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A B S T R A C T

The shelf life performance of polylactic acid (PLA) filaments for 3D printing is limited by aging mechanisms in
terms of durability. In this work, the aged PLA and composite filaments filled with 12wt% of graphene nano-
platelets (GNP), multiwall carbon nanotubes (MWCNT), and their hybrid mixture (1:1) were studied, after 24
months storage in a laboratory environment. Solid annealing at 80 °C for 4 h and pre-melt annealing at 120 °C for
3 h were applied in order to improve the performances of the aged filaments. It was found that the graphene-
carbon nanotube fillers enhance the crystallinity, thermal stability, electrical conductivity and tensile Young's
modulus, along with reduced tensile strength, elongation and toughness, compared to the neat PLA. The an-
nealing was found efficient to substantially improve mechanical, thermal and electrical properties of the aged
PLA-based composite filaments however, the annealing temperature have to be tuned according to the type of
carbon nanofiller and the target properties.

1. Introduction

Among biopolymers, poly(lactic acid) (PLA) gained much attention
in additive manufacturing by fused deposition modeling (FDM), be-
cause of its easy printability, relatively good mechanical properties and
biodegradability [1]. In the last years, an effective way was used to
improve the properties of PLA by incorporating carbon-based nano-
materials that offer several unique features, such as electrical con-
ductivity, thermal stability and mechanical reinforcement [2]. The
performance of the PLA-based composites is limited in terms of dur-
ability, thus graphite nanoplatelets (GNPs) and carbon nanotubes
(CNTs) are studied recently to add new physical properties to the PLA
and to slow down its mechanical performance during biodegradation
[3,4]. The only commercial graphene-enhanced filament with electrical
conductivity and electromagnetic properties that is currently available
on market is offered by Graphene Supermarket [5]. However, sitting of
the filament in a place for 1 year or more, even in packaged conditions
is not recommended by the producer as it causes deterioration of its
properties.

The performance of the biodegradable PLA polymer in terms of

durability is limited by complex aging mechanisms including thermal
degradation, hydrolysis, oxidation and natural weathering [4]. The
thermal and UV light degradation of PLA is accompanied by a sig-
nificant decrease in crystallinity and the reduction of mechanical
properties, which was associated with the PLA chain scission and for-
mation of surface cracks [6,7]. At realistic in-service environments, the
degradation rate of PLA parts is found slow and the hydrolysis aging
can be neglected in air [7]. Therefore, the control and manipulation of
physical and mechanical properties of PLA-based filaments during
aging in air is the key for variety of long lasting successful applications
of both filaments and 3D printed parts.

Another weak point for the PLA-based filaments is that their me-
chanical properties depend strongly on the processing conditions,
which influence the PLA crystallinity [8]. Mechanical properties of PLA
polymers can be varied from soft-and-elastic plastics to stiff-and-high
strength materials depending on crystallinity. Nano sized additives in
PLA polymer are reported to influence the crystalline kinetics and
morphology, so they can be used as a tool for tuning specific physical
and mechanical properties by providing nucleation agents to initiate
crystallization [9]. The materials with higher crystallinity show
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increased mechanical properties and are thought to have improved
durability. Enhanced nucleation rate of polylactide assisted by addition
of carbon nanotubes is widely reported [10]. Recently, Wu et al. [11]
observed that the cold and melt crystallization behaviors of PLA depend
strongly on the presence of graphene nanoplatelets. During cold crys-
tallization, GNPs act as inert filler, but during melt crystallization, the
GNPs dominantly act as heterogeneous nucleating agent and increase
the crystallization rate compared to the neat PLA. The crystallinity
began to decrease at higher cooling rates and higher GNP content, due
to the slowly crystallizing PLA polymer and the GNPs aggregation [12].
Li et al. [13] performed a comparative crystallization study on PLA
composites with CNTs and GNPs. Both nanofillers are found to serve as
heterogeneous nucleation agents, however, the induction ability of
CNTs is stronger than that of GNPs, due to the multiple orientations of
PLA lamellae on the large two-dimensional flat area of GNPs, which
suppressed the crystal growth.

Annealing on PLA polymer was reported to be an efficient treatment
to increase modulus, tensile strength and reduce gas permeability, be-
cause of increased crystallinity. Variety of time-temperature conditions
were applied for annealing of PLA and different effects are reported
[14–16]. Thus, the crystallinity and melting temperature of PLA are
found to increase with increasing the annealing temperature in the
range 100–140 °C. The filler loading in conjunction with annealing may
affect significantly the melting behavior, glass transition temperature,
crystallinity and mechanical properties of PLA. Authors found, that the
addition of clay, wood flour, cellulose and basalt fibers, combined with
annealing lead to higher crystallinity and enhanced Young modulus,
impact strength, flexural modulus and stiffness, but their flexural
strength decreased [17–19]. Systematic effects on electrical con-
ductivity of carbon nanotube filled polymers were observed as a func-
tion of annealing temperature and time, and this relationship was re-
lated to reorientation of nanotubes due to enhanced polymer mobility
[20–23]. Moreover, electrical conductivity of hybrid nanocomposites
incorporating small and large GNP fillers was found greatly improved
by pre-melt annealing at elevated temperatures [23]. Such phenom-
enon was named “dynamic percolation”, as opposed to traditional
statistical percolation [22].

In our previous study [24] we have compared the fresh and aged
composites based on PLA with 6 wt% graphene and carbon nanotubes
produced by solution blending and extrusion. The efficiency of solid
annealing and reprocessing for the recovery of aged nanocomposite
films were investigated by surface mechanical tests. There is a need for
further research in this area, as it is important to understand how ef-
ficient will be the combination of different annealing conditions and
graphene-carbon nanotube additives in respect to improving the mul-
tifunctionality of aged PLA-based filaments. In the present study, we
investigate the crystallinity, thermal, electrical and tensile properties of
the aged for 24 months PLA-based filaments filled with 12 wt% gra-
phene, carbon nanotubes and their hybrid mixture (1:1). The highly
filled filaments were produced in our Labs aiming to achieve good
mechanical properties, combined with superior conductivity and elec-
tromagnetic efficiency. The effects of solid annealing at 80 °C for 4 h
and pre-melt annealing at 120 °C for 3 h on the properties of the aged
composite filaments where studied. The final goal is to propose an ef-
fective way for improving electrical, mechanical and thermal perfor-
mance of highly filled PLA-graphene-carbon nanotube filaments for 3D
printing, after long time storage, above the shelf life.

2. Materials and methods

2.1. Materials

The poly (lactic) acid polymer (PLA) Ingeo™ Biopolymer PLA-3D850
(Nature Works) with MFR 7–9 g/10min (210 °C, 2.16 kg) was used as a
matrix polymer. Graphene nanoplatelets (GNPs) with purity 90 wt%;
median size 5–7 μm, with size polydispersity 0.5–25 μm; number of

graphene layers < 30, as well as –OH functionalized multiwall carbon
nanotubes (MWCNTs) having purity 95 wt%, –OH content 2.48%, outer
diameter 30 nm, inner diameter 5–10 nm, length>10 μm, aspect ratio
∼1000, were supplied from TimesNano, China.

Twin-screw extruder (COLLIN Teach-Line ZK25T) was used to pre-
pare nanocomposite pellets by melt extrusion of PLA and filler in ap-
propriate amounts at temperatures 170–180 °C and screw speed 40 rpm.
The nanocomposite pellets were further extruded to filaments with
1.75mm diameter by single screw extruder (Friend Machinery Co.) at
10 rpm within temperatures 170–180 °C followed by quenching in
water bath at 60 °C. Monofiller composite filaments containing 12wt%
GNP and MWCNTs, as well as a bifiller filament with 6 wt% GNP/6 wt%
MWCNT in PLA were produced for this study. The difference in size,
shape and connectivity between the large graphene nanoplatelets and
the curved MWCNTs in their powder form, as well as the production of
filaments were published elsewhere [25].

The produced filaments were stored in laboratory environment for
24months at ambient temperature 25 °C and humidity 60–70%. Two
time-temperature conditions were applied for annealing of the aged
filaments: (i) solid annealing at 80 °C for 4 h (above the glass transi-
tion); and (ii) pre-melt annealing at 120 °C for 3 h (above the cold
crystallization and before melting). The aged non-annealed filaments
were tested as “control” samples. Table 1 summarizes the filament
samples and the annealing conditions.

2.2. Experimental methods

Raman spectroscopy analysis was performed for the nanofillers and
the nanocomposites using Raman spectrometer Nanofinder High End
(Tokyo Instruments) combined with a confocal microscope and 473 nm
laser excitation. Raman spectra were collected using 100x objective and
the exposition time was set to 30 s. To decrease sample degradation, the
average laser power did not exceed 1mW.

