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3D printers constitute a fast-growing worldwide market. These printers are often employed in research and development fields
related to engineering or architecture, especially for structural components or rapid prototyping. Recently, there is enormous
progress in availablematerials for enhanced printing systems that allow additivemanufacturing of complex functional products, like
batteries or electronics.Thepolymer polylactic acid (PLA) plays an important role in fused filament fabrication, a technique used for
commercially available low-budget 3D printers. This printing technology is an economical tool for the development of functional
components or cases for electronics, for example, for lab purposes. Here we investigate if the material properties of “as-printed”
PLA, which was fabricated by a commercially available 3D printer, are suitable to be used in electrical measurement setups or even
as a functional material itself in electronic devices. For this reason, we conduct differential scanning calorimetry measurements
and a thorough temperature and frequency-dependent analysis of its dielectric properties. These results are compared to partially
crystalline and completely amorphous PLA, indicating that the dielectric properties of “as-printed” PLA are similar to the latter.
Finally, we demonstrate that the conductivity of PLA can be enhanced by mixing it with the ionic liquid “trihexyl tetradecyl
phosphonium decanoate.” This provides a route to tailor PLA for complex functional products produced by an economical fused
filament fabrication.

1. Introduction

Additive manufacturing, also named 3D printing or rapid
prototyping, moved into various markets due to develop-
ments of enhanced printing techniques, enabling many dif-
ferent materials to be printed. The possible applications are
numerous, such as titanium scaffolds for orthopaedic im-
plants [1], complex biomedical devices [2], optic components
[3], lab-on-a-chip devices [4], and aerial vehicle wing struc-
tures [5], to name but a few recent developments. Besides the
fast-growingmarkets for additive manufactured biomaterials
and engineered structures, 3D printing also opens a cheap
and simple route to produce individual, customised com-
ponents for scientific use [6–9]. Fused filament fabrication
[10] is a low-budget 3D printing technique often using poly-
mers, especially thermoplastics, as filaments. Biodegradable
polylactic acid (PLA) is an example of a polymer that is
appropriate for this purpose [11]. The mechanical properties
of PLA are already described in detail in [12–14] as well as the
references therein. However, for applications as a component
in an electrical measurement setup or even as a functional

material itself in an electronic device [15], the electric and
dielectric properties of PLA [16–20] in the “as-printed” state
are rarely investigated.

In this study we focus on the dielectric properties of
a commercially available PLA filament, which is processed
via fused filament fabrication into an “as-printed” state. The
results are compared to PLA in a pure amorphous state as
well as to a semicrystalline phase. The latter is achieved by
slowly cooling (approximately 0.2 K/min) froma temperature
above themelting point of about 430Kdown to a temperature
below the glass transition temperature of about 331 K. The
purely amorphous state is attained by cooling faster than
10K/min [21]. The melting, the glass transition, and the
(cold) crystallization are investigated via differential scanning
calorimetry (DSC). The dielectric spectra show that “as-
printed” PLA is in a state mimicking the amorphous phase
rather than the semicrystalline one. During printing PLA is
deposited on a plate or the previously printed material, both
at room temperature. This leads to rapid cooling. When the
next layers are printed, the underlying material is reheated
slightly, resulting in a complex thermal history. Thus, slight
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deviations in melting energies, onset temperatures, and
changes in dielectric relaxations are observed, pointing to-
wards a complex short-range order of polymer strings within
the amorphous phase [22]. The mesoscopic structure [22] of
“as-printed” PLA ismost likely influenced by the geometry of
the nozzle and the feeding mechanism of the 3D printer.

