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Effect of PLA Crystallization on the Thermal Conductivity and Breakdown Strength of

PLA/BN Composites

Lu Bai, Shaodi Zheng, Ruiying Bao, Zhengying Liu, Mingbo Yang and Wei Yang’

Polylactide (PLA), whose crystallinity could be easily tuned, was selected to examine the effect of polymer crystallization on thermal
conductivity (TC) of the polymer composites. Compression-molded PLA/boron nitride (BN) were heat-treated at 120 °C to fabricate highly
crystalline samples. It demonstrated crystallization of the PLA significantly affects TC of the PLA/BN composites. With increased BN content,
the improvement of the TC of PLA/BN composites via crystallization is more obvious. TCs of the crystalline PLA/BN composites with 5 wt%
and 40 wt% BN are increased by 23 % and 47 % in the in-plane direction and are increased by 21 % and 54 % in the through-plane direction
compared to those of amorphous PLA/BN, while TC of pure PLA is increased by 17 % via crystallization. When BN content is 40 wt%, the
in-plane and through-plane TCs of the crystalline PLA/BN are 4.7 W/mK and 0.8 W/mK, respectively. Both the amorphous and crystallized

PLA/BN exhibit high breakdown strengths.

Keywords: Thermal conductivity; PLA/BN composite; Crystallization; Breakdown strength

Received 12 December 2018, Accepted 29 December 2018
DOI: 10.30919/esmm5£195

1. Introduction

With the continuous miniaturization and integration of microelectronics
and emergence of new applications, thermal dissipation is becoming
increasingly critical for the performance, lifetime, and reliability of
electronic devices.”” Thus, the exploitation of effective thermal
management materials is urgently needed to help address this challenge.
Polymer materials with enhanced thermal conductivity (TC) have
become some of the most popular thermal management materials due to
their advantages of good processability, low weight, high electrical
resistivity, high voltage breakdown strength and most importantly, low
cost. However, bulk polymers generally exhibit very low TC in the
range of 0.1-0.5 W/mK,* necessitating the development of highly
thermally conductive polymer-based materials to meet increasing
demands,” which is highly challenging.

Typically, introducing highly heat-conductive fillers, such as carbon-
based materials,”” ceramic fillers,*” and metallic fillers,"*"” into
polymers to increase the TC of polymer composites has been the
conventional approach both in scientific research and industrial
applications. Among these fillers, hexagonal boron nitride (BN) that has
a structure analogous to that of graphite, not only has an extraordinary
intrinsic TC, but is also an excellent electrical insulator. Therefore, BN
has been widely used as an ideal filler to fabricate highly thermally
conductive and electrically insulating polymer composites.™* Actually,
the TC of polymer composites depends on the TCs of both polymers
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and fillers. However, most attention has been devoted to studying the
influences of fillers and the morphological structure of the composites
on TC of the composites, such as filler loading,” filler shape,” particle
size,” and interfacial interaction between the fillers and matrix.”* The
intrinsic performance of the polymer which plays a crucial role in the
overall TC of polymer composites is often neglected in the design of
highly thermally conductive polymer composites.

Researchers have shown that the crystallinity”* and molecular
orientation”” strongly affect the TC of polymers. But the effect of
crystallization and molecular orientation of polymer matrix on the TC of
polymer-based composite cannot be deduced directly from the results of
pure polymers. However, few reports on the effect of polymer
crystallization on the TC of polymer composites are available.”* Zhang
et al” reported that the TC of polyethylene/BN composites was
improved by controlling the crystallization of the polyethylene (PE)
matrix. The results show that the TC of the composites is increased with
increasing crystallinity of the PE matrix, and the stable crystals of PE
were more favorable for enhancing the TC of the PE/BN composites.
Polylactide (PLA) is a promising environmentally friendly polymer
material, " and the development of the application of environmentally
friendly materials becomes more and more important.™ But low
thermal conductivity of PLA restricts its applications in engineering and
electronic fields and the influences of some basic features of PLA itself
on the thermal conductivity have not been well-understood. By taking
advantage of very low crystallization kinetics, a wide range of degrees
of crystallinity of PLA can be easily achieved by carrying out
isothermal crystallization for different periods of time.” The effect of
crystallinity on the TC of PLA has been systematically studied in our
previous work.” The results show that TC of PLA increases with
increasing crystallinity, but the increment is not significant. To expand
the applications of PLA materials, many studies have been conducted to
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improve the TC of PLA by means of compounding with thermally
conductive fillers,"” which were generally focused on the fillers and did
not pay enough attention to the PLA matrix. Thus, it is necessary to
clucidate the effect of crystallization on the TC of PLA-based
composites.

In this work, BN with different mass ratio was melt compounded
into PLA matrix by twin-screw extrusion. Two series of PLA/BN
composites with highly crystalline PLA matrix and amorphous PLA
were fabricated via compression molding at 190 °C for 3 min. One of
these was then heat-treated at 120 °C for 20 min while the other one
was not. Morphology of the composites, crystallinity of the PLA matrix,
filler orientation, TC and breakdown strength of the as-prepared
composites were comprehensively examined and the effect of PLA
crystallization on the TC of PLA/BN composites was discussed.