Differential scanning calorimeter DSC-Q20 (TA Instruments) was
used to monitor the heat effects associated with phase transitions of the
polymer as a function of temperature. Samples underwent a heating/
cooling in the temperature range from 30 to 200 °C at 20 °C/min in a
nitrogen atmosphere with gas flow rate of 50mL/min. From the DSC
thermograms the glass transition (Tg), cold crystallization (Tcc), melting
peak (Tm), melt crystallization temperature (Tc), exothermic cold
crystallization enthalpy (ΔHcc), endothermic melting enthalpy (ΔHm)
and degree of crystallinity (χc) were evaluated. Taking into account
that the PLA undergoes cold crystallization during heating, the degree
of crystallinity of PLA was calculated from Eq. (1):

⎜ ⎟= ⎛
⎝

− ⎞
⎠

∗χ ΔH ΔH
w ΔH

% crystallinity ( ) 100 (%)c
m cc

m
0 (1)

where: ΔHm is fusion/melting enthalpy (J/g), ΔHcc is the cold crystal-
lization enthalpy (J/g), and ΔHm

0 (93 J/g) is the melting enthalpy when
the crystallinity of PLA is 100% [26]. Enthalpy values for nano-
composites were normalized on the actual amount of polymer (w) in-
volved in the thermal transition, as the filler is not involved in melting/
crystallization processes. This approximate equation can provide

Table 1
Aged filaments for 24 months and annealing conditions used in this study.

Aged Filament Composite acronym Filler content, wt%

Neat PLA PLA 0
12wt% GNP/PLA 12GNP/PLA 12
12wt% MWCNT/PLA 12CNT/PLA 12
6wt% GNP/6wt% MWCNT/PLA 6GNP/6CNT/PLA 12
Annealing Conditions Temperature, [oC] Time
Control (non-annealed) 25 °C 24Months aging
Solid annealing 80 °C 4 h
Pre-melt annealing 120 °C 3 h
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information on the crystallinity of the sample removing the effects due
to cold crystallization and filler content.

Thermal gravimetric analysis (TGA) was conducted using a TG/
DTA-Q50 (TA Instruments) at 10 °C/min from 30 to 400 °C in a nitrogen
atmosphere with gas flow rate of 50mL/min. The samples (ca. 10mg)
were placed in open platinum pans. The decomposition steps and
characteristic temperatures, such as onset of thermal decomposition
(Tonset), temperature at 10% weight loss (Т10%) and peak of degradation
(Tpeak) were determined from the TG and DTG curves, respectively.

The electrical conductivity was measured via volt-ampere (V-A)
circuit, using the High Resistance Electrometer Keithley 6517b
(Beaverton, OR, USA). The test samples were filaments of 50mm length
and 1.75mm diameter. The samples were metalized in four sections,
each of length 5mm followed by 10mm non-metalized sections in be-
tween. The test was conducted at room temperature of about 20 °C with
direct reading of the flushing current between two adjacent metallized
zones. Three measurements were made at different places of each
sample, as well as three samples of each composition were tested. A
classical formula was used to calculate the electrical conductivity de-
pending on the resistivity of material, =σ L

Rπr2 [S/m], where: R –
electrical resistivity, L – sample length, and r – radius of the cross
section of the sample.

Tensile mechanical measurements were carried out using Universal
Mechanical Testing Machine (UMT-2, Bruker). The test specimens were
filaments with circular cross-section of diameter 1.75mm and length
50mm. Tensile test was performed at room temperature by using 1 kN
sensor, with a tensile speed of 1mm/min. The standard error was de-
termined by testing of 7–10 samples of each composition. Tensile me-
chanical characteristics determined from the test were, namely: Young's
modulus, yield strength, ultimate strength, elongation at ultimate
strength and toughness.

3. Results and discussion

3.1. Raman characteristics of fillers and composites

The optical images of the bifiller MWCNT/GNP/PLA composite
surface are presented in Fig. 1 (a,b). The blue spots indicate the point
where the Raman spectra are collected. The Raman spectra of the fil-
lers, GNP and MWCNT, as well as their PLA-based monofiller and bi-
filler composites are presented on Fig. 1 (c, d). All spectra are nor-
malized for the intensity of G band. As seen, the spectra of the carbon
nanomaterials are dominated by several strongest features: the high-
frequency G band (∼1580 cm−1) originates from in-plane vibrations of
sp2-hybridized carbon-atoms, the D band (∼1360 cm−1) occurs due to
disorder-induced symmetry-lowering effects and often this band is used
as an indicator of the presence of defects in the carbon lattice. The 2D
band (∼2700 cm−1) arises from the two-phonon, second-order scat-
tering process, and it is highly sensitive to the number of graphene
layers [27]. Similar to bulk graphite, due to multilayer structure, the
GNPs spectrum of initial powder (in Fig. 1(c)) consists of a very broad
(full-width-half-maximum (FWHM)∼ 80 cm−1) and asymmetric 2D
peak which has a relative intensity 3 times smaller than the intensity of
G band. The small ratio of the intensity of G and D bands (ID/IG∼ 0.13)
indicates the high crystalline quality of GNPs. On the contrary (in
Fig. 1(d)), the same ratio ID/IG is larger in the case of MWCNTs (ID/
IG∼ 0.57) which can be associated with the high degree of structural
disorder of this material and more defects due probably to the presence
of –OH functional groups on the MWCNT surfaces.

For the composite samples, the relative intensity of D band in-
creases, which indicates for a small degradation of carbon nanomater-
ials during composite processing. In Fig. 1(c), the spectra of GNP/PLA
composite are similar to that of GNP filler. The low intensity D band, as
well as more intense and sharper 2D band pointed in the spectra of
GNPs and GNP/PLA indicates for few layers graphene. Similar low

values of I2D/IG ratios (0.158–0.193) for both GNP powder and GNP/
PLA composite demonstrate that the graphene layers are not exfoliated
in the PLA. In contrast, in Fig. 1 (d) the Raman spectra of MWCNT/PLA
composites, similar to the spectra of MWCNT filler, showed an intense
D band and intense 2D band, due to the few graphite layers in the multi-
walled carbon nanotube structure. However, all Raman bands for the
monofiller and bifiller composites in Fig. 1(d) related to the MWCNTs
are shifted to higher wavenumber (for example, G-band shifts from
1575 cm−1 in initial power up to 1587 cm−1 in composite). Such effect
may be attributed to a disentanglement of MWCNTs and decreasing
inter-tube interaction in the polymer matrix [28]. The disentangled
MWCNTs obviously provides more surfaces for interaction with the
polymer molecules. This was confirmed by the weak blue shift of the G
band in the monofiller CNT/PLA and bifiller GNP/CNT/PLA compo-
sites, which could be understood in terms of the strain effect caused by
interfacial interaction between carbon nanotubes and PLA matrix [29].
However, the collected Raman spectra for the bifiller composites is very
sensitive to the selected point on the sample's surface, e.g. near or far
from the respective carbon nanoparticles, as seen in optical images,
Fig. 1(a and b) and corresponding spectra, Fig. 1 (c,d).

3.2. Effects of annealing and graphene-carbon nanotube additives on PLA
crystallinity and thermal properties

3.2.1. Cold crystallization and melting during heating
In order to study the effect of thermal history and annealing, the ‘as

received’ aged filaments were characterized by the DSC thermograms
(results from the first heating run), followed by subsequent cooling. In
Fig. 2, the DSC curves of heat flow vs. temperature are presented, where
the first column graphs compare the 1st heating run and the second
column graphs show the subsequent cooling after 1st heating run,
comparing the non-annealed and annealed filaments. Thermal char-
acteristics are summarized in Table 2.

In Fig. 2(a and b), the DSC thermograms of the non-annealed fila-
ments are presented, as a control. The 12wt% filled composite fila-
ments demonstrate several typical thermal events during heating, such
as glass transition (Tg), cold crystallization (Tcc), crystalline phase
transition peak (Tcc1) and melting (Tm), as well as a melt crystallization
(Tc) during cooling. In contrast, only glass transition and a small
melting peak were evident for the neat PLA filament during heating.
The absence of crystallization peak and the small melting peak for the
neat PLA filament indicate that the homopolymer is difficult to be
crystallized from glassy state. However, by addition of GNPs and
MWCNTs, a cold crystallization (at Tcc∼ 100 °C) and the crystalline
phase transition from crystal form α to α’ (at Tcc1 ∼ 162 °C) are induced
[30,31]. Obviously, both carbon nanofillers favored the crystallization
of the PLA from glassy state, but the effect of MWCNTs is stronger, as
pointed by the ∼4 °C lower Tcc compared to the composites containing
GNPs.

Importantly, the melting temperature (Tm) of the composite fila-
ments is shifted up with 26 °C to higher temperatures (∼176 °C) com-
pared to the neat PLA (∼150 °C), which is associated with melting of
large portion of crystals in composites, which are formed due to the
nucleation effect of GNPs and MWCNTs.

In contrast, the annealing dramatically changed the thermal beha-
vior of the neat PLA and the composites during heating, as seen in Fig. 2
(c,e). However, the effects of the solid and pre-melt annealing on the
DSC 1st heating thermograms are similar. The Tg of the composite fi-
laments is with ∼ 5 °C higher than that of the neat PLA, due to the
suppressed chain relaxation and the reduced mobility because of pre-
sence of nanofillers. The cold crystallization peak is disappeared in the
annealed composites showing that the annealing has a hindrance role
rather than a nucleating during cold crystallization of PLA. The crys-
talline phase transition peak is observed at the same temperature,
Tcc1∼162 °C, as for the control sample, thus it is not affected by the
annealing conditions and the type of carbon filler, [15,31]. While, the
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annealed neat PLA show well-presented two overlapped melting peaks
(Tm1 and Tm), due to the slow rate of crystallization and the re-
organization of crystalline phase in PLA during annealing [32], which
are not presented in the annealed composite filaments, due to the nu-
cleation effects of GNPs and MWCNTs.

The melting temperature (Tm) of annealed composites is kept of
∼26 °C higher value than that of the annealed neat PLA. The heat ca-
pacity, associated with the glass transition (Tg) is observed higher for
the non-annealed filaments, while this heat is very small for the an-
nealed filaments, due to the absorbed moisture in the aged samples,
which was evaporated during annealing.

3.2.2. Degree of crystallinity and melt crystallization behavior
The crystallinity was determined by DSC 1sh heating run (Fig. 2

a,c,e) from the enthalpies of cold crystallization and melting (ΔHcc and
ΔHm). The degree of crystallinity (χc, %) was calculated by Eq. (1) and
the results are summarized in Table 2. As seen, the non-annealed neat
PLA filament is almost amorphous material (χc= 1.6%). Both graphene
and carbon nanotube additives increase the crystallinity of PLA in the
non-annealed composites to 17–21%, due obviously to heterogeneous
nucleation [12], where the nucleation effect of MWCNTs is slightly
stronger than that of GNPs. Importantly, the annealing enhanced
strongly the degree of crystallinity to 24–36% for the neat PLA and to
48–49% for the composites. If compare the effects of annealing

conditions, it may be concluded that there is not a significant difference
in the degree of crystallinity of the aged composite filaments subjected
to the solid annealing at 80 °C for 4 h and the pre-melt annealing at
120 °C for 3 h. For the neat PLA, however, the pre-melt annealing
produced the highest crystallinity level compared to the solid an-
nealing. The highly increased crystallinity of the composite filaments by
annealing is expected to enhance their mechanical properties, due to
the additional nucleation effect of graphene-carbon nanotube additives,
producing reinforcement.

The effect of carbon-based additives and annealing on the melt
crystallization was investigated during cooling after first heating run, in
Fig. 2 (b, d, f). The neat PLA filament did not show melt crystallization
before and after annealing, suggesting that the homopolymer used in
this work is hard to be crystallized from molten state in the non-iso-
thermal quenching process. However, the composite filaments demon-
strate intensive melt crystallization with peak temperatures (Tc)
strongly depending on the type of carbon filler. The highest onset and
the peak of melt crystallization was observed for the GNP/PLA com-
posite (Tc∼ 110 °C), followed by the bi-filler GNP/MWCNT/PLA com-
posite (Tc∼ 108 °C), while the lowest melt crystallization peak
(Tc∼ 105 °C) was observed for the MWCNT/PLA composite. This con-
firm Ref. [11,13] that the presence of GNPs has stronger influence on
the melt crystallizations of PLA due to heterogeneous nucleating effect,
than the MWCNTs. This process is opposite to the cold crystallizatiob

Fig. 1. Raman spectra of the filaments and fillers: (a,b) Optical images of the bifiller composite filaments: arrows indicate the points where the Raman spectra were
collected: (a) GNP particle (left) and (b) MWCNTs (right); (c.d) Raman spectra of carbon nanoparticles in the initial powder and in the polymer composites: (c) GNPs;
(d) MWCNTs. Below is the PLA spectrum.
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process, in the DSC 1st heating run (Fig. 2 a,c,d), where the presence of
MWCNTs favours in larger extent the cold crystallization of PLA than
the CNPs.

3.2.3. Thermal stability and degradation
The TGA curves in Fig. 3, present the relative weight loss and the

corresponding first derivative (DTG) vs. temperature of the aged fila-
ments, containing 12wt% GNPs, MWCNTs and mixed fillers (1:1),

compared with the neat PLA filament. In Table 3, the characteristic
decomposition temperatures, such as: the onset of degradation (Tonset),
the temperature at 10% weight loss (T10%) and the DTG peak of de-
gradation (Tp) are summarized. The weight loss (%) at Tonset is pre-
sented in order to estimate the absorbed moisture in the aged filaments.
As seen in Fig. 3, the nanocomposites degraded with a single step
corresponding to the thermal degradation of the PLA polymer, this in-
itiated primarily by thermal scissions of C–C chain bonds [32]. The

Fig. 2. DSC thermograms, first heating run (first column graphs) and subsequent cooling (second column graphs) of the aged filaments: (a,b) control (non-annealed)
filaments; (c,d) solid annealed filaments at 80 °C for 4 h; (e,f) pre-melt annealed one at 120 °C for 3 h.
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GNPs show the highest improvement of the thermal stability, as pre-
sented by Tonset, which is shifted up to higher temperatures with 18 °C
for the composites with GNPs and with 12 °C for the composites with
MWCNTs, if compared to that of the neat PLA (Table 3). This may be
associated with the continuous platelet structure of GNPs, that facilitate
the heat transfer suppressing the initial polymer degradation, due to the
high thermal conductivity of carbon filler.

However, the high temperature processes of thermal degradation
above 335 °C, such as the T10% and Tp are slightly shifted by 2–5 °C to
higher temperatures, compared to the neat PLA which confirm the
upper suggestion. The broader DTG peak with lower intensity for the
12GNP/PLA composite compared to the neat PLA could be attributed to

the barrier labyrinth effect of graphene nanoplatelets, so that the heat
transfer and the diffusion of degradation products from the bulk of the
polymer to the gas phase is slowed down by the GNPs.

As seen from Table 3, the solid annealing has insufficient effect on
the thermal stability and degradation of PLA-based composite fila-
ments. Similar behavior was observed for the pre-melt annealed fila-
ments (not presented here). However, if compare the weight loss (%) at
the Tonset, before and after annealing, one may see approximately twice
higher mass loss (∼0.7 wt%) for the control (non-annealed) filament
compared to the annealed one (∼0.3 wt%). This may be associated
with the absorbed moisture in the aged non-annealed filaments during
storage that is removed by annealing.

3.3. Effects of annealing on electrical conductivity of composite filaments

The effects of carbon fillers, the solid and the pre-melt annealing on
the electrical conductivity of the composite filaments, containing 12wt
% GNPs, MWCNTs and mixed filler (1:1) were presented in Fig. 4. Data
are summarized in Table 4. The three studied filaments are conductive,
as the filler content is highly above the statistical percolation, which is
around 1.5 wt% for MWCNT/PLA, 6 wt% for GNP/PLA and 3wt% for
MWCNT/GNP/PLA composites, as determined in our previous studies
[25,33]. However, the non-annealed 12 MWCNT/PLA filament de-
monstrated 7-folds higher electrical conductivity, compared to the
12GNP/PLA, due obviously to the better dispersion of MWCNTs in the
PLA matrix, compared to that of GNPs, as found from the Raman
spectra in Fig. 1. While the bifiller composite filament 6MWCNT/6GNP
has electrical conductivity, similar to that of the monofiller composite
filament containing only graphene (Table 4).

The solid annealing performed at 80 °C for 4 h (i.e. above the glass
transition temperature, Tg ∼65 °C), resulted in an insufficient effect or
even slightly reducing the electrical conductivity of the three highly

Table 2
Thermal characteristics determined by DSC first heating run and subsequent cooling.

