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Abstract:
In the last decades, one of the most critical issues concerning the control on the processing, structure and properties of
nanocomposites is related to the dispersion of nanofiller in the polymer matrix and internal interactions resulting in percolation. In this study, we investigate the rheological behavior in oscillatory and steady shear flow of poly(lactic) acid based
nanocomposites incorporating 0 - 12 wt% graphene nanoplates (GNP) and multi-walled carbon natotubes (OH-MWCNT). The
effect of the filler contents and aspect ratio on the viscosity and viscoelastic response is evaluated. Three rheological techniques are used for estimation of rheological percolation threshold. Due to different aspect ratio and state of dispersion of
GNP and MWCNTs the percolation threshold differs significantly for both compositions fp § 1.5 wt% for MWCNT/PLA and fp
§ 5 wt% for GNP/PLA. The larger the aspect ratio of nanofiller, the lower is the rheological percolation threshold. The visualized structure by TEM analysis confirms the rheological predictions for both type composites. The index of flow was estimated by the power law slope of the flow curves and a better dispersion was assumed for MWCNTs in comparison with GNPs
due to the surface modification. Based on the rheological percolation threshold and the flow index, nanocomposites were
classified in three groups: Newtonian, percolated composites and elastic solids. Both characteristics are used to select the
printing parameters for the three groups of nanocomposites, suitable for fused deposition modeling (FDM).
Key words: carbon nanotubes, graphene nanoplates, poly(lactic)acid, viscoelastic response, rheological percolation threshold,
index of flow, printing parameters.
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1
INTRODUCTION
The polymer composites reinforced with graphene and carbon nanotubes are fastly developing research due to
the ability of both nanofillers to enhance simultaneously mechanical and physical properties of nanocomposites
that can widen the application of engineering polymers significantly. In order to obtain an improvement in the
overall performance of the polymer matrix, the length size and shape of carbon nanofillers are usually varied and
they act as reinforcing agents, when added in small amounts [1 - 9]. Some of the advantages of nanocomposites
compared with conventional polymer composites are related to the enormous surface area of the nanofillers,
better interactions between different phases and an efficient transmission of the load between the polymer and
the filler. Moreover, graphene and carbon nanotubes have great advantages as additives in polymers for application in Additive Manufacturing (3D printing). It should be highlighted that 3D printing is not only an innovative
processing technology, but it is the future of the manufacturing industries [9 - 17]. Therefore, unlimited needs
exist for novel materials suitable for 3D printing for variety of applications that require improved mechanical performances, conductivity and other functional properties of the final products [12 - 17]. Nanocomposites may provide extraordinary functionality of engineering and natural polymers, this greatly expanding the ranges of applications of products resulted from additive manufacturing technologies. Due to the complexity of composition
and processing, however, key issue for the mass production of such nanocomposite materials is how to gain control on the dispersion process, interactions phenomena, and processing-structure-property relations in order to
obtain superior properties and good printability.
The 3D printing based on fused deposition modeling (FDM) has recently become fairly popular because
it is a very cost effective technology that may produce rapidly 3D objects with a good resolution. However, this
process requires melting of a thermoplastic filament prior to the additive layer to layer deposition, therefore the
right thermal and rheological properties of the material is required to be used in this technology [12 - 15].
Poly(lactic) acid (PLA) polymer is extensively used for 3D printing FDM, because of easy processing, biodegradability and biocompatibility. The PLA may be reinforced with carbon-based nanomaterials to improve the
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strength and functionality, electrical and thermal properties of the polymer [8]. Recently, a successful development of a conductive graphene-based filament from PLA with filler loading ~14 wt.% was reported as commercially available for 3D printing application [16]. However, such high graphene loading clog the nozzle during
extrusion due to aggregation of graphene sheets [12].
Rapid development of the fused deposition modeling requires fundamental understanding of the rheological behavior of novel materials that are developed for the needs of FDM 3D printing. The challenge becomes
more complex with varying the filler reinforcement (e.g. nanofillers of different nature, shape and size) added to
polymer due to changing of interparticle and interfacial interactions, as well as with rheological response which
in turn influence the printing ability and properties of nanocomposite materials [17, 18]. Torres [17] reported that
rheological measurements should be considered as a more central part of the material characterization tool
when selecting suitable candidates for 3D printing. Rheology and shear rate of the material at the extrusion nozzle are used for identifying the printability window for solvent dispersions and for nanocomposite hydrogels
printed via liquid deposition modeling and direct ink writing, respectively [19 - 21]. A study was published on
using the rheological investigations for identifying the printability of bionanocomposites by fused deposition
modeling [18].
In this article, we experimentally study the viscosity and viscoelasticity of nanocomposites based on PLA
polymer incorporating graphene nanoplates (GNP) and multiwall carbon nanotubes (MWCNT), as varying the
filer contents from 0 to 12 wt.%. The rheological behavior of nanocomposite melts was investigated at oscillatory and flow steady state regimes at 200°C. The contribution of graphene nanosheets with aspect ratio ~ 240 and
carbon nanotubes of aspect ratio > 1000, on the viscosity and viscoelasticity of composite melts were analyzed.
Three rheological criteria: Cole-Cole plot, van Gurp−Palmen plot and Power law slope of plateau modulus was
used for precise estimation of the rheological percolation threshold over the experimentally studied range of
nanofiller concentrations. The index of flow was related to the rheological percolation threshold in order to classify nanocomposites by their flow behavior. Both characteristics were used to identify the 3D printing parameters that ensure accuracy of the printed objects by fused deposition modeling.
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2
MATERIALS AND METHODS
2.1
MATERIALS
The poly(lactic) acid (PLA) polymer used in this study was Ingeo™ Biopolymer PLA-3D850 (Nature Works) with
MFR 7 - 9 g/10 min (210°C, 2.16 kg), peak melt temperature ~ 180ºC, glass transition temperature ~ 60°C, tensile
elongation 3.1 %. Ingeo™ 3D850 is a grade developed for manufacturing 3D printer filament having some remarkable 3D printing characteristics such as precise detail, good adhesion to build plates, less warping or urling, and
low odor. The Industrial Graphene Nanoplates (GNPs) and Industrial Grade OH-Functionalized multiwall carbon
nanotubes (MWCNTs) adopted as nanofillers were supplied from Times Nano, China. Their specific features are
collected in Table 1. Nanocomposites of PLA polymer filled with MWCNTand GNP were prepared by melt extrusion at 180 - 190°C, using a tween screw extruder at screw speed 40 rpm, as varying the filler contents from 0 up
to 12 wt.%. Further on, a filament for FDM 3D printing with diameter 1.75 mm was produced by single screw
extruder at temperature 170 - 180°C and screw speed 10 rpm. Test samples of 1 mm thickness and 20 mm diameter were printed from the filaments at 200°C for rheological characterization.
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2.2
EXPERIMENTAL METHODS
The rheological measurements were carried out with AR-G2 Rheometer (TA Instruments) using electrical-heated
parallel plate geometry (25 mm diameter) and gap size of 500 mm between plates. The viscoelastic flow properties were measured using low amplitude oscillatory flow mode, at a temperature of 200°C. The complex dynamic viscosity h*, storage modulus G’, and loss modulus G” were measured versus the angular frequency w of 0.1 100 rad/s at low strain amplitude of 0.1 %. The linear viscoelastic strain amplitude of 0.1 % was preliminary determined by strain sweep test at angular frequency of 1 Hz. Before starting the rheological experiment, the tested
material was heated at 200°C for 15 min. in the gap between the parallel plates, and pre-shear was applied to
avoid unwanted errors during the measurement. The shear flow test mode was also applied and the steady-state
viscosity h within the shear rate range 0.05 - 600 s-1 was determined, at the melt temperature 200°C. The TA
Advantage Software was used for data analysis and calculation. Transmission Electron Microscope (TEM) at accelerating voltage 200 kV was used for visualization of the dispersion of GNP and MWCNTs in PLA matrix polymer.
Thin slices (< 100 nm) were cut from the cross section of the filaments and visualized at different magnifications.

3
3.1

RESULTS AND DISCUSSION
CONTRIBUTION OF FILLERS TO THE VISCOELASTICITY
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The effect of graphene and carbon nanotubes on the linear viscoelastic response of the PLA polymer and the
composites at 200°C is shown in Figure 1 and Figure 2. The frequency dependence of the dynamic complex viscosity h* is shown in Figure 1 and the storage and loss moduli (G’ & G”) versus angular frequency w is seen on
Figure 2 as varying the filler contents from 1.5 to 12 wt% for both MWCNT/PLA and GNP/PLA nanocomposites. The
MWCNT/PLA composites in Figure 1a demonstrate plastic behavior of complex viscosity h* versus angular frequency in the whole concentration range studied. In contrast, Figure 1b show that 1.5 - 6 wt% GNP/PLA composites have a Newtonian plateau in the low frequency range (w < 10 s-1), similar to the neat PLA. However, at 9 to 12
wt% GNP contents, the dynamic viscosity demonstrate plastic behavior.
In Figure 2, the viscoelastic moduli G’ and G” versus angular frequency w show that the MWCNT/PLA
composites behave differently than the GNP/PLA. In the terminal region, w→0, the storage G’ and loss G” modulus of the neat PLA fit with scaling law, G’ ~ w2 and G” ~ w1. For the MWCNT/PLA composites in Figure 2a, a solidlike viscoelastic behavior with G’ ¥ G” is observed for the full concentration range studied from 1.5 to 12 wt%. This
was associated with interconnection between nanotubes, resulting in percolation. However, for GNP/PLA composites in Figure 2b, the slope of both moduli slightly decreases by increasing the filler contents from 1.5 - 6 wt%,
but the flow behavior is liquid-like with G’ < G”. While at 9 and 12 wt% GNP, the storage modulus exceeds the loss
modulus (G’ ¥ G”) and this behavior is usually related to the liquid-to-solid transition due to the formation of
continuous network of graphene nanoplates in the polymer leading to retardation of the polymer chain relaxation [22 - 26]. Upon comparing the changes of the slope of G’(w) modulus by increasing the filler contents for
both composite types, we are led to assume that the more pronounced effect of carbon nanotubes on the viscoelastic response of PLA nanocomposites is probably due to both the higher aspect ratio (> 1000) and the good
dispersion of OH-modified MWCNTs, compared to the dispersion of non-modified GNPs having a lower aspect
ratio (~240).
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3.2
CRITERIA FOR IDENTIFYING THE RHEOLOGICAL PERCOLATION THRESHOLD
It is important to determine the rheological percolation threshold as the viscosity and the properties of
nanocomposites are generally enhanced above this critical filler concentration [1]. The rheological percolation
threshold is usually associated with the structural liquid-to-solid transition indicating the formation of a percolation network of interconnected nanoparticles, immobilized with matrix polymer [1, 7, 22 - 24]. Different
approaches are used in the literature to determine the percolation threshold [1, 23, 25]. In this study we apply
three frequently used rheological criteria: Cole-Cole plot, van Gurp-Palmen plot and the power law slope of
plateau modulus, in order to verify their applicability for the studied GNP/PLA and MWCNT/PLA nanocomposites
for precise estimation of the rheological percolation threshold.

Pro

3.2.1
Cole-Cole plot
The first criteria used here for identifying the rheological percolation threshold is the Cole-Cole plot [26, 27],
which presents the frequency dependence of imaginary viscosity hʺ versus real viscosity h’. The Cole-Cole plot is
used to identify the structural changes in the PLA polymer matrix due to the incorporation of fillers GNP and
MWCNT. The real part and imaginary part of complex viscosity are calculated from the dynamic modulus as follows: h’ = G’’/w and h’’ = G’/w. Figure 3 presents the Cole–Cole plot for MWCNT/PLA and GNP/PLA composites. As
seen, for the GNP/PLA composites at low nanofiller contents 0 - 3 wt%, the Cole–Cole plot exhibits a semi-circular shape with one arc corresponding to the relaxation of the PLA matrix [28]. While at 6 – 12 wt% GNP/PLA the
plots exhibit deviation from the semi-circular shape and shows a linear variations of the storage viscosity versus
the loss viscosity. This is a characteristic for a gel-like structure which indicates that maximum particle-particle
interaction has occurred, associated with percolation. Interestingly, for MWCNT/PLA composites in Figure 3
(right), a linear plot of h” versus h’ appear at the lowest nanotube content of 1.5 wt%, thus the semi-circular shape
of the Cole–Cole plot is observed only for the neat PLA. Therefore, the rheological percolation threshold that may
be determined using the Cole-Cole plots is around fp < 1.5 wt% for the MWCNT/PLA composites and fp < 6 wt%
for the GNP/PLA nanocomposites.