2. Experimental Section

2.1 Materials and sample preparation

PLA (trade name 4032D, Nature Works LLC) was used as the polymer
matrix. The weight average molecular weight (Mw) and the
polydispersity index (PDI) of PLA are 2.1x10° g/mol and 1.7,
respectively. Hexagonal boron nitride (h-BN) with the lateral size of
10~15 1 m and purity of 99.0 % was supplied by Eno Material, China.
PLA granules and BN fillers were dried in an oven at 60 °C for 12 hrs,
then melt compounded in a twin-screw extruder with a rotational speed
of 180 rpm at 190 °C. Then, the extruded composites were compressed
into sheets with a thickness of approximately 0.5 mm at 190 °C for 3
min under a pressure of 10 MPa. The melted PLA and PLA composites
were immediately transferred to crystallize isothermally at 120 °C for 0
min or 20 min under a pressure of 10 MPa and then cooled rapidly to
obtain amorphous or crystallized samples that were designated as BNX
and BNX-20, where X represents the weight fraction of BN (0, 5, 10,
20, 30 and 40 wt%) in the composites.

2.2 Characterization

2.2.1 Differential scanning calorimetry (DSC)

PLA and PLA/BN composites were examined by DSC (Q20, TA
Instruments, USA) from 40 °C to 190 °C with a heating rate of 10
°C/min under a nitrogen gas flow of 50 mL/min. The degree of
crystallinity of PLA and the composites is calculated using Eq.(1).

X =100% x (AH,, - AH_)/AH,,, 1)

where AH,,, represents the melting enthalpy of a 100 % crystalline PLA,
and is taken to be 93 J/g”.

Specific heat measurements of all the samples were performed by DSC
in the modulated mode (Q20, TA Instruments, USA) in the temperature
range of 0 - 50 °C at a heating rate of 3 °C /min under a nitrogen gas
flow of 50 mL/min.

2.2.2 Scanning electron microscopy (SEM)

Cross-sections of all the samples were prepared by fracturing after the
samples were immersed in liquid nitrogen for 30 min. After coating
with gold, the fractured surfaces were observed with an SEM (Inspect F,
FEI Company, USA) operating at an accelerating voltage of 5 kV.

2.2.3 X-ray diffraction (XRD) measurement

XRD patterns of PLA and PLA/BN compression molded sheets were
recorded with a Rigaku Ultima IV diffractometer using a Cu Ka
radiation source (A=0.154 nm, 40 kV, 25 mA) in the scanning range of
20 =10-90° at a scan speed of 10 °/min at room temperature.
Measurements were performed for both in-plane and through-plane
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directions (Fig. S1) for each sample.

2.2.4 Density measurement
The density of the PLA/BN composites was measured using an MH-
120E density meter according to the Archimedes principle.

2.2.5 Thermal diffusivity measurement

Round BNX and BNX-20 disks with the diameters of 12.7 and 25.4
mm, respectively, were cut for through-plane and in-plane thermal
diffusivity tests, respectively. Prior to testing, the thickness and diameter
of samples were measured, and both surfaces of the samples were
evenly sprayed with a thin graphite layer. The samples were then fixed
according to the required test pattern and placed in the test chamber at
25 °C (LFA467, Netzsch, Germany).

2.2.6 Infrared thermal imager characterization

An infrared thermal imager (Fluke Ti27) was used to measure the
temperature variation of an LED (1 W) with the thermal conductive
composites as the heat dissipation substrate when the LED was turned
on. Then, software (SmartView 3.6) was used to capture the temperature
of LED within 5 min.

2.2.7 Breakdown strength test

The AC dielectric strength was measured using a Beijing Guance DDJ-
50K instrument with round disks (¢ 25.4 mm) cut directly from the
composite plates. The specimens were inserted between a pair of
spherical brass electrodes with a diameter of 25 mm and then the whole
system was immersed in the electrical insulating oil, serving as
insulating medium. During testing, the voltage was raised at a rate of
0.2 kV/s. The applied voltages at breakdown were then normalized
according to the sample thickness in order to express the breakdown
strength in kV/mm.

3. Results and Discussion

Figs. 1(a) and 1(b) show the first heating curves of PLA and PLA/BN
composites without and with the isothermal treatment at 120 °C for 20
min, respectively. Significant cold crystallization of the amorphous
regions of all of the samples without the isothermal treatment was
observed during the heating ramp (Fig. la). In contrast, the cold
crystallization phenomena completely disappear for the PLA/BN
composites with the isothermal treatment. This indicates that the
crystallinity of PLA and PLA/BN composite was strongly improved by
isothermal treatment at 120 °C for 20 min. The crystallinity values
calculated using Eq. (1) are listed in Table 1. It is observed that PLA in
PLA/BN composites with different BN contents without the isothermal
treatment show very low crystallinity and can be considered as
amorphous. After 20 minutes of isothermal crystallization at 120°C, the
crystallinity of PLA in PLA/BN composites increased significantly,
reaching as high as 50 %. It was also found that the differences between
the crystallinity values of PLA were very small despite the different BN
content. This means that series of amorphous and crystallized composite
materials were prepared successfully, providing good samples for the
study of the effect of crystallization on the TC of the composites.