To develop functional materials for this printing technol-
ogy, for example, for electronics, modifying the conductivity
of the insulating filament can be an appropriate route. Park
et al. [23, 24] demonstrated homogenous mixing of PLA with
the ionic liquid, trihexyl tetradecyl phosphonium decanoate
(THTPT DE). They investigated the physical properties and
the degradation of this mixture. There exist innumerable ILs
especially taking into account mixtures of various ILs. It
seems random to utilize THTPT DE to produce PLA blends.
However, it turned out ([24] and references therein) that the
type of the cation has a significant impact on the degree
of dispersion. Long-chain phosphonium-based (THTPT) ILs
show improved dispersion compared to ILs of lower molec-
ular weight giving a starting point for a thorough analysis
of suitable ILs for PLA blends. In addition, the used IL has
to be prepared in a solution mixable with dissolved PLA;
in the present case we dissolved both in chloroform. In
general, using ionic liquid as mixing material is a challenging
task, as this class of material exhibits manifold chemical
compositions. Ionic liquids are salts that are liquid at ambient
temperatures offering beneficial properties, for example, low
volatility and high-temperature stability [25]. When ionic
liquids are used as plasticizers, the properties of a polymer can
improve, compared to one with a common molecular plas-
ticizer [24, 26]. Moreover, the ionic nature of these liquids
introduces charge carriers, enhancing the conductivity of
polymers. Within the scope of this manuscript, we show,
following the suggestions of Park et al. [23, 24], that the
dielectric properties of PLA are improved by homogenously
mixing it with the IL THTPT DE. The achieved result of
dielectric spectroscopy allows analysing the conductivity of
the mixture, which we performed in a temperature range
from 80 to 420K.

2. Experimental Details

The PLAmaterial was prepared from a filament, as described
below. The mixture of PLA and THTDP DE was synthesized
following the route of Park et al. [23, 24]. For the material
analysis we performed DSC and dielectric spectroscopy,
which was done in the frequency range below a gigahertz.

2.1. Raw Material and Material Conditions. MakerBot� sup-
plied the commercially available PLA in the formof a filament
for the employed 3D printer (Makerbot, Replicator 2). Due
to the industrial fabrication process the PLA can contain
unknown additives. Additionally the stereoisomeric compo-
sition (d,l-lactide) is not known. However, the same filament
was used for all samples. DSC measurements and dielectric
spectroscopy have been conducted on PLA in three different
material conditions. In the following they will be designated
as “as-printed”; “amorphous”; and “crystalline.” For the “as-
printed” condition, the 3D printer was used, heating the PLA

to a temperature of approximately 530K before extrusion.
The samples have been printed in the required geometry
with no subsequent heat treatment. The finest resolution
settings of the 3D-printer have been used, resulting in a
thickness of about 100 𝜇m of each deposited layer. For PLA
in “amorphous” and “crystalline” state the filament was first
heated above themelting point of PLA (about 430K) [21]with
subsequent cooling to room temperature at different rates.
For the “crystalline” sample the cooling rate was 0.2 K/min
[26]. To reach a maximum degree of crystalline phase, the
sample was tempered for 10min at 383K. To receive a sample
in the “amorphous” condition it has to be cooled at a rate
greater than 10K/min [21]. The sample for the dielectric
measurements was cooled down in a plate-like capacitor at
an average rate of approximately 50K/min. The sample for
the DSC-measurement was cooled in the DSC at a constant
rate of 40K/min. Both cooling rates are sufficient for the pure
“amorphous” state, which is confirmed by the DSC-analysis.

For the PLA/IL mixture we used PLA pellets (Nature-
Works LLC), which were dissolved in chloroform (Sigma-
Aldrich, 99% concentration). After total dilution of the PLA,
trihexyl tetradecyl phosphonium decanoate (IoLiTec) was
added and the mixture was stirred for 12 h. The THTDP DE
itself was dried in advance for 24 h in vacuum to prevent
impurities of residual water [27]. Thin plate-like samples
of the PLA/IL mixture were synthesized using the solvent-
casting method on a Teflon plate. Finally, the samples were
dried again for 24 h at 333 K in a vacuumchamber. In addition
a pure PLA sample was prepared.

2.2. Differential Scanning Calorimetry. Performing DSC-
analysis of all samples allowed investigating the transition
temperatures for melting and crystallization, as well as the
enthalpy of these transitions and the glass-temperatures. The
heat-flux in or out, respectively, of the sample ismeasured as a
function of temperature, while the sample is cooled or heated
at a predefined rate. The samples were sealed in aluminum
pans and power compensatingDSC 8500 (Perkin Elmer), and
heat-flux DSC 204 F1 (NETZSCH) setups were used.

2.3. Dielectric Spectroscopy. Dielectric measurements were
used to determine the dielectric constant 𝜀, dielectric loss
𝜀, and conductivity 𝜎 as function of both temperature
and frequency. Measurements in the frequency range from
1Hz to 10MHz were performed using a Novocontrol Alpha-
Analyser and in the frequency range from 1MHz to 3GHz
using an Agilent Impedance Analyser E4991A for cooling
and heating nitrogen gas cryostat (Novocontrol Quatro) was
deployed to cover the temperature range from 160K up to
420K and a closed-cycle refrigerator was employed for the
temperature range from 80K to 300K. For the “as-printed”
sample a disc with a diameter of 5mm and thickness of
300 𝜇m was printed. The surfaces were polished by abrasive
silicon carbide paper. For a plate-like capacitor the bottom
and top faces of the sample were covered with conductive
silver paint. The “crystalline” and “amorphous” samples have
been analysed in capacitors, which are designed for liquid
samples (diameter: 12mm, thickness 50 𝜇m), as both samples
had to be heated above the melting point during the sample
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Figure 1: (a) Heat flow (endotherms up) of initial heating and subsequent cooling traces of PLA in the “as-printed” condition at a rate of
10 K/min.The glass transition temperature is determined using both the half step size (𝑇𝑔) and onset temperature (𝑇𝑔,Onset) methods. (b) DSC
heating traces at a rate of 5 K/min, comparing PLA in the three conditions: semicrystalline (green), as-printed (black), and amorphous (red)
conditions. The measurements are shifted vertically for clarity.

preparation. The stray-capacitance of this capacitor has been
estimated based on its geometry, and this value “Δ𝐶 =
−1.1 pF” is subtracted from all measurements, which have
been conducted in this capacitor.

3. Results and Discussion

3.1. Differential Scanning Calorimetry of the Polymer PLA.
Before discussing the electrical properties in detail, thorough
analyses of the phase transitions are important. As described
above, we used DSC to determine the glass transition
temperatures 𝑇𝑔, the energy of the phase transitions, and
the melting temperature. Furthermore, we exposed PLA to
different cooling and heating rates. This allowed processing
PLA in different modifications ranging from semicrystalline
to purely amorphous state.

Figure 1(a) shows the specific heat flow versus tempera-
ture curve while initially heating and subsequently cooling
PLA in the “as-printed” state. The measurement starts at
ambient temperature using a heating rate of 10 K/min. A
(cold) crystallization is an exothermic process as the value
of specific heat shows a dip-like feature. As melting is an

endothermic process a peak feature develops. The melt-
ing/crystallization temperature can be determined in two dif-
ferent ways: firstly, the peak-temperature and, secondly, the
onset temperature. The entropy of a transition is determined
by dividing the integrated peak-area in the temperature
dependent heat flow plot by the temperature rate. A glass
transition causes a change in heat capacity leading to a step-
like feature in the temperature dependent heat flow.The onset
method and the half height of this step-like feature are both
used frequently to determine the glass transition temperature
𝑇𝑔. In our case we focus on the onset temperatures but
also providing 𝑇𝑔 determined by the half-height method in
Figure 1(a).

During the heating sequence three features are observed:
the first one is the glass transition as a step-like anomaly
at 331 K accompanied by a change in Δ𝐶𝑝 = 0.58 J/gK. 𝑇𝑔
is determined from the onset temperatures of the heating
curve. It is followed by a cold crystallization indicated by a
dip-like minimum at about 401 K and an onset temperature
of 382K. Finally, a peak feature at about 430K (onset tem-
perature 421 K) denotes the melting of the crystalline phase
of PLA. Inkinen et al. [28] reported a melting temperature



4 Advances in Materials Science and Engineering

of about 480K for laboratory grade PLA. The discrepancy
to our measured value originates from the chain length and
additives of industrially produced PLA. Both effects result
in a lower melting temperature. This points also towards
a high molar mass of the PLA filament (>100.000 g/mol)
[29]. As expected, for PLA in the purely glassy phase, which
is discussed below, the entropies of the cold crystallization
(16.2 J/g) and the melting (16.3 J/g) are identical within the
experimental uncertainty. That means “as-printed” PLA is
most likely a pure glass below 331 K. The subsequent cooling
from the meltdown to ambient temperatures with a cooling
rate of 10 K/min confirms the result of Cao et al. [21] that this
rate is enough to prevent crystallization of PLA.Thevalues for
these phase transitions, especially temperatures, agree well
with the results from literature [21, 27, 29, 30]. However, the
glass transition temperature in literature varies about ±5K,
whichmost likely originates from the different stereoisomeric
composition of (d,l)-lactide in PLA.

Figure 1(b) shows DSC heating curves for “as-printed”
(black line), semicrystalline (green line), and purely amor-
phous PLA (red line). All samples were heated at a rate of
5 K/min. This rate was chosen to investigate the impact of
heating rate on the crystalline fraction in PLA. The glass
transition temperature (𝑇𝑔 ≈ 331 K) is almost the same for
these three samples. The upper curve, which denotes the
semicrystalline sample, showed no cold crystallization pro-
cess. A cold crystallization can only evolve if the possibility
for a further crystallization is given. For the preparation of
the present semicrystalline sample we used a cooling rate of
approximately 0.2 K/min, starting at a temperature above the
melting point, and a subsequent tempering process for 10min
at 383K. This route allows reaching the maximum degree of
crystallization in PLA, which is in the range of approximately
40% [26]. Thus, the semicrystalline sample exhibited only
the glass transition and a double peak feature (𝑇𝑝1 ≈ 422K
and 𝑇𝑝2 ≈ 430K) with an enthalpy of 33 J/g close to the
melting point. This melting enthalpy is about twice the value
of that for “as-printed” PLA heating at a rate of 10 K/min,
allowing the assumption that for the printed PLA during cold
crystallization a degree of crystalline phase in the order of
20% can be achieved.

On the other hand, the purely amorphous and the “as-
printed” samples show a different behaviour. For both con-
ditions, exceeding 𝑇𝑔 a cold crystallization occurs at about
370K for “as-printed” and 368K for amorphous PLA. A
double peak feature due to themelting of the polymer follows.
The enthalpies of cold crystallization and melting (approx.
25 J/g for “as-printed” and 23 J/g for “amorphous” PLA) are
nearly identical, allowing the conclusion that both samples
are below 𝑇𝑔 in a purely amorphous state. Compared to the
DSC result of Figure 1(a) the enthalpy of “as-printed” PLA is
about 1.5 times higher, which originates from an increased
degree of crystalline phase (about 30%) during heating with a
rate of 5 K/min. Also, themelting feature exhibits two distinct
maxima, which arise from two melting processes.The reason
for that can be the lower heating rate of 5 K/min, leading to
a separation of two melting processes. These two processes
are based on different crystalline structures, which arise again
from the low heating or cooling rate through the (cold)

crystallization state [31]. Interestingly, for those two samples
the peak maxima (“as-printed” PLA: 𝑇𝑝1 ≈ 423K and 𝑇𝑝2 ≈
432K; amorphous PLA: 𝑇𝑝1 ≈ 425K and 𝑇𝑝2 ≈ 431K) and
even the shapes of the peaks vary slightly. These deviations
of the enthalpies and peak shapes of amorphous and the
“as-printed” PLA originate from their mesoscopic structure
formed during cooling from the melt. In case of printed PLA
through a nozzle we expect a strongly anisotropic structure.
For the amorphous PLA amore homogenous coolingwithout
external mechanical stress was used. To clarify the real meso-
scopic structure, optical polarization microscopy should be
performed as shown for PLA in [31]. Now we address
the question of whether the dielectric properties of PLA
change, especially in the case of “as-printed” and amorphous
state.

3.2. Dielectric Properties

3.2.1. Temperature Dependent Dielectric Properties of “As-
Printed” PLA. Figure 2 shows the temperature dependent
dielectric constant 𝜀 (a), dielectric loss 𝜀 (b), and the
conductivity 𝜎 (c) in a frequency range from 1Hz to 3GHz
for the “as-printed” PLA. The dielectric spectra are recorded
while heating the sample at a rate of 0.2 K/min, starting
at 150K. In the temperature dependent dielectric spectra
typical signatures of orientational relaxations show up, giving
rise to a frequency-dependent step-like increase in dielectric
constant accompanied by a peak in dielectric loss. Relaxations
have distinct frequency dependencies. Against this, structural
changes, like cold crystallization, often become evident as a
frequency-independent distinct step in a narrow temperature
range for all dielectric quantities. Based on the DSC results,
we discuss the dielectric properties, firstly, for temperatures
below 𝑇𝑔, thus mainly focusing on dielectric properties in
the glassy state. Secondly, we address the significant impact
of increased dipolar dynamics above 𝑇𝑔 and the influence of
cold crystallization on the dielectric properties.