Status Composites Tg[oC] Tcc[oC] Tcc1[oC] Tm1[oC] Tm[oC] Tc[oC] ΔHcc[J/g] ΔHm[J/g] χc[%]

Non annealed Control PLA 65.0 – – – 149.6 – – 1.47 1.6
12GNP/PLA 65.5 100.7 162.0 – 175.9 109.8 22.6 36.9 17.4
12CNT/PLA 62.5 96.8 161.8 – 175.6 104.6 21.8 38.6 20.5
6GNP/6CNT 65.6 100.1 162.0 – 175.7 108.1 22.7 37.6 18.2

Solid annealed PLA 64.0 – – 127.3 149.3 – – 22.3 24.0
12GNP/PLA 69.9 – 160.4 – 175.3 109.2 – 39.9 48.8
12CNT/PLA 70.2 – 160.9 – 175.4 104.5 – 40.3 49.2
6GNP/6CNT 68.6 – 160.3 – 174.9 108.4 – 39.7 48.5

Pre-melt annealed PLA 58.0 – – 127.7 149.0 – – 33.6 36.1
12GNP/PLA 66.1 – 162.3 – 175.5 109.4 – 38.8 47.4
12CNT/PLA 64.0 – 162.2 – 175.3 104.6 – 38.9 47.5
6GNP/6CNT 66.3 – 162.6 – 176.1 107.9 – 39.6 48.4

Fig. 3. TGA curves of weight loss vs. temperature and the corresponding first
derivative (DTG curves) in nitrogen atmosphere. Data for aged PLA and na-
nocomposite filaments with 12 wt% GNPs, MWCNTs and mixed fillers.

Table 3
Characteristic decomposition temperatures of aged filaments, control and an-
nealed (AC1): TGA onset (Tonset), TGA at 10% weight loss (T10%) and DTG peak
temperature (Tp).

Sample name Tonset, ⁰C T10%,
oC Tpeak,

oC Weight Loss at
Tonset, %

Control PLA 230 337 365 0.65
12GNP/PLA 248 338 372 0.73
12CNT/PLA 242 336 368 0.71
6GNP/
6CNT/PLA

248 338 370 0.66

Solid annealed PLA 233 335 371 0.36
12GNP/PLA 249 340 375 0.26
12CNT/PLA 245 336 374 0.27
6GNP/
6CNT/PLA

248 337 373 0.27

Fig. 4. Electrical conductivity of composite filaments: 12GNP/PLA, 12
MWCNT/PLA and 6GNP/6MWCNT/PLA. Comparison of non-annealed, solid
annealed and pre-melt annealed filaments.
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filled composite filaments. In contrast, the pre-melt annealing at 120 °C
for 3 h (i.e. above the cold crystallization temperature, Tcc ∼100 °C)
resulted in a moderate increase of electrical conductivity (of 7–17%),
depending on the type of nanofiller. Researchers described such re-
lationship as a dynamic percolation in highly oriented conductive
networks formed by carbon nanofillers upon annealing [20–22].
However, our study shows that at the highly filled composites with
12 wt% carbon nanofillers, the increase of conductivity upon pre-melt
annealing is not so high, due probably to the large amount of polymer
attracted on the nanofiller surfaces, which suppressed the polymer
mobility and reduced the dynamic percolation effect.

3.4. Tensile properties of aged filaments affected by annealing history and
graphene-carbon nanotube additives

Series of tests were performed to evaluate tensile mechanical
characteristics of aged filaments, such as Young's modulus, tensile
strength and elongation, yield strength and toughness. The effects of
solid and pre-melt annealing, combined with the reinforcement effect of
graphene-carbon nanotube additives on the tensile properties were
evaluated and the results are summarized in Fig. 5 and Table 5.

Table 4
Electrical conductivity of the composite filaments before and after annealing.

Filament Type Electrical conductivity, S/m

Control non-annealed Solid annealed 80 °C, 4 h Pre-melt annealed 120 °C, 3 h % increase

12GNP/PLA 0.250 ± 0.019 0.243 ± 0.011 0.276 ± 0.009 11%
12CNT/PLA 1.684 ± 0.324 1.643 ± 0.060 1.973 ± 0.284 17%
6GNP/6CNT/PLA 0.210 ± 0.027 0.132 ± 0.002 0.224 ± 0.007 7%

Fig. 5. Effect of solid annealing at 80 °C and pre-melt annealing at 120 °C on the tensile characteristics: (a) Yong's modulus, (b) ultimate strength, (c) elongation at
ultimate strength, of aged PLA and composite filaments. Non-annealed filaments (empty bars), solid annealed (pattern bars) and pre-melt annealed (full bars)
filaments.
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3.4.1. Effect of graphene-carbon nanotube additives on tensile properties of
non-annealed filaments

