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In this work the thermal properties of poly (L-lactide)/multi-wall carbon nanotube (PLLA/MWCNT)
composites have been investigated. Thermal conductivity was determined after measuring specific heat
capacity (Cp), thermal diffusivity (D) and bulk density (r) of composites. Thermal conductivity rises up to
0.345 W/m K at 5 wt.% after reaching a minimum value of about 0.12 W/m K at 0.75 wt.%. In order to
understand the heat-conduction process, experimentally obtained thermal conductivities were fitted to
an existing theoretical model. The much lower thermal conductivity of composites compared with the
value estimated from the intrinsic thermal conductivity of the nanotubes and their volume fraction could
be explained in terms of the obtained large thermal resistance (Rk) of 1.8 � 0.3 � 10�8 m2 K/W at
nanotubeematrix interface. The CNT dispersion in the composites was analyzed by atomic force
microscopy (AFM) and transmission electron microscopy (TEM). Although the thermal resistance
dramatically reduces the estimated bulk thermal conductivity of composites, the existence of an inter-
connected conductive nanotube network for thermal diffusion in PLLA/MWCNT composites demon-
strates that the addition of carbon nanotubes represents an efficient strategy in order to successfully
enhance the thermal conductivity of insulator polymers.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Since the discovery by Iijima in 1991 [1,2] carbon nanotubes
(CNT) are being widely investigated for composite applications.
Nowadays, the development of conductive nanofiller-based com-
posites has become an attractive new research area in material
science. For instance, even with very low contents of conductive
carbon nanotube loadings polymer composites present usually
a valuable jump in electrical conductivity with regard to the insu-
lating matrix. As a matter of fact electrical percolation effects have
been found in many polymer/CNT nanocomposites [3e7] with
percolation thresholds achieved at low concentrations ranging
from 0.0025 wt.% to 7 wt.%, exhibiting electrical conductivities of
about 1 � 10�4e1 � 10�1 S/m (for percolated compositions) that
make possible the use of polymer matrix composites (PMC) in
conductive applications.

On the opposite, although several works have tried to demon-
strate it [8e10], thermal percolation in polymer composites is not
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well defined and remains as a dubious subject open to debate.
Phonons are the primary mode of heat conduction of carbon
nanotubes [11,12] leading to extremely high thermal conductivity
(due to their graphitic structure), with published experimental
values [13,14] between 1750 and 3000 W m�1 K�1 and a simulated
theoretical values of 6600Wm�1 K�1 [15]. As occurs with electrical
conductivity, in composites of thermally insulating polymer
matrices with well-dispersed conductive carbon nanotubes the
thermal conductivity should also increase at low critical concen-
trations [16,17]. In this hypothesis, obvious nanotube applications
would open through the development of thermally conductive
polymer-based composites, for example to be used as heat dissi-
pation or thermal interface materials, actuators [18], electromag-
netic interference (EMI) shielding [19], solar cells [20], etc. It is
reported that composites with a thermal conductivity from 1 to
30 W/m K are required for some applications such as heat sinks in
electric or electronic systems [21].

However, although several approaches have been taken into
account in order to improve the thermal conductivity of polymers,
the experimental values of polymer/CNT composites show
that thermal conductivity is not increased as expected, yielding
thermally low conductive materials with increasing thermal
conductivity in regard to neat polymer from 0.3 W m�1 K�1 to
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0.7 W m�1 K�1 at 17 wt.% loading for PEEK/MWCNT system [22]
from 0.156 W m�1 K�1 to 0.158 W m�1 K�1 at 0.7 vol.% for PVC/
MWCNT composite [23] from 0.18Wm�1 K�1 to 0.45Wm�1 K�1 at
9 vol.% for PMMA/SWCNT system [24] or from 0.233 W m�1 K�1 to
0.537 W m�1 K�1 at 49 vol.% loading for PVDF/SWCNT composites
[25]. This may be due to the presence of an interfacial thermal
resistance between carbon nanotubes and the polymer matrix,
which is known as Kapitza resistance [26]. This resistance occurs
when the thermal conductivity of matrix differs a lot from the
inclusion’s thermal conductivity, increasing the resistance with the
mismatch [27e29]. Due to the large specific surface area of carbon
nanotubes, the existence of this thermal boundary resistance can
dramatically reduce thermal conductivity of MWCNTcomposites in
regard to single MWCNT [30]. Therefore, one of the main goals in
thermally conductive polymer/CNT composites will be the devel-
opment of composite materials with low thermal interface
resistances.

In order to interpret the effective thermal conductivity in the
case of nanotube composites an effective medium approach (EMA)
can be applied [31]. This physical model describes the macroscopic
property of a medium based on the properties and the relative
fractions of its components. According to the model developed by
Nan et al. [32], the thermal conductivity values of both matrix and
nanotubes, the dimensions of the individual rods, as well as the
interfacial resistance at the nanotubes/matrix interface must be
taken into account.

Among all the biopolymers, poly (L-lactide) (PLLA) is of special
interest. Up to now, this polymer has been basically used in
biomedical [33] and biodegradable packaging [34] applications.
However, recent progress in production of PLLA at low cost is
accelerating its use as a commodity plastic [34]. With the addition
of carbon nanotubes the thermal conductivity of PLLA can be
enhanced, making this material suitable for general purpose plas-
tics, being environmentally friendly materials with diverse indus-
trial uses [35,36]. The synergetic effect obtained from combination
of biodegradable polymers and carbon nanotubes opens new
insights in the potential applications of PLLA for regenerative
medicine applications [7,37].

In this way, the aim of this work is to characterize the thermal
properties of these composites in order to evaluate the improve-
ment of heat transport at certain compositions, which will have
a direct influence on their technical applications (thermally
conductive nanocomposites would replace the need of heavy
metallic components that are used for cooling of electronic circuits
and propulsion systems [38]). A particular goal is to explore the
possibilities of an important increase of the thermal conductivity as
compared to the electrical percolation phenomena well known in
these materials.

In this work we attempt to correlate the thermal and morpho-
logical properties of PLLA-based composites prepared by a melt
mixing process. In this way, modulated differential scanning calo-
rimetry (MDSC), high-resolution ac photopyroelectric calorimeter,
dynamic light scattering (DLS), atomic force microscopy (AFM) and
transmission electronmicroscopy (TEM) techniques were used. The
continuous development of a thermally conducting pathway
within composites with further addition of carbon nanotubes
results in an enhancement of heat capacity, thermal diffusivity and
thermal conductivity for concentrations larger than 1.25 wt.%, after
reaching a minimum value at 0.75 wt.% loading. This behaviour is
interpreted in terms of interfacial thermal resistance that reduces
the expected thermal conductivity values of CNT-based composites
when compared with the value estimated from the intrinsic
properties of the nanotubes and their weight fraction. Obtained
results assess the importance of using physically sensible models to
interpret the thermal conductivity of these systems, stressing the
role of the interfacial thermal resistance between the matrix and
the nanotubes. This paper provides light on the understanding of
thermal-conduction mechanism involved within polymer/CNT
nanocomposites and gives insights about the next steps towards
the complete understanding of thermal-conduction mechanism
involved in polymer/CNT composites.

2. Experimental section

2.1. Materials

Poly (L-lactide) hereafter termed PLLA of number-average
molecular weight (Mn) 153,000 g/mol and polydispersity index
(Mw/Mn) 1.38, Biomer� (Germany) was used as matrix to prepare
nanocomposites. The multi wall carbon nanotubes (MWCNT) were
supplied by Arkema, grade Graphistrenght� C100. Arkema uses
a continuous synthesis process based on Catalytic Chemical Vapour
Deposition (CCVD) in a fluidized bed type reactor, where nanotubes
were grown on iron particles. The degree of purity of those nano-
tubes was 90 wt.%, with length ranging from 0.1 to 10 mm, outer
mean diameter in the range of 10e15 nm, a mean number of walls
of 10e15 [39].

2.2. Sample preparation

Prior to blending, PLLA pellets were dried in an air circulating
oven at 40 �C and 8% of RH for 15 h, while the as-received MWCNT
were dried at 120 �C and 8% of RH for 15 h. A composite system
containing 0, 0.75, 1.25, 2.5, 4 and 5 wt.% MWCNT was prepared.
The desired proportions of PLLA pellets with the carbon nanotubes
weremelt mixed in a Brabender Plasticorder PL2000 at 50 rpm. The
temperature used was 200 �C and the mixing time 5 min. The
blends obtained were conformed in sheets of 340 � 15 mm thick in
a hydraulic hot press by compression moulding at 200 �C under
a pressure of 4 bar for the first 2 min and 240 bar for additional
3 min. Solidification was carried by water quenching. Once
obtained the sheets were cut into discs with diameter of 6 mm,
weighing around 12 mg.

2.3. Modulated differential scanning calorimetry (DSC)

The Specific heat capacity (Cp) of the composites was measured
in a modulated differential scanning calorimeter MDSC of the
Q200� series of TA Instrument Inc. Dry nitrogen was used as
purge gas at a rate of 50 ml/min in all measurements. The
measurements were conducted within a range comprised
between �20 �C and 25 �C; below the glass transition tempera-
ture of PLLA, hence eventual recrystallization of PLLA during the
scan was prevented. Temperature and enthalpy calibrations were
performed using indium as standard. Heat capacity calibration
was performed with a standard of sapphire (Al2O3, supplied by TA
Instruments with a mass of 21.8 mg) within a range from �13.15
to 76.85 �C. Cp measurements were conducted in heat only MDSC
mode with a modulating period (P) of 100 s, a temperature-
oscillation amplitude of �1.326 �C and a heating rate of 5 �C/
min. In order to assure the reproducibility of the Specific heat
capacity measurements of PLLA/MWCNT composites and erase any
temperature gradient between the lower and upper part of
samples, specimens of 340 � 15 mm thick were analyzed. Reported
heat capacity values correspond to the mean value over at least
four measurements.

The crystalline fraction (Xc) % attributable to the non-isothermal
PLLA crystallization during the rapid solidification by water
quenching was determined by standard DSC as follows:
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Xcð%Þ ¼ DHf � DHc

DH0
f $Wm

$100 (1)

where DHf and DHc are respectively the enthalpy of fusion and cold
crystallization of the samples determined on the DSC andWm is the
PLLA matrix weight fraction in the composite sample. “Glass tran-
sition is a thermodynamic second order transition; i.e. there is
a slope change in the first derivative magnitudes of free energy
(such as specific volume or enthalpy) hence a change in heat
capacity appears as a step in the baseline of the recorded DSC
signal. In contrast, both crystallization and melting are first order
transitions where a latent heat change occurs and the sample
undergoes an abrupt volume change, resulting respectively as
exothermic and endothermic peaks during the heating scan. The
heat of fusion (DHf) corresponds to the enthalpy change of the
crystalline domains when they are melting, while the heat of cold
crystallization (DHc) is the enthalpy change associated to the
development of partial crystallinity during the DSC heating scan”.
DHf

0 ¼ 106 J/g was taken as the heat of fusion of an infinitely thick
PLLA crystal [40,41].

2.4. Transmission electron microscopy (TEM)

The morphology and state of dispersion carbon nanotubes
within the PLLA matrix were evaluated using a transmission elec-
tron microscope (TEM). Ultrathin sections of the nanocomposites
(thickness of approx. 150 nm) were cut using a Leica Ultracut UCT
(LKB Ultratome III) ultramicrotome equippedwith a diamond knife.
TEMwas carried out using a Philips CM120 Biofilter apparatus with
STEM module at an acceleration voltage of 120 kV. Images were
acquired with a Morada digital camera.

2.5. Atomic force microscope (AFM)

Surface morphologies of PLLA and its composites were studied
with a Veeco Instrument’s MultiMode SPM 004-130-000 atomic
force microscope at room temperature. The previously fabricated
thick films were cut and adhered to an AFM mounting disk and
melted at 210 �C in a convection oven for 3 min. Melted films were
quenched in air at �10 �C; any further development of crystallinity
was prevented. This way during the AFM analysis only the influence
of carbon nanotube concentration can be analyzed without the
interference of the presence of PLLA crystals.

The Veeco NanoScope V531r1 program was employed to
analyze the recorded images. All experiments were carried out in
contact mode. A Si3N4 cantilever (NP-10) with a characteristic force
constant of approximately 0.58 N/m and a tip with radius of 10 nm
was used to evaluate the dispersion of nanotubes. Resolution of
512 � 512 data points at 2 Hz per image was used to collect the
images. In the discussion part only representative images of the
samples will be shown.

In order to quantify the vertical deviation or the surface
roughness of composites two parameters were employed. Root
Mean Square Roughness is the standard deviation of the Z values
within a given area and is calculated by the following equation:

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðZi � ZaveÞ2
N

s
(2)

where Zave is the average Z-value in the analyzed area, N is the
number of points employed and Zi is the current Z-value. The Mean
Roughness (Ra) represents the arithmetic average of the deviation
from the centre plane, determined by:
Ra ¼
PN

i¼1
��Zi � Zcp

��
N

(3)

where Zcp is the Z-value of the centre plane. Both Rq and Ra
measurements represent the average vertical deviation of the
surface profile from the centreline. Please note that these param-
eters can be appropriately used for seek of comparison, because all
surfaces were generated by the same preparation method.

2.6. Thermal diffusivity measurements

The thermal diffusivity of PLLA and its composites wasmeasured
using a high-resolution ac photopyroelectric calorimeter in the
standard back detection configuration [42]. A mechanically modu-
lated HeeNe laser beam of 5 mW illuminates the upper surface of
the sample under study. Its rear surface is in thermal contact with
a350mmthick LiTaO3pyroelectric detectorwithNieCrelectrodes on
both faces, by using an extremely thin layer of high heat-conductive
silicone grease (Dow Corning, 340 Heat Sink Compound). The pho-
topyroelectric signal is processedbya lock-inamplifier in the current
mode. Both sample and detector are placed inside a nitrogen bath
cryostat that allows measurements in the temperature range from
77K to 500K, at rates that vary between100mK/min and1mK/min
according to the required resolution. If the sample is opaque and
thermally thick (i.e. its thickness [ is higher than the thermal diffu-
sion length ðm ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
D=pf

p
Þ the natural logarithmand the phase of the

normalized photopyroelectric current at a fixed temperature have
a linear dependence on

ffiffiffi
f

p
, with the same slopem, fromwhich the

thermal diffusivity of the sample can be measured [42].

D ¼ [2p

m2 (4)

In fact, the parallelism between both straight lines served as
a test of consistence. It is worth mentioning that photopyroelectric
calorimetry is a very precise technique to measure thermal trans-
port properties, since small temperature gradients in the sample
produce a good signal-to-noise ratio, letting thermal diffusivity be
measured with high accuracy.

The thermal diffusivity of PLLA and its composites with several
concentrations of MWCNT varying from 0.75 wt.% to 5 wt.% was
measured. The thickness of all these plates was around
400e500 mm. The front surface of the plates was coated with a thin
metallic layer (w1 mm) in order to fulfil the opaqueness condition.

2.7. Dynamic light scattering

Particle size analysis was performed on a Zetasizer Nano S from
Malvern Instruments which covers a range from 0.6 nm to 6 mm.
Each composition was dissolved at 2 wt.% (MWCNT respect to
CHCl3) in chloroform and stirred for 2 h at room temperature. In
order to obtain fine-black suspensions, the resulting dissolutions of
PLLA/MWCNT composites were further dispersed in chloroform in
an ultrasonic bath (50 kHz, 100 W) for different times in a cold
water bath. All the measurements were made at 20 �C in a glass
cuvette with square aperture, being the carbon nanotube refractive
index set to 2.42. Refractive index was set to be 1.446, while the
viscosity of all dissolutions was set to be 0.38 cP.

3. Results and discussion

3.1. Differential scanning calorimetry (DSC) results

Fig. 1 presents the DSC traces of PLLA and PLLA/MWCNT
composites after conformation by melt pressing and water
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Fig. 1. DSC traces of water quenched PLLA/MWCNT composites at: (a) 0 wt.%, (b)
0.75 wt.%, (c) 1.25 wt.%, (d) 2.5 wt.%, (e) 4 wt.% and (f) 5 wt.%. In addition: (i) corre-
sponds to the glass transition around 57e62 �C, (ii) corresponds to the cold crystalli-
zation peak and (iii) corresponds to the melting of PLLA between 160 and 180 �C.
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quenching. As can be seen the glass transition temperature of neat
PLLA appears at 56.6 �C, which is elevated by 5.3 �C for 0.75 wt.%
MWCNT composite. It is also noted that larger amounts of nano-
tubes in composites do not affect the Tg position of PLLA that
remains approximately constant at 62 �C. The Tg increase in PLLA
composites in regard to neat PLLA can be associated to the
confinement of PLLA chains by the many interfaces provided by the
MWCNT themselves. On the other hand, the fact that the restrain to
polymer chain mobility associated to the Tg increase in PLLA is not
observed beyond 0.75 wt.% MWCNT addition, suggests that the
surface area of MWCNT exposed to polymer chains is not further
increased because a trend of carbon nanotubes to bundle forming
larger agglomerates, resulting in a reduction of the efficiency of
nanotubes as confining surfaces.

Table 1 summarizes the thermal properties of composites
obtained by DSC. It is worth to note that the lowering of the Tcc (cold
crystallization peak temperature) from 119.9 �C for neat PLLA to
97e104 �C for its MWCNT composites is accompanied by an
enlargement of cold crystallization temperature with respect to
neat PLLA. The onset of cold crystallization at lower temperature in
presence of MWCNT is interpreted in terms of the already reported
nucleating agent effect of carbon nanotubes on polymer crystalli-
zation [43e45]. However, the overall cold crystallization deter-
mined by the exothermal enthalpy measured during the DSC in
PLLA and its MWCNT composites is almost the same, unlike what
was observed in a previous work with PLLA/SWCNT composites
[46]. In the latter the presence of single wall carbon nanotubes not
only changed the overall crystallinity of PLLA but also all parame-
ters of its crystallization kinetics.

The nucleating effect of carbon nanotubes into PLLA is not very
pronounced since when quenching a polymer from the melt to
temperatures bellow Tg polymer chains have not enough time to
Table 1
The respective average and standard deviation values of the studied thermal
properties of PLLA/MWCNT composites determined by DSC.

% CNT Tg (�C) Tcc (�C) DHcc (J/g) Tm (�C) DHm (J/g) Xc (%)

0 56.6 119.9 � 0.6 36.4 � 2.1 169.3 � 0.3 39.6 � 1.1 3.1
0.75 61.9 102.8 � 0.8 29.9 � 0.4 169.4 � 0.2 39.3 � 0.5 8.9
1.25 61.6 97.4 � 1.6 25.3 � 0.8 169.5 � 0.1 38.7 � 1.4 12.8
2.5 62.1 100.5 � 0.2 29.7 � 2.2 169.5 � 1.7 39.6 � 2.1 9.6
4 61.4 102.5 � 1.7 31.6 � 2.3 169.2 � 1.1 41.6 � 2.1 9.8
5 61.7 104.6 � 0.1 28.9 � 0.4 169.3 � 0,3 37.1 � 0.3 8.2
reorganize themselves into a more ordered state, resulting in
a predominantly amorphous structure. However, the crystalline
fraction is increased by the presence of MWCNT contents up to
1.25 wt.%, giving raise to a 12.8% crystallinity degree. Further
increase of nanotube concentration results in aggregation of adja-
cent nanotubes, giving rise to MWCNT bundles above the critical
concentration of 1.25 wt.%. This effect yields a reduction of crys-
tallinity together with cold crystallization temperature increase
due to the reduction of nucleation surfaces provided by nanotubes.
Hence, the existence of a critical concentration of MWCNT is
demonstrated as previously observed for PLLA/SWCNT system [46].

3.2. Heat capacity measurements

The evolution of Specific Heat Capacities as a function of the
MWCNT content in PLLA composites in the temperature range
of�10 �Ce20 �C (corresponding all of them to temperatures bellow
Tg) is shown in Fig. 2.

Data scatter showed is due to the small differences in the
arrangement of nanotubes into samples with the same composi-
tion. Three separated regions can be differentiated in function of
carbon nanotube concentration of composites. For concentrations
below 0.75 wt.% nanotubes act as efficient heat transfer elements
through the composite and a decrease on heat capacity is achieved
following the initially expected lowering trend. The specific heat
capacity at 20 �C (see Table 2) decreases from a value of 1.007 J/g �C
in neat PLLA to a minimum of 0.748 J/g �C in its 0.75 wt.% MWCNT
composite counterpart. Then, Cp is smoothly recovered to attain
approximately the value of neat PLLA for 1.5 wt.% MWCNT content.
Finally, larger amounts of MWCNT yield increasing values ranging
from 1.294 J/g �C to 1.487 J/g �C for the 2.5 and 5 wt.% MWCNT
compositions respectively. It is worth noting that the Cp value for
5 wt.% composite exceeds that of neat PLLA in a 47%. This could be
viewed in a first instance as a surprising result since the specific
heat capacity of carbon nanotubes at 293 K is in the range of
0.60e0.68 J/g �C [47e49]; which is quite lower than that of the neat
PLLA.

The disparity between predicted and obtained values and the
presence of a critical concentration at 0.75 wt.% in which the Cp of
nanotubes do not contribute to reducing the heat capacity of the
composites can be associated with the altered heat transfer mech-
anism within the composites induced by the polymerenanotube
and nanotubeenanotube interfaces. In addition, the aggregation of
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Fig. 2. Evolution of the average and standard deviation specific heat capacity of PLLA/
MWCNT composites depending on the carbon nanotube concentration at different
temperatures.



Table 2
The respective average and standard deviation specific heat capacity
values of PLLA/MWCNT composites at 20 �C.

% MWCNT Specific heat capacity, J/g �C

0 1.007 � 0.054
0.75 0.748 � 0.064
1.25 0.877 � 0.062
2.5 1.294 � 0.082
4 1.424 � 0.145
5 1.487 � 0.142
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carbon nanotubes creates a graphitic effect, with interactions
between tubes dampening the 1D nature of the CNT [50]. Thus,
larger amountof aggregation changes theheat capacity behaviourof
carbonnanotubes, resulting in a compositewith higher specific heat
capacity at concentrations above 1.25 wt.%. It deserves to be noted
that this Specific heat capacity enhancement induced by theMWCNT
addition occurs when nanotubes are inefficiently dispersed within
the polymer matrix.
3.3. Thermal conductivity estimation

The heat transfer in carbon nanotubes may be correlated to
a phonon-conduction mechanism. In this paper, we try to under-
stand the thermal-conduction mechanisms involved within poly-
mer/CNT nanocomposites. In this way, thermal conductivity at
room temperature has been worked out through the constitutive
relation:

K ¼ Drcp (5)

whereD is the thermal diffusivity (mm2/s), r is bulk density (g/cm3)
and Cp is specific heat capacity (J/g �C). The error in thermal
conductivity has been estimated by means of error theory as
follows:

DK ¼ DDrCp þ DDrCp þ DrDCp (6)

For this reason, thermal diffusivity and the density of PLLA/
MWCNT composites were measured.

Thermal diffusivity values of composites in function of carbon
nanotube concentration are represented in Fig. 3. As expected from
the large thermal diffusivity of nanotubes comparing with that
of neat PLLA [51e53], an increasing general trend in thermal
0 1 2 3 4 5
0,050
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0,100
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0,150

0,175

D
 [m

m
2 /s

]
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Fig. 3. Thermal diffusivity values of composites as a function on MWCNT concentra-
tion. Deviation corresponds to the resolution of the experimental technique.
diffusivity with the addition of carbon nanotubes is observed. The
evolution of thermal diffusivity with MWCNT content presents
a similar behaviour as for the specific heat capacity; with three
regions depending on the nanotube loading. After the initial drop in
diffusivity for concentrations up to 1.25 wt.% MWCNT, a rapid
increase inD is achieved until 2.5 wt.%. This behaviourmight be due
to the existence of a polymerenanotube interfacial thermal resis-
tance as will be shown later in Fig. 4. Further addition of nanotubes
results in a linear increment of thermal diffusivity, reaching an
increase of 39% for 5 wt.% composite. This increase may be due to
the development of a more extensive conductive network as will be
discussed later.

The theoretical density of PLLA/MWCNT composites was calcu-
lated as follows:

r ¼ 1
uPLLA
rPLLA

þ uMWCNT
rMWCNT

(7)

where uPLLA and uMWCNT are the weight fractions of PLLA and
carbon nanotubes respectively and rPLLA and rMWCNT are the
densities of row PLLA set at 1.2484 g/cm3 (for a crystallinity degree
of 8.77% of the a-form, taking into account the densities of
1.245 g/cm3 for amorphous PLLA and 1.285 g/cm3 for fully crys-
talline PLLA [54]) and the as-received MWCNT (2.0 g/cm3)
respectively. Composite densities were measured by means of gas
displacement technique in a nitrogen atmosphere (Micrometrics
AccuPyc II 1340 Pycnometer) at 23 � 1 �C. Table 3 reports the
average values over four samples of measured densities.

Once thermal diffusivity, bulk density and specific heat capacity
of composites were obtained, the determination of the thermal
conductivity was carried out by means of Eq. (5). Fig. 4 shows
the estimation of thermal conductivity as a function of MWCNT
volume concentration (calculated from the weight fraction of both
components and their densities).

As can be seen, the thermal conductivity of neat PLLA is found to
be 0.165 W/m K, which falls in the typical range for polymers
(0.1e0.2 W/m K). The addition of carbon nanotubes yields a large
enhancement of thermal conductivity, with increased conductivi-
ties of about 100% for a volume fraction of 3%.

As stated above in Figs. 2 and 3 for specific heat capacity and
diffusivity of composites, thermal conductivity also shows three
separated regions as a function of MWCNT. As can be seen, thermal
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Fig. 4. Thermal conductivity of the PLLA/MWNT composite as a function of the volume
fraction. Dots are the experimental results and the line shows the fitting to Eq. (8).



Table 3
Theoretical (from Eq. (7)) and experimental densities (both respective average and
standard deviation values) of PLLA/MWCNT composites.

Wf (%) Vf (%) rtheo. (g/cm3) rmeas. (g/cm3)

0 0 1.2484 1.2517 � 0.0015
0.75 0.45 1.2519 1.2523 � 0.0024
1.25 0.75 1.2543 1.2546 � 0.0018
2.5 1.51 1.2602 1.2611 � 0.0028
4 2.42 1.2675 1.2714 � 0.0022
5 3.04 1.2723 1.2752 � 0.0037
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conductivity drops by 14% with the addition of 0.45 vol.% of
nanotubes. This deviation from the theoretical prediction carried
out by Eq. (8) (see the line in Fig. 4) could seem counterintuitive
since the much larger thermal conductivity of carbon nanotubes
compared with neat PLLA. However, this reduction can be
explained in terms of the presence of an interfacial resistance
between the nanotubes and the matrix in which phonon scattering
reduces the bulk thermal conductivity. As will be shown in Fig. 7,
the arrangement of nanotubes within the polymer matrix also
affects the thermal conductivity since at low concentrations the
nanotubes are separately dispersed and they do not contribute to
the conductive pathway, providing thermal insulator properties to
the composite. After reaching a critical concentration, thermal
conductivity increases with the addition of nanotubes. The pres-
ence of a critical carbon nanotube concentration in which a shift in
the thermal conductivity trend occurs has been previously reported
by several authors [23,55]. It is remarkable that despite the ach-
ieved enhancement on the thermal conductivity is not as high as
expected due to the interfacial thermal resistance effects, the
increase of 100% on the thermal conductivity at 3 vol.% is larger
than that obtained for other polymer/carbon nanotube composites
such as PEEK/MWCNT [22] (133% at 17 wt.% loading), PVC/MWCNT
[23] (1% at 0.7 vol.%), PMMA/SWCNT [24] (150% at 9 vol.%) or PVDF/
SWCNT [25] (19% at 5 wt.%).

The theoretical framework known as Effective Medium
Approach (EMA) describes the effective thermal conductivity in the
case of nanotube composites with randomly oriented nanotubes at
low concentrations. The model developed by Nan et al. [31] takes
into account the thermal conductivity values of both matrix and
nanotubes, the dimensions of the individual rods, as well as the
interfacial resistance at the nanotubes/matrix interface. The effec-
tive thermal conductivity, Ke, reads
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Fig. 5. Carbon nanotube extrapolated average and standard deviation length values
depending on MWCNT concentration.
Ke ¼ Km

�
3þ f ðbx þ bzÞ

3� fbx

�
(8)

where Km is the matrix thermal conductivity (measured in this
work to be 0.165 W m�1 K�1), f is the volume fraction of the
nanotubes.

bx ¼ 2
�
Kc
11 � Km

�
Kc
11 þ Km

bz ¼ Kc
33

Km
� 1 (9)

K11
c and K33

c are the equivalent thermal conductivities along trans-
verse and longitudinal axes of an individual nanotube coated with
a very thin interfacial thermal-barrier layer

Kc
11 ¼ Kc

1þ 2ak
d

Kc

Km

Kc
33 ¼ Kc

1þ 2ak
L

Kc

Km

(10)

where the Kapitza radius ak is defined by ak ¼ RkKm and Rk is the
interfacial resistance at the interface.Kc is the thermal conductivityof
an individual nanotube. Published experimental measurements
[13,14]place this value in a rangebetween1750and3000Wm�1K�1,
while a simulated one gives 6600 W m�1 K�1 [15].

The estimation of the nanotube length for the calculation of the
effective medium approach (EMA) was done by means of dynamic
light scattering (DLS). Fig. 5 shows the extrapolated nanotube
length depending on theMWCNTconcentration. Those values were
obtained by measuring fine-black suspensions of all the composi-
tions after bath ultrasonication for different times and extrapo-
lating those values to t ¼ 0 min. The nanotube lengths are
comprised in a range between 510 and 735 nm, which is notably
smaller than the length of 0.1e10 mm reported by the supplier.
During the melt mixing of composites, the mechanical forces such
as pressing forces, shearing forces and rubbing forces induced by
the two rotors can directly cut the carbon nanotubes. Moreover,
during this process molten PLLA acts as a soft cutting medium
resulting in even an increased shortening effect of nanotubes [56].
It can be noted that an increase in nanotube concentration results
in shorter MWCNT together with a more uniform length distribu-
tion (the standard length deviation is continuously reduced from
45 nm for the 1.25 wt.% composite to 2 nm for the 5 wt.% composite
respectively). Mixing composites with larger amounts of nanotubes
leads to an increased viscosity of composites which results in
stronger shearing forces whenmixing and hence shorter nanotubes
and narrower length distributions are achieved [57]. A critical
length of about 520e540 nm below which the nanotube length
cannot be further reduced is found. So, according to DLS
measurements and TEM micrographs (as shown in Fig. 7), in the
present work, the average diameter of the nanotubes was set to
d ¼ 10 nm, while the length was L ¼ 590 � 90 nm (Eq. (10)).