of

3.2.2
Van Gurp−Palmen plots
Van Gurp-Palmen (v-GP) plot of phase angle d = tan (G”/G’) versus absolute complex modulus G*(w) [29] is used
here as the second criterion to detect the rheological percolation threshold. Figure 4 presents the v-GP plot for
MWCNT/PLA and GNP/PLA nanocomposites at 200°C as varying the filler contents from 0 to 12 wt%. For the neat
PLA and the GNP/PLA composites with 1.5 - 6 wt% GNP content, where the loss modulus G” dominates over storage modulus G’, the curves approach phase angle of d ~ 90° indicating a viscous behavior. As filler contents
increase to 9 wt% GNP, a significant decrease by about two orders of magnitude in the phase angle (d < 45o) at
low G* values is observed, that is ascribed for the liquid-to-solid transition [28 - 30]. While the MWCNT/PLA com-
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posites filled with 1.5 - 3 wt% demonstrate very low phase angle (d ~ 30 - 20o) indicating liquid-to-solid transition. Moreover, at nanotube contents of 6 - 12 wt% an equilibrium modulus indicating that G’ is over G” which
can be determined by extrapolating the van Gurp–Palmen plot curves to d = 0°. Thus, the rheological percolation
threshold is determined below fp < 1.5 wt.% for MWCNT/PLA composites, while the GNP/PLA composites have
percolation above fp > 6 wt.% as determined by v-GP criteria.

Un

3.2.3
Concentration dependence of plateau storage modulus
The third criteria used herewith for determination of rheological percolation threshold is the concentration
dependence of the dynamic storage modulus that may identify the liquid-to-solid transition, related to percolation. The Figure 5 compares the storage modulus at a low frequency Go' at w = 0.1 rad/s versus the nanoparticle
loading f wt% for GNP/PLA and MWCNT/PLA nanocomposites. The critical concentration fp that is the starting
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point for the appearance of the scaling law,Go' ~ fn was determined and referred as the rheological percolation
threshold [24]. As seen from Figure 5, the rheological percolation threshold differs for the two nanocomposite
types, due to different shape, aspect ratio and state of dispersion of the GNP and MWCNT nanoparticles in the
PLA matrix polymer. The slope of Go'(f), related to percolation was identified below the fp < 1.5 wt% for the
MWCNT/PLA composites. Importantly, this criterion allows determining more precisely the rheological percolation threshold for the GNP/PLA composites (fp ¥ 5 wt% GNP) as the cross point of the two power law slops of
G’(f) over the experimentally studied range of nanofiller concentrations. While the Cole-Cole plot and van GurpPalmen plot determine this percolation threshold with some variations, below and higher of 6 wt% GNP, respectively. Obviously, the larger aspect ratio (> 1000) and better dispersion of OH-modified MWCNTs contribute to the
network formation at lower filler content of nanotubes in the PLA matrix, this resulting in a low percolation
threshold of fp § 1.5 wt% PLA/MWCNT. In contrast, the smaller aspect ratio (> 240) and not well dispersed GNP
nanoplates in the PLA matrix lead to high percolation threshold of fp º 5 wt% of GMP/PLA.
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3.3
VISUALIZATION OF NANOFILLER DISPERSION IN NANOCOMPOSITES
In order to visualize the nanofiller dispersion in the PLA matrix we have performed transmission electron
microscopy of the cross section of the filaments, produced from the nanocomposites studied. Figure 6 presents
example TEM images of 6 wt% MWCNT/PLA and 6 wt% GNP/PLA composites at high and low magnifications.
We compare composites with the same filler content of 6 wt%, around and above the percolation threshold,
determined above, in order to compare the size of nanocarbon fillers, as well as their dispersion and structure in
the polymer. As seen on Figure 6a at high magnifications, the MWCNTs are uniformly dispersed in the PLA matrix
and their visible average length is of ~ 200 nm. Therefore the MWCNTs in the composite have much lower length
in comparison with the commercial filler before mixing with the polymer, according to the technical specification from the producer (Table 1). At low magnification (Figure 6c) the homogeneous dispersion of MWCNTs in the
PLA matrix is more clearly presented. It is visible that nanotubes of different length fill the whole volume of the
polymer and they form a network of contacting particles, associated with percolation. The visualized in Figure 6a
and 6c structure of interconnected MWCNT nanotubes in the PLA matrix confirm the rheologically determined
solid-like behavior (or gel-like structure), highly above the percolation threshold for the 6 wt% MWCNT/PLA
nanocomposites. In contrast, separate and large GNP nanoplates of mean size about 200 - 400 nm and thickness
above 30 nm are visible in Figure 6b at high magnification. But, at low magnification (Figure 6d), it is seen that
graphene nanoplates are partly dispersed to thinner sheets, but most of GNP are visible as thick and large aggregates of length 5 - 7 mm, similar to the original size of GNP before mixing with PLA (Table 1). The graphene sheets
seems to be partly connected in the volume of nanocomposite, as shown in Figure 6d, and this confirm the predicted in Figures 3 - 5 structure around percolation threshold of the 6 wt.% GNP nanocomposite.
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3.4
FLOW INDEX AND PRINTING PARAMETERS
3.4.1
Flow index
The flow behavior of nanocomposite formulations in steady-state shear mode was studied as varying the filler
contents from 0 to 12 wt%. Figure 7 presents the shear flow curves, i.e. viscosity h versus shear rate ġ in a wide
shear rate range 0.05 - 600 s-1 at a melt temperature of 200°C for GNP/PLA and MWCNT/PLA nanocomposites,
respectively. The experimental data of the viscosity at low shear rates (g <̇ 10 s-1) were fit with the power-law fluid
model Equation 1 in order to determine the power law slop called “flow index’ [1]
h = Kg n−1
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where h is the steady-state viscosity [Pas], g ̇the shear rate [s-1], K the flow consistency index at (g ̇→ 0), and the
power-law slope n is the flow index. If we consider the low shear rates region, g ̇< 10 s-1, the viscosity of the neat
PLA (Figure 7) show a Newtonian plateau with n º 1. In Figure 7a, the 1.5 - 3 wt% GNP/PLA composites show
plateau behavior similar to the neat PLA with n ~ 1. The n values started to decrease around and above 6 wt%
GNP, but only 9 - 12 wt% PLA composites show low slope values (n < 0.5). Theoretically, the slope value of n § 0.5
for composites is usually associated with liquid-to-solid transition, which relates to percolation [28]. This confirms the percolation threshold of fp ¥ 5 wt% GNP/PLA, identified above. In contrast, in Figure 7b the lowest filler
content of 1.5 wt% MWCNT/PLA nanocomposites demonstrate the slope value n = 0.515, that is typical for percolated composites. By increasing the filler contents to 12 wt% MWCNTs, the slope decreases significantly. The
results confirm the percolation threshold of fp § 1.5 wt% MWCNTs/PLA identified above. The lower slope values
n at the same filler content for the MWCNT/PLA composites, compared to the slope values of GNP/PLA composites, is associated with the higher aspect ratio and batter dispersion of OH-modified MWCNTs in the PLA matrix,
compared to the GNP nanofiller. Based on the values of the flow index n of the nanocomposite melts, we classify three types of nanocomposite structures, depending on the GNP and MWCNT contents and the percolation
threshold fp such as: (i) Newtonian composites for 1 > n > 0.5 (at filler contents below fp), (ii) percolated compos-

t
rec
cor

ites for 0.5 > n > 0.2 (at filler contents around fp), and (iii) elastic solidsfor 0.2 > n > 0 (at filler contents highly
above fp).

3.4.2
Printing parameters
The high shear rates region (g >̇ 100 s-1) in Figures 6a nd 6b is of interests for 3D printing by fused deposition modeling (FDM), where the layer to layer deposition is performed by flow of polymer melt through a nozzle. The shear
rate at the nozzle wall can be described by Equation 2 [20, 31]:
g wall =

4Q ⎛⎜ 3n + 1 ⎞⎟ 4V ⎛⎜ 3n + 1 ⎞⎟
⎟=
⎟
⎜
⎜
pR 3 ⎜⎝ 4n ⎟⎟⎠ R ⎜⎝ 4n ⎟⎟⎠

(2)

where gwall is the wall shear rate [s-1], Q the volumetric flow rate [mm3/s], V the average fluid velocity [mm/s], R
the nozzle radius [mm], and n the flow index. Then, the printing velocity,V can be related to the wall shear rate
ġwall by the Equation 3:
Rg wall
4
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V=

(3)
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In FDM applications, the printing parameters refers to the applied printing velocity V, which is necessary to
achieve appropriate volumetric flow rate Q of the melt out of the nozzle with definite diameter, that will ensure
accuracy of the resulting printed object. In order to ensure the same accuracy of printing for the neat PLA and
the composites, we need to have the same volume of flowing material from the nozzle. Therefore, we need of a
constant volumetric flow rate (Q = const.) during printing with the neat PLA and the composites. Based on this,
by using upper equations (Equations 2 and 3) we define the FDM printing parameters for the neat PLA and the
composites as varying the GNP and MWCNT contents at a fixed melt temperature. In Table 2 we present the relation between the flow index n of the printing material and the printing speed V, at a constant volumetric flow
rate Q. The Q value is determined by Equation 1 for the neat PLA (with flow index n = 1) for a definite printing
speed VPLA, nozzle radius R, and printing temperature T. If we need to have the same volumetric flow rate Q for
the composites as that for the neat PLA, the printing speed Vcomp has to increase for the composite materials
with flow index (n < 1), as calculated from Eqs. (1 and 2). Moreover, the increase of Vcomp is strongly dependent
from the filler content and the filler type, that is determined by the n values around and above the percolation
threshold fp. In Table 2 we show the calculated by Equations 1 and 2 limits of the Vcomp increase correlated with
the n values for the three nanocomposite types, i.e Newtonian, percolated, and elastic solids.
To prove the concept, we consider the FDM 3D printer German RepRap X400 having printing speed limits of V = 10 - 200 mm/s. For 3D printing of the neat PLA material we choose the following printing parameters:
printing temperature 200°C, nozzle diameter d = 0.5 mm, and printing speed VPLA = 10 mm/s. The calculated volumetric flow rate Q for the neat PLA is Q = 2 mm3/s at these printing conditions. If fix the same volumetric flow
rate Q = 2 mm3/s for the composites too, we calculate the printing velocity Vcomp for all studied PLA composites
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as varying the contents of the GNP and MWCNTs and the respective flow index n by using Equations 2 and 3.
Table 3 summarizes the values of the wall shear rate ġwall and printing velocity V at Q = 2 mm3/s, for the neat PLA
compared to the MWCNT/PLA and GNP/PLA nanocomposites correlated with the flow index n of the respective
materials.
As seen, the calculated printing speed of the Newtonian composites is similar to that of the neat PLA.
However, for percolated composites the printing speed increases about Vcomp ~ (1.5 - 2)VPLA, while for the elastic
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solids this increase is much stronger, i.e. Vcomp ~ (2.4 - 4.3)VPLA. The results confirm the proposed in Table 2
increase of the printing speed depending on the index of flow. Arrows in Figures 7a and 7b show the printing
shear rate of the neat PLA and 12 wt% composites filled with GNP and MWCNTs. Therefore, the printing of the
PLA based nanocomposite materials with GNP and MWCNTs can be accomplished, if the appropriate combinations of processing conditions are employed, this including: (i) Constant volumetric flow rate during printing
determined for the neat polymer and used also for the composites, as well as (ii) printing speed has to increase
in correlation with the flow index n of the material. Both are determined for the same temperature and nozzle
diameter. The results in Table 3 are validated by direct printing of objects using the filament (1.75 mm of diameter), produced by single screw extruder from the neat PLA and the MWCNT/PLA and GNP/PLA nanocomposite
formulations, as varying filler contents within 0 - 12 wt%. The printing is performed with 3D printer German Rep
Rap X-400 PRO at 200°C, with nozzle diameter 0.5 mm and melt temperature of 200°C. The volumetric velocity
was fixed to Q = 2 mm3/s for all types of materials studied, by varying the printing speed from 10 to 43 mm/s,