If consider the non-annealed samples (the empty bars in each set of
Fig. 5), one can see that the 12 wt% graphene-carbon nanotube ad-
ditives in aged composite filaments strongly enhanced the Young's
modulus and this effect is the highest in the monofiller and bifiller
composites containing MWCNTs. Thus, 12CNT/PLA and 6GNP/6CNT/
PLA show elastic modulus enhanced by 21% and 15%, respectively,
compared to the neat PLA. While, the addition of GNPs has insufficient
effect on the elastic modulus of non-annealed filaments. The improved
tensile Young's modulus may be explained with much stronger nu-
cleation effect of MWCNTs compared to the GNPs in the non-annealed
composite filaments resulting in an increased rigidity.

In contrast, all other tensile characteristics, such as ultimate
strength, yield strength, elongation and toughness are reduced for the
composite filaments, compared to the neat PLA, due probably to high
filler content of 12 wt%, which usually produced aggregation of nano-
fillers in the matrix PLA [34–36].

3.4.2. Effect of annealing history on tensile properties of aged filaments
The annealing resulted in a systematic improvement of the tensile

characteristics of aged PLA and composite filaments, compared to the
non-annealed one, particularly for Young's modulus, ultimate strength,
and toughness. The results for yield strength and elongation are con-
tradictory. However, different degree of improvements are observed
depending on the annealing conditions and the type of carbon fillers.

If consider the Young's modulus (in Fig. 5(a)), the pre-melt an-
nealing at 120 °C for 3 h produced strong improvement, ∼37% for the
12 GNP/PLA and ∼32% for the bi-filler composite, while this effect for
the 12CNT/PLA composite is insufficient. Both pre-melt annealing and
solid annealing improved the tensile strength (Fig. 5(b)) and toughness
(Table 5) of the three composites filaments, however for toughness the
degree of improvement produced by solid annealing is higher, com-
pared to the pre-melt annealing. Elongation is increased by solid an-
nealing with 4%–25%, depending on the type of the carbon filler, but
the pre-melt annealing reduced slightly (2–9%) this characteristic.
Toughness and elongation improvement by annealing is of crucial im-
portance, as the PLA-based composite filaments are quite brittle ma-
terials, particularly the aged ones.

The differences in the improvement of tensile characteristics pro-
duced by the annealing history may be associated with different re-
organization of the network of flat graphene nanoplatelets and disen-
tangled MWCNTs, due the enhanced mobility of the polymer molecules
during pre-melt annealing (at 120 °C) compared to the mobility pro-
duced by solid annealing (at 80 °C). At such high content of 12 wt%
carbon nanofillers, large amount of polymer is attracted on the nano-
filler surfaces, which obviously suppress the polymer mobility and re-
duce the dynamic percolation effect of the nanofiller. Moreover, the
different degree of dispersion of both the disentangled MWCNTs and
the aggregated GNPs in the matrix PLA definitely guarded the effect of

annealing on mechanical reinforcement.

4. Conclusions

In this study, the combined effects of annealing and graphene-
carbon nanotube additives on thermal, electrical and tensile properties
of aged for 24 months PLA-based filaments with high filler content of
12 wt% were investigated.

Both solid and pre-melt annealing strongly increased the % crys-
tallinity of the aged PLA (24–36%) and the composite filaments
(46–49%), this confirming the combined effect of nucleation and
thermal treatment on the PLA crystallization. The enhanced crystal-
linity and different reorganization of the flat GNP platelets and disen-
tangled MWCNTs in the matrix PLA obviously determinate the level of
enhancement of Young's modulus, tensile strength, toughness and
elongation by solid and pre-melt annealing.

The presence of 12 wt% GNPs shifted up with 18 °C the onset of
thermal decomposition (Tonset), compared to the neat PLA, that is as-
sociated with the continuous platelet structure and high thermal con-
ductivity of GNPs, which facilitate the heat transfer and suppress the
initial polymer degradation. Importantly, the MWCNTs produces 7
folds higher conductivity than the GNPs, due probably to their better
dispersion in the polymer. However, the pre-melt annealing produced a
moderate increase (7–17%) of the electrical conductivity of the highly
filled composites, while insufficient effect of annealing was observed on
the thermal stability.

Obviously, the annealing temperature has to be tuned depending on
the type of carbon nanofiller and the target characteristics for the
highly filled PLA filaments with 12 wt% GNPs and MWCNTs.
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