It is worth to note that the considerable reduction in CNT length
during melt mixing reduced the large aspect ratio of nanotubes,
resulting in less effective reinforcing elements for polymer nano-
composites. Indeed, this reduction of 30% on the nanotube length
with the additionof 5wt.%would lead to larger electrical percolation
thresholds (the electrically conductive three-dimensional network
is achievedat higher loadings) [58] and lower thermal conductivities
for a given concentration (CNT length reduction carries as well
a reduction of the free length of path). Thus, it is suggested that
nanotube length reduction during the mixing process is an impor-
tant issue that has to be overcome in order to obtain an increased
performance of carbon nanotube-based polymer composites.

AvalueofKc¼3000Wm�1K�1wasused for thefittingandagood
agreement was found for the thermal conductivity enhancement
between the model and the experimental values for a thermal
interface resistanceofRk¼ (1.8�0.3)�10�8m2K/W.Rk results are in



Fig. 6. Contact-mode 3D AFM images showing carbon nanotube dispersion within the PLLA matrix at different MWCNT concentration. (a) 0 wt.%; (b) 0.75 wt.%; (c) 1.25 wt.%;
(d) 2.5 wt.%; (e) 4 wt.%; (f) 5 wt.%. XY scales are 50 mm. All height scales are 4000 nm.
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their turn in agreement with the values found in literature for other
nanotube composites, either experimentally [59,60] or through
Monte Carlo simulations [61]. The fitted results are shown in Fig. 5.

There are simpler models for the effective thermal conductivity
which do not take into account neither the thermal resistance
interface, nor the dimensions of the nanotubes [31] but, in order to
fit the results to them, it would be needed to consider an unrealistic
low value of the thermal conductivity of a single nanotube, of about
10e15 W m�1 K�1. This result assesses the importance of using
physically sensible models to interpret the thermal conductivity
of these systems, stressing the role of the interfacial thermal
resistance between the matrix and the nanotubes.

3.4. Microstructural features

It is well known that the obtained morphology influences the
biodegradability as well as the physico-mechanical properties of
resulting PLLA, conditioning the potential uses for biomedical and
packaging applications [62]. The atomic force microscopy (AFM) is
a very resourceful tool for determining the surface topology of
materials giving access to 3D morphology details [63]. Since good
dispersion of carbon nanotubes into polymer matrix is essential
from the aspect of specific heat capacity, thermal conductivity and
thermal diffusivity, AFM studies at room temperature were con-
ducted to analyze the uniformity of dispersions of the filler as well
as for characterize the surface morphology and roughness of PLLA/
MWCNT composites.

Fig. 6 shows the representative AFM 3D surface topology of the
samples containing 0, 0.75, 1.25, 2.5, 4 and 5 wt.% MWCNT. For the
seek of comparison in those images all Z vertical scales were
maintained at 4000 nm. It is worth to note that topology features
are dependant on the carbon nanotube concentration. Increasing
carbon nanotube concentration surface becomes much rougher,
containing larger surface irregularities. Surface remains almost flat



Fig. 7. Conducting pathway for PLLA/MWCNT composites at different concentrations; (left) 0.75 wt.%; (middle) 2.5 wt.% and (right) 5 wt.%. (a) AFM images; (b) TEM micrographs at
11,500�; (c) Schematical representation showing macro-scale (green lines) and micro-scale conducting pathways (pink lines). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 4
Surface morphology parameters (both average and standard deviation values) of
PLLA/MWCNT composites extracted from AFM images.

% CNT Aggregate density (1/mm�2) Roughness parameters (nm)

Ra Rq

0 0 10 � 1 12 � 2
0.75 8000 � 445 19 � 7 25 � 9
1.25 10,400 � 720 28 � 2 35 � 4
2.5 25,400 � 1760 87 � 15 111 � 29
4 28,800 � 2170 102 � 13 134 � 21
5 31,200 � 2620 175 � 19 220 � 34
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with the addition of nanotubes up to 1.25 wt.%. At higher loadings
MWCNT yields a “mountain-valley” feature at micrometer scale
whose valley’s depth ranges from 72 nm for composite containing
1.25 wt.% to 953 nm for its 5 wt.% composite, resulting in a sixfold
rougher surface. As MWCNT content increases some aggregates
appear at top surface, providing more irregular shape and rougher
surfaces in regard to that found in neat polymer.

Table 4 summarizes the quantitative average values over 5
samples of surface roughness parameters of PLLA/MWCNT
composites obtained by AFM. The report of those parameters as
a function of reinforcement concentration allows one to directly
differentiate the effect of carbon nanotubes on PLLA surface
morphology. Results reveal that increasing nanotube loading Rq and
Ra parameters increased notably; indicating that surface becomes
much rougher. The density of the homogenously distributed
aggregates increases from 8000 to 31,200 mm�2 as carbon nano-
tube concentration increases from 0.75 to 5 wt.%. In addition, the
diameter of those nanotube aggregates, as confirmed by AFM
images evolve from 4 mm (at 0.75 wt.%) to 14 mm (5 wt.%). As can be
seen, there is no preferential orientation of aggregates, providing
isotropic thermal properties to PLLA/MWCNT composites. Hence,
AFM analysis reveals that lower degree of reinforcements leads to
negligible amounts of aggregates, showing an almost flat topology.
By means of adding nanotubes to the polymer, however, a larger
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amount of aggregation of MWCNT is found leading to additional
irregularities of the PLLA/MWCNT composites, in which rougher
surfaces are obtained. For instance, the surface roughness of PLLA/
MWCNT 5 wt.% composite was increased by 18 times in regard to
neat polymer.

Fig. 7 shows the carbon nanotube dispersion within the PLLA by
AFM images (Fig. 7a) and TEMmicrographs (Fig. 7b) of the samples
containing 0.75, 2.5 and 5 wt.% MWCNT. For all the concentrations
nanotube aggregates appears randomly distributed over the entire
matrix, with no preferential orientation. Due to the crystalline
graphite structure of nanotubes (they present higher free length of
path and higher number of phonon vibration modes as compared
with neat polymer) the phonon transport within the composites
occurs preferably through the CNT network.

At low concentrations, 0.75 wt.% MWCNT for example, nano-
tubes are observed as separated individual tubes and they do not
contribute to the conductive pathway, providing thermal insulator
properties to the composite. In this region the interfacial thermal
resistance is enough to dismiss the bulk thermal conductivity of
composites. On the contrary, at concentrations larger than
1.25 wt.%, nanotubes are forming an interconnected structure,
providing a thermally conducting pathway which increases the
thermal phonon conduction. In this region the formation of con-
ducting network is enough to counteract the thermal boundary
resistance and the bulk thermal conductivity is increased in regard
to neat polymer, enhancing the efficiency of nanotubes as thermal
conductors in PLLA. Further addition of nanotubes results in higher
density of conductive network with more numerous conduction
pathways, facilitating the phonon transport through the network
and yielding an increased overall thermal conductivity. Moreover,
larger CNT concentrations result in a reduced distance between
percolated nanotubes, which enables easier phonon conduction by
reduced phonon scattering. These morphological features are in
good agreement with thermal conductivity values reported on
Fig. 5, which shows a dual effect of nanotubes on the thermal
conductivity of the resulting composite.

A schematical representation of the development of the ther-
mally conductive pathways with the addition of carbon nanotubes
accomplished by the development of a macro-scale heat conduct-
ing pathways (green lines) formed by CNT aggregates and by the
development of a micro-scale heat conducting pathways (pink
lines) formed by individual carbon nanotubes is shown in Fig. 7c.
The formation of those conducting pathways for concentrations
larger than 1.25 wt.% MWCNT enables a higher free length of path
within the nanocomposite, in which the transport of thermal
energy occurs by phonon-conduction mechanism, enhancing the
efficiency of nanotubes as thermal conductors within PLLA.

Due to the large heat resistance between one nanotube to
another nanotube, better dispersion of nanotubes within polymer
matrix would result in a reduction of direct coupling between
nanotubes, reducing the intense phonon scattering and yielding an
enhancement on the thermal conductivity of composite [64] for
a given MWCNT concentration.

4. Conclusion

In this work the thermal properties of PLLA/MWCNTcomposites
were investigated as a function of MWCNT concentration. Specific
heat capacity, thermal diffusivity and thermal conductivity results
reveal a twofold effect of MWCNT on PLLA heat transfer process. At
concentrations up to 0.75 wt.%, carbon nanotubes reduce the
specific heat capacity of composites by 26%. Larger concentrations
result in larger values of Cp up to 1.487 J/g �C for the 5 wt.%
composite, because of the aggregation effect of nanotubes which
are dampening the 1D nature of the CNT. Thermal diffusivity shows
similar trend of the specific heat capacity. A remarkable enhance-
ment of 100% on the thermal conductivity with a carbon nanotube
volume fraction of 3 vol.% was obtained. At concentrations up to
0.75 wt.% thermal conductivity is reduced with the addition of
carbon nanotubes due to the presence of an interfacial resistance in
which phonon scattering reduces the bulk thermal conductivity.
With further addition of CNT a network of higher density of con-
ducting pathways is achieved and the resulting thermal conduc-
tivity increases. The large polymer-CNT thermal interface
resistance in which a strong phonon scattering occurs reduces the
theoretically predicted thermal conductivity of composite. In this
way, with the aid of the theoretical framework provided by the
effective medium approach (EMA) the thermal interface resistance
was found to be Rk ¼ (1.8 � 0.3) � 10�8 m2 K/W. AFM images and
TEM micrographs reveal the formation of a thermally conducting
pathway for concentrations larger or equal than 2.5 wt.% MWCNT.
At low nanotube concentrations thermal interface resistance is
enough to dismiss the bulk thermal conductivity of composite. On
the contrary, at concentrations equal or higher than 2.5 wt.%,
nanotubes form an interconnected structure, providing a conduct-
ing pathway for thermal transport. In this region the formation of
conducting network is enough to counteract the thermal boundary
resistance and the bulk thermal conductivity is increased in regard
to neat polymer.

In this paper we have explore the possibilities of an important
increase of the thermal conductivity as compared to the electrical
percolation phenomena well known in these materials. Although
the reduction of thermal interface resistance and the improvement
of nanotube dispersionwithin polymer matrix will be necessary for
further applications, those results indicate that carbon nanotubes
can be effectively use for enhancing of thermal conductivity of
PLLA. The next important step towards the complete understanding
of thermal-conduction mechanism will be the measurement of
thermal conductivity at low temperatures and in this way separate
the contribution of electron conduction to the heat transport in
CNT-based polymer nanocomposites. In addition, electrical and
thermal conductivities will be correlated in the future to obtain
further information on the thermal-conduction mechanism in
polymer/CNT composites.
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