The SEM images of the cross-sections of the PLA/BN composites
are shown in Fig. 2 (5 % &40 % BN) and Fig. S2 (10 %, 20 % & 30 %
BN). It is observed that whether the composites were isothermally
treated at 120 °C or not, the majority of BN flakes are aligned along the
in-plane direction of the sample under the pressure of compression
molding. Similar orientation degree among the composites with different
BN contents is also observed.
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Fig. 1 First melting curves of PLA and PLA/BN composites without (a) and with (b) isothermal treatment at 120 °C.

Table 1 Crystallinity of PLA and PLA/BN blends with and without isothermal crystallization at 120 °C.

Crystallinity (%)
BN contents (%) 0 5 10 20 30 40
BNX 0 1 2 3 4 3
BNX-20 49 52 53 53 53 55

Fig. 2 SEM images of amorphous (a & b) and crystallized (a' & b', 20 min isothermal crystallization at 120 °C) PLA/BN composites with 5 %, and 40 %
of BN.
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Fig. 3 XRD patterns of PLA/BN composites in the directions of through-plane (a) and (b) in-plane, and (c) orientation factor (I,,/(I,, + I,)) of PLA/BN

composites.

To further characterize the degree of orientation of BN in PLA/BN
composites, the XRD patterns of compressed samples in the in-plane
and through-plane directions are shown in Fig. 3 for the composites
with 5 % and 40 % BN flakes. The results show that the peaks
corresponding to crystalline planes of BN obtained from the through-
plane direction (Fig. 3a) and the in-plane direction (Fig. 3b) are
completely different, clearly demonstrating that BN flakes are oriented
in the polymer matrix.” The 1,/(I,,, + I,,) tatio extracted from Fig. 3b
can be used to characterize the degree of orientation of BN flakes in the
PLA matrix and is shown in Fig. 3c. It is observed that isothermal
crystallization does not influence the degree of orientation of the BN
flakes in the PLA matrix, and the degree of orientation is basically
unchanged with the increase in the BN content, with values of
approximately 0.7 obtained in all cases. It is noted that when the BN
flakes are ideally oriented, the orientation ratio I,,/(I,, + I,,) should be
1.0. This means that BN flakes have a high degree of orientation in the
PLA matrix by compression molding. The XRD results are well
consistent with the SEM observations (Fig. 2). Thus, the degree of
orientation will not affect the TC of the samples. It is also observed
from Fig. 3(b) that the diffraction peaks of PLA crystals are present in
the BN5-20 and BN40-20 samples, but the corresponding peaks are not
observed in BN5 and BN40, indicating that the isothermal treatment at
120 °C for 20 min made PLA highly crystallized, while the samples
without the isothermal treatment were amorphous. This is also
consistent with the DSC test results described above.
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TC of the composites can be derived using Eq. (2):
k=ax pxCp @

where p is the bulk density and Cp is the specific heat at a given
pressure. The thermal diffusivity (o)) values were measured by the laser
flash method which is a noncontact transient thermal measurement
method widely used for measuring the thermal diffusivity. The detailed
results are listed in Table S1. Using all of these parameters, TC was
calculated and shown in Fig. 4. It shows that TCs of crystallized
PLA/BN composites in both in-plane and through-plane directions are
higher than those of amorphous PLA/BN composites. With
crystallization, the phonon mean free path was increased, resulting in
the increase of thermal conductivity. Whether the composites were
isothermally treated or not, they exhibit increased TC in both in-plane
and through-plane directions with increasing BN content. At the same
BN content, the TC of PLA/BN composite in the in-plane direction is
much higher than that in the through-plane direction. When the content
of BN is 40 %, the in-plane TC of crystallized PLA/BN composite
reaches 4.7 W/mK, and the through-plane thermal conductivity can even
reach 0.8 W/mK. The TC of the BN flake itself in the in-plane direction
is greater than its TC in the through-plane direction™. According to the
obtained SEM and XRD results, BN flakes are highly aligned along the
in-plane direction of the compression molded specimen, giving rise to
the outstanding heat dissipation capability of the composite in the
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Fig. 4 Thermal conductivity of PLA/BN composites with and without
isothermal crystallization at 120 °C for 20 min.

orientation direction.

The TCs of the composite in the different directions show a critical
dependence on the orientation of the fillers.” The in-plane TCs of all of
the PLA/BN composites are plotted vs. the through-plane TCs in Fig. 5.
It is observed that the in-plane TC increases linearly with the through-
plane TC, and all of the experimental points fall on a straight line. This
demonstrates that the degree of orientation of BN in both BNX and
BNX-20 are the same, consistent with the XRD results described above.

To further explore the effect of crystallization on the TC of the
composites, the rates of increase in the TCs of the composites were
calculated and are presented in Fig. 6. Fig. 6(a) shows the contribution
of crystallization to the TC of the composite in both the in-plane and
through-plane directions with the increase in the BN content. According
to the results, the contributions of crystallization to the TC of the
composites are not identical. With increasing BN content, