decomposition was further delayed for approximately rise 
of almost 10-12 ˚C. However, in case of 5 wt.% GNP loaded blend the onset of decomposition did 
not occur until 317 ˚C. This can be attributed to crosslinking effect caused due to selective 
localization of surplus GNP at the interface region of PC and PLA, and also high thermal stability 
of GNP nanoparticles themselves. Decomposition rate was also delayed upon addition of 
nanoparticles. Highest improvements were recorded for 1 wt.% GNP loaded blend. In higher 
loadings of 3 and 5 wt.% the decomposition rate was higher than the neat blend. The values of 
onset of decomposition, maximum rate of decomposition temperature and residue for all the 
polymer blend combinations have been reported in Table 1. 

 



 
 

Figure 4. TGA weight loss curve for PC/PLA/GNP nanocomposite with various contents of GNP 
 

 
Figure 5. TGA derivative weight loss curve for PC/PLA/GNP nanocomposite with various 

contents of GNP 
 

Table 1. Comparison of thermal properties PC/PLA/GNP nanocomposite with various 
contents of GNP 

Sample 
Decomp Onset  

Temp (°C) 
Max rate of  Decomp 

Temp (°C) 
 % residue  
@ 750 °C 

PLA 112.55 352.12 0.38 
PC 189.36 486.44 16.5 



70PC/30PLA 132.78 361.45 4.53 
70PC/30PLA/0.2GNP 146.39 371.40 4.08 
70PC/30PLA/0.5GNP 142.71 368.42 4.78 
70PC/30PLA/1GNP 142.21 373.04 7.25 
70PC/30PLA/3GNP 142.87 351.50 3.87 
70PC/30PLA/5GNP 317.12 350.87 10.55 

 

3.3. Mechanical Properties 
Tensile tests provided the details of mecahnical properties of the 3D printed films like tensile 
strength, modulus and elongation at break. Tensile strength was recorded highest for 0.2 and 0.5 
wt.% GNP loaded ploymer blend films (Figure 6). Increase in the mechanical properties of the 
polymer films due to GNP addition at low volume contents suggests that GNP was effctive in 
formation of interface between various polymer components (Table 2). The elongation was also 
highest of 8.66 % for 0.5 wt.% loading of GNP.  However, with increased loading the strength and 
modulus decreased which can be attributed to agglomeration of nanoparticles due to poor 
dipersion.But in case of 5 wt.% loading the surplus GNP seems to be selectively locating itself at 
the ineterface region of PC and PLA promoting the crosslinking effect among the various 
components of the blend, thus increasing modulus in the elastic region and also thermal 
decomposition stability which was discussed earlier.  
 

  
 

Figure 6. Rpresentative chart showing Youngs modulus and Tensile strength of PC/PLA/GNP 
nanocomposite with various contents of GNP 

 
Table 2. Mechanical properties of PC/PLA/GNP nanocomposite with various contents of GNP 

Sample Youngs Modulus 
(Gpa) 

Tensile strength  
(Mpa) 

Elongation at  
Break (%) 

PLA 0.38 ± 0.07 42.27 ± 4.98 10.62 ± 0.73 
PC 0.60 ± 0.15 56.76 ± 7.37 19.48 ± 5.97 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

Youngs Modulus (Gpa)

0
10
20
30
40
50
60

Tensile Strength (MPa)



70PC/30PLA 0.29 ±0.02 22.74 ± 512 6.74 ± 1.45 
70PC/30PLA/0.2GNP 0.49 ± 0.10 37.35 ± 3.29 7.70 ± 1.64 
70PC/30PLA/0.5GNP 0.42 ± 0.03 37.15 ± 3.77 8.66 ± 1.74 
70PC/30PLA/1GNP 0.38 ± 0.12 21.94 ± 4.28 6.46 ± 1.44 
70PC/30PLA/3GNP 0.29 ± 0.03 28.29 ± 3.90 7.50 ± 0.83 
70PC/30PLA/5GNP 0.45 ± 0.06 28.04 ± 2.00 6.55 ± 0.81 

 

4. CONCLUSIONS 
It can be inferred from this study that GNP reinforcement has potential to increase miscibility of 
blends. In addition to that it has great potential to increase thermal and mechanical properties as 
well. Thus, produced materials can be used in many applications like high performance and smart 
materials. For further enhancement proper dispersion of nanoparticles must be ensured. Once 
proper dispersion is achieved, extruding the blend material would help in proper adhesion of two 
polymers through transesterification mechanism.  
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