depending on the flow index n of the material, according to Table 3. Figure 8 presents example printed samples
for thermal conductivity tests, with printing density 100 %, produced by these printing conditions. We found that
small samples are printed with the same accuracy from both the neat PLA and the filled composites within the
filler contents range (1.5 - 12 wt%). For large size details, that requires long time of printing (> 2 h) clog the nozzle during extrusion may appear when using composite filaments with 9 and 12 wt% MWCNTs (i.e. elastic solids
with very low values of flow index n § 0.1). This obviously due to the large agglomerates formed by entangled
nanotubes in the elastic solid composites.
Studies on the properties of 3D printed samples from GNP/PLA and MWCNT/PLA filaments with filler
contents varying from 1.5 to 12 wt.% were performed in order to investigate the enhancement of electrical, electromagnetic, thermal and mechanical properties, around and above the percolation threshold [33 - 35]. The
obtained results confirm that above the percolation threshold the material started to be conductive in DC [32,
33], as well as the imaginary part of dielectric permittivity is enhanced. The MWCNT/PLA composites are more
conductive than the GNP/PLA at the same filler content. Moreover, the hardness and elastic modulus are significantly improved above the percolation threshold for the MWCNT/PLA nanocomposites, but such effect is not
pronounced for the GNP/PLA nanocomposites [34]. The thermal conductivity gradually increases in 3D printed
carbon-based PLA nanocomposites by increasing the nanocarbon content [35]. It was found that graphene
nanoplates at 12 wt% content increase the thermal conductivity about 265 % compared to the neat resin and an
increase of about 82 % was observed for the MWCNT/PLA composites at the same filler content. Therefore, of
strong interest is to ensure the possibility for printing of objects with high accuracy using materials with filler
contents above the percolation threshold (e.g. percolated composites and elastic solids).
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4
CONCLUSIONS
Characterization of rheological properties of PLA nanocomposites filled with graphene nanoplates (GNP) and
multiwall carbon nanotubes (MWCNT) was performed in oscillatory and shear flow mode as varying the
nanofiller content from 0 to 12 wt%, at melt temperature of 200°C. The effect of aspect ratio of GNP (240) and
MWCNT (1000) as well as the nanofiller dispersion was assessed by the power law slope of the storage modulus
versus frequency, as well as the slope of shear viscosity versus shear rate curves. The addition of both nanofillers
to PLA matrix enhance the values of the dynamic moduli at low frequencies and decrease the slope, however this
effect is more pronounced for the multiwall carbon nanotubes, due to the higher aspect ratio and better dispersion of OH modifier MWCNTs, compared to the non-modified GNP with lower aspect ratio. Three rheological criteria were applied for determining the liquid-to-solid transition, associated with rheological percolation threshold fp such as: Cole-Cole plot, van Gurp−Palmen plot, and power law slope of Go' ~ wn. The last criterion allows
determining more precisely the rheological percolation threshold, thus fp < 1.5 wt% MWCNTs and fp ~ 5 wt%
GNP were determined for both composites. Both, rheological percolation threshold and flow index determined
from the steady-state shear viscosity were used to classify three structural nanocomposite types in the wide
range of filler concentrations such as: Newtonian type (n ~ 1, below percolation threshold), percolated composites (0.5 > n > 0.2 at filler contents around percolation threshold), and elastic solids (n << 0.2,at filler contents
highly above the percolation threshold).
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In order to achieve a good accuracy of the printing objects, the printing of the neat PLA and the
nanocomposite systems with GNP and MWCNTs was accomplished at appropriate conditions, including: (i)
Constant volumetric flow rate Q for the neat polymer and the composites, and (ii) the printing speed V is
increased in correlation with the flow index n of the printed material. These characteristics are determined for
the fixed melt temperature and nozzle diameter. The concept was validated by direct printing of samples for
thermal and mechanical tests, using the filament from the neat PLA, the MWCNT/PLA and GNP/PLA nanocomposite formulations studied. Small samples are printed with a good accuracy.
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Figure and Table Captions
Figure 1: Complex viscosity h* versus angular frequency of: (a) MWCNT/PLA and (b) GNP/PLA nanocomposites at
200°C with varying the filler contents from 0 to 12 wt%.

Un

Figure 2: Storage and loss moduli G’ and G” versus angular frequency of: (a) MWCNT/PLA and GNP/PLA nanocomposites at 200°C with varying the filler contents from 0 to 12 wt%.
Figure 3: Cole-Cole plot of dynamic viscosity h’ versus imaginary viscosity h” for: (a) MWCNT/PLA and (b) GNP/PLA
nanocomposite at 200°C with varying the filler contents of 0 - 12 wt%.
Figure 4: van Gurp–Palmen plot for GNP/PLA (left) and MWCNT/PLA (right) nanocomposites at 200°C with varying
the filler contents of 0 - 12 wt%.
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Figure 5: The plateau storage modulus G0’ at w = 0.1 rad/s as a function of MWCNT and GNP loading. Arrows point
the rheological percolation threshold.
Figure 6: TEM micrographs of the cross section of filament produced from: (a, c) MWCNT/PLA and (b, d) GNP/PLA
nanocomposites at 6 wt% filler contents at high and low magnifications.
Figure 7: Flow curves for: (a) GNP/PLA and (b) MWCNT/PLA nanocomposites at 200°C with varying filler contents.
Arrows show the viscosity and shear rates for the neat PLA and 12 wt% filled composites during 3D printing with
volumetric flow rate of Q = 2mm/s and nozzle diameter d = 0.5 mm at T = 200°C.
Figure 8: Samples for thermal conductivity test, 3D printed by German Rep Rap X400 3D printer FDM, using filaments produced from the neat PLA, the MWCNT/PLA and GNP/PLA nanocomposites.

Table 1: Characteristics of GNPs and MWCNTs used in PLA nanocomposites.

ed

Table 2: Relation between the index of flow n and the increase of the printing velocity of composites Vcomp compared to the printing velocity of neat PLA VPLA at fixed Q.
Table 3: Calculated flow index n, printing rate, and printing speed of the neat PLA, the MWCNT/PLA, and the
GNP/PLA nanocomposites (1 = Newtonian composites, 2 = percolated composites, and 3 = elastic solids).
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GNPs
90
<30
5-7
~ 240
2.2
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Property
Purity, wt.%
Number of layers / Thickness, nm
Diameter/medium size, μm
Length, μm
Outer diameter, nm
Aspect ratio
OH-content, %
True density, g/cm3

8

MWCNTs
95
10-30
10-30
>1000
2.48
2.1

1

Pro

Filler content,
f, wt%
f=0

Index of flow
n
1.0

Increase of Vcomp

f < < fp

1.0 > n > 0.5

(1.0 – 1.2)*VPLA

Percolated composite

f ≥ fp

0.5 > n > 0.2

(1.3 – 2.0)*VPLA

Elastic solids

f >> fp

0.2 > n > 0.05

Nanocomposite type
Neat PLA
Newtonian composite

VPLA
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www.appliedrheology.org

at Q=const.

(2.1 – 6.0)*VPLA
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Filler
content
wt.%

Flow index,
Power-law slope (n )
MWCNT/PLA GNP/PLA

Un
1 (1)

1 (1)

1.5

0.515 (2)

0.981 (1)

3

0.206 (2)

0.955 (1)

6

0.137 (3)

0.813 (1)

9

0.100 (3)

0.353 (2)

0.070 (3)

0.150 (3)

12

160

10

160

10

198

12.4

160

10

314

19.6

162

10.1

413

25.8

170

10.6

520

32.5

234

14.6

691

43.2

392

24.2
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0 (PLA)

Printing shear rate and printing speed
for Q=2 mm/s, nozzle d=0.5 mm, at T=200oC
MWCNT/PLA
GNP/PLA
V, mm/s
V, mm/s
̇ , -1
̇ [s-1]
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