For 𝑇 < 𝑇𝑔 (331 K) the dielectric constant in Figure 2(a)
exhibits a marginal relaxation, which shows up as a smeared
out step at low temperatures. This also gives rise to a broad-
ened peak in 𝜀 (e.g., 210 K for 16Hz) and a slight reduction
of the conductivity, for example, for 16Hz between 150K and
200K, depicted in Figures 2(b) and 2(c), respectively. Often
reorientation of side chains [32] is the reason of such relax-
ations. However, PLA is ascribed to be a so-called type “A
polymer” [33] that normally has no polar side chains. Thus,
we conclude a Johari-Goldstein process [34] as the origin
of the small relaxation, which is of minor interest for the
technical applications due to the low temperatures and the
marginal relaxation strength. PLA is applied as material for
structural components or for electrical insulating purposes
at ambient temperatures; for the latter the conductivity is an
essential quantity. PLA in the “as-printed” state exhibits a
𝜎dc, which varies from insulating [<10−13 (Ωcm)−1] for low
frequencies to an enhanced conductivity [>10−5 (Ωcm)−1]
for frequencies in the gigahertz regime. This is a typical
behaviour for materials with localised charge carriers, for
example, ionic impurities, which can be often found in
amorphous materials. The mobility of these charges is based
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Figure 2: (a) Dielectric constant 𝜀, (b) dielectric loss 𝜀, and (c)
conductivity 𝜎 measurements are displayed as functions of temper-
ature for PLA in the as-printed condition. Various frequencies in a
range of 1Hz to 3GHz are shown during heating from 150K to 420K
at a rate of 0.2 K/min.

on hopping processes and increases especially when the
temperature exceeds 𝑇𝑔.

For 𝑇 > 𝑇𝑔 (331 K) a significant frequency-dependent
step-like behaviour is observed at about 336K for 1Hz
increasing the dielectric constant from2.9 to a plateau value at
about 5 [cf. Figure 2(a)]. This feature shifts to higher temper-
atures with increasing frequencies. It is the main relaxation
based on the reorientation of dipolarmolecules, that is, chains
of the polymer. Subsequently, at about 362K the dielectric
constant decreases nearly independently of frequency, for
example, the 16Hz curve down to a further almost static
value of about 3.6. This decrease arises from the structural
change of PLA during the cold crystallization. In particular,
for frequencies above 117 kHz the main relaxation process is
shifted into the temperature regime of the cold crystallization,
which shows up in Figure 2(a) as kink in 𝜀 while the main
relaxation develops. Ren et al. [33, 35] attribute the main
relaxation to two processes: a sequential mode for 𝑇 <
350K and a so-called “end-to-end” vector fluctuation for
350K < 𝑇 < 390K. The latter describes the orientation of
huge fragments of the polymer. However, it is also possible
to explain the dielectric feature only using the so-called 𝛼-
relaxation, where the orientation of the molecules is partially
hampered by the cold crystallization. This also results in the
reduced plateau of the dielectric constant.

For higher temperatures (𝑇 > 380K) and low frequencies
(] < 259Hz) an increase in 𝜀 starts again pointing towards an
interface polarization effect, which can be explained in terms
of aMaxwell-Wagner (MW) relaxation process [36, 37]. All of
the discussed features are accompanied by peaks or shoulders
in the dielectric loss [cf. Figure 2(b)] as well as in the
conductivity [cf. Figure 2(c)], for example, for the 1Hz curve
at 336K and 362K. For higher temperatures, 𝑇 > 400K, the
lower frequencies (] < 4 kHz) exhibit the same temperature
dependent behaviour (e.g., 1 Hz and 16.1 Hz).This frequency-
independent increase in conductivity corresponds to the dc-
conductivity. As we use this conductivity to compare PLA
with PLA mixed with IL, it should be noted that this dc-
conductivity is in the semicrystalline phase of PLA. Due
to its low value, the trajectory of the dc-conductivity does
not show up within the amorphous phase under the applied
frequencies. The samples are only partly crystalline; thus we
estimate the dc-conductivity of the amorphous phase in its
proximity.

3.2.2. Frequency-Dependent Dielectric Properties of “As-
Printed” PLA. To investigate the main relaxation process in
detail, Figure 3 depicts the frequency-dependent dielectric
constant (a) and the dielectric loss (b) for temperatures above
the glass transition ranging from 340K to 410K.The lines are
fits using only a Havriliak-Negami function [19] to describe
the orientational relaxation process. This model originates
from the Debye function describing the dielectric prop-
erties of a relaxation for noninteracting dipoles. However,
dipole-dipole interactions and structural barriers necessitate
a modification, which takes broadening and asymmetry of
the Debye relaxation into account. The Havriliak-Negami
(HN) function uses both parameters. For the polymer PLA
normally a Cole-Davidson function should be sufficient to
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Figure 3: Dielectric constant 𝜀 (a) and dielectric loss 𝜀 (b) of PLA in the as-printed condition; measurements are shown as functions of
frequency for temperatures ranging from 340K to 410K. Lines are fits according to Havriliak-Negami (HN) model. The inset shows the
relaxations times according to the peak maxima of the dielectric loss in an Arrhenius representation fitted with a VFT function (dashed line).
The glass transition temperature is indicated at 𝜏 (100 s).

describe the main relaxation, taking only the asymmetry
parameter into account. However, there is an additional need
of the symmetric broadening parameter sufficiently fitting
the spectra.The purification level of an industrially produced
PLA is not exactly known, but it is reasonable to assume
impurities, which are responsible for the distribution of
relaxation times in the dielectric spectra.

As already discussed for Figure 2, the dielectric constant
in Figure 3(a) shows a relaxation, which can be assigned to
orientational polarization of PLA.The lines in Figure 2 are fits
accounting only for the contribution of this relaxation. Again,
for temperatures below the cold crystallization (𝑇 < 362K),
the static dielectric constant, which is the low frequency
plateau, reaches values of about 5; for 𝑇 > 362K the static
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dielectric constant drops down to about 3.6. In particular, for
] < 100Hz and 𝑇 > 400K an onset of another dielectric
relaxation develops, which is most likely a relaxation of
Maxwell-Wagner type, originating from a so-called blocking
electrode effect [36, 37]. In addition, an excess intensity at
the high frequency flank (cf. 340K curve at about 10MHz)
denotes the already discussed Johari-Goldstein relaxation.
The HN model describes the main relaxation, step in 𝜀
(a) and peak in 𝜀 (b), quite well. The relaxation times
𝜏 (s), which are revealed by the temperature dependent peak
position of 𝜀, are illustrated in an Arrhenius representa-
tion in the inset of Figure 3. The dashed line represents a
Vogel-Fulcher-Tammann (VFT) function [38–41], which is
extrapolated to 𝜏 (s) = 100 s. This point corresponds to the
glass transition temperature [40, 42] 𝑇𝑔 = 330K revealed
from 𝜏 (s) and agrees well with 𝑇𝑔 measured from DSC.
The Arrhenius representation also reveals that there is no
significant change in temperature dependence of 𝜏 around the
cold crystallization (cf. inset of Figure 3 around 2.8 [1000/K]).
The VFT-formula smoothly fits both states. This implies only
a single dipolarmechanism, which is contradictory to the two
processes model proposed by Ren et al. [33, 35].

3.2.3. Comparison of Dielectric Properties of PLA Modifica-
tions. For comparison of the different modifications of PLA,
Figure 4 shows the temperature dependent relative change in
dielectric constant (normalized to 𝜀 at 300K) for selected
frequencies, focusing on the dielectric properties around
𝑇𝑔. The “as-printed” and the amorphous sample exhibit an
increase inΔ𝜀 of about 65% for𝑇 > 𝑇𝑔 (331 K). Subsequently,

at the cold crystallization Δ𝜀 drops down to about 25%.
For amorphous PLA this drop-down feature is shifted to a
lower temperature (about 5 K). Likewise, for DSC measure-
ments a lower onset temperature for cold crystallization has
been detected. In contrast, the dielectric properties of the
semicrystalline sample only show an increase in 𝜀, which
arises from the enhanced dipolar dynamics of the glassy
volume fraction above 𝑇𝑔. In addition, a MW feature shows
up in the 1Hz curves for the semicrystalline sample at 𝑇 >
345K and for the amorphous sample at 𝑇 > 360K. For the
“as-printed” sample the MW feature is rather marginal, as
the onset is hardly visible and can be assumed to be at about
380K for the 1Hz curve. Due to the fact that only the onset
of the MW-relaxation is within the measured temperature
regime, its origin is under debate. Most likely, the MW
feature arises from an insulating surface layer at the electrode
interfaces, based on the accumulation of ions causing a
blocking layer effect. These thin insulating layers give rise to
a high capacitance leading to a step in 𝜀. The mobility of
charge carriers often influences the temperature dependent
onset of a MW feature, resulting in lower onset temperatures
in the case of a higher mobility. It is still unclear why the
mobility of charge carries in the “as-printed” is lower than
in the amorphous sample, although both are quite similar
from their overall dielectric behaviour. One could speculate
that a different mesoscopic structure is formed during the
printing process, causing an anisotropic conductivity, which
is decreased perpendicular to the printing layers. Another
explanation for the MW feature is an internal barrier layer.
At the interface of crystalline and glassy fraction thin insu-
lating layers can be formed. A detailed study of precisely
prepared samples analysed with microscopic measurements
and dielectric spectroscopy must be conducted to address
the origin of this dielectric relaxation process and the shift
in temperature. Altogether, the comparison of dielectric
properties shows that the “as-printed” sample is quite similar
to the amorphous rather than semicrystalline sample.

3.3. Enhanced Conductivity of PLA Mixed with Ionic Liquid.
Finally, we demonstrate a route to prepare a more conductive
PLA, whichmay be useful for 3D printing processes. Figure 5
shows that adding an ionic liquid to PLA increases the
conductivity of the filament. In Figure 5(a) we compare the
previously discussed conductivity spectra of “as-printed”
PLA (open orange symbols) from industrial fabrication to
samples of PLA in laboratory grade, which were mixed with
the ionic liquid THTPT DE. However, as small amounts
of additives can have a significant impact on structural,
chemical, and physical properties of PLA, we analysed in
addition a PLA sample, which was prepared in analogy to
the mixed samples. The conductivity is in the same order of
magnitude as the “as-printed” PLA (not shown).Thus, for the
following the “as-printed” PLA is used as benchmark system.
The PLA/IL samples were prepared, as described in Section 2,
with 5 (blue symbols) and 10wt% (open green symbols) of
that IL. The dielectric spectra were recorded while heating
the samples. At the lowest temperatures a marginal dielectric
feature appears for both samples, for example, for 67 kHz at
150K (sample with 10wt%). The feature can be assigned to
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Figure 5: (a) Temperature dependent conductivity for selected frequencies of 5 and 10 wt% IL added PLA and “as-printed” PLA. (b)Arrhenius
representation of evaluated dc-conductivities. Lines denote a thermally activated behaviour following an Arrhenius law.

a Johari-Goldstein relaxation. Interestingly, the temperature
of that feature is strongly decreased compared to the “as-
printed” sample, for which it occurs at 250K. This decrease
implies an increase in the speed of the relaxation pointing
towards an enhanced mobility of the molecules. At higher
temperatures, around 220K, another feature emerges as a
peak in the spectra. This relaxation is absent in the “as-
printed” sample and thus based on dipoles introduced by
the ionic liquid. Finally, at temperatures around 350K for
67 kHz a small shoulder resembles the main relaxation of the
PLA. Interestingly, at a frequency of 67 kHz the relaxations
are almost at the same temperature, whereas for lower
temperatures the spectra clearly diverge for the different
samples. For 𝑇 > 350K the lower frequencies join the same
temperature dependence for each sample, for example, 1 Hz
and 259Hz around 350K for the sample with 10wt%. This
superposition implies frequency-independence that repre-
sents the dc-conductivity of those samples, which is a key
quantity for applications.

In Figure 5(b) we compare the evaluated dc-conductivi-
ties of the 5 and 10wt% IL mixed PLA with the “as-printed”
PLA (after cold crystallization) in an Arrhenius represen-
tation. Based on the strongly enhanced conductivities of
PLA mixed with the IL, 𝜎dc was measured in a different
temperature range. The slopes of the linear fits [lines in
Figure 5(b)] are representing the activation energy in an
Arrhenius law. For PLA “as-printed” and PLA/IL 10wt% we
assume approximately the same value, but for PLA/IL 5wt%
it is increased. An extrapolation of the linear behaviour to
370K (Figure 5(b) at 2.7 [1000/K]) for all samples reveals

an increase in 𝜎dc in the order of 4 decades for PLA/IL
5wt% and 5 decades for PLA/IL 10wt%, respectively. Thus,
adding ionic liquids seems to be an appropriateway tomodify
the conductivity of PLA. To implement these substances
as filament or droplet-inkjet for additive manufacturing a
thorough rheology study has to be performed, which is not
in the scope of the present manuscript. Furthermore, the
mechanical properties can be modified in such a way that
a filament fabrication is impossible. The observed minor
change in structural 𝑇𝑔 points towards only a moderate
variation in viscosity. Again mechanical studies should be
conducted to clarify the structure-properties relationship.

4. Conclusion

In this manuscript, we analysed in detail the transition
temperatures and the dielectric properties of polylactic acid,
which was printed via fused filament fabrication in a low-
budget 3D printer.These properties are compared to precisely
prepared samples of semicrystalline and amorphous PLA.
The dielectric properties of “as-printed” PLA are similar to
the amorphous ones rather than the semicrystalline allowing
good insulating properties below the glass transition tem-
perature. The dielectric analyses reveal dipolar relaxation
processes and the significant change in dielectric properties
during cold crystallization. It seems that the plateau of the
main relaxation is proportional to the degree of crystalline
phase. Interestingly, DSC and dielectric measurements reveal
that the mesoscopic structure of “as-printed” PLA, which is
most likely influenced by the feeding mechanism of the 3D
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printer, also influences cold crystallization and maybe even
the mobility or number of charge carriers. The latter shows
up as a change in the onset temperature of aMaxwell-Wagner
type relaxation process. We already used these materials for
lab purposes, for example, as spacer disc for dielectric analysis
of liquid samples. In addition, we show as an example for
possible future functionalization of PLA that adding a low
amount of the ionic liquid THTPT DE strongly increases
the conductivity of PLA. However, a focused rheology study
has to be performed and further PLA compositions should
be analysed. The present “case study” shows a possible route
to make PLA also suitable for rapid fabrication of electronic
components.
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[14] A. Södergård and M. Stolt, “Properties of lactic acid based
polymers and their correlation with composition,” Progress in
Polymer Science (Oxford), vol. 27, no. 6, pp. 1123–1163, 2002.

[15] S. J. Leigh, R. J. Bradley, C. P. Purssell, D. R. Billson, and D. A.
Hutchins, “A Simple, Low-Cost Conductive Composite Mate-
rial for 3D Printing of Electronic Sensors,” PLoS ONE, vol. 7, no.
11, Article ID e49365, pp. 1–6, 2012.

[16] E. Zuza, J. M. Ugartemendia, A. Lopez, E. Meaurio, A. Lejardi,
and J.-R. Sarasua, “Glass transition behavior and dynamic
fragility in polylactides containingmobile and rigid amorphous
fractions,” Polymer, vol. 49, no. 20, pp. 4427–4432, 2008.

[17] M. Kanchanasopa and J. Runt, “Broadband dielectric investiga-
tion of amorphous and semicrystalline L-lactide/meso-lactide
copolymers,”Macromolecules, vol. 37, no. 3, pp. 863–871, 2004.

[18] J. Ren and K. Adachi, “Dielectric relaxation in blends of amor-
phous poly(DL-lactic acid) and semicrystalline poly(L-lactic
acid),”Macromolecules, vol. 36, no. 14, pp. 5180–5186, 2003.

[19] J. D. Badia, L. Monreal, V. Sáenz De Juano-Arbona, and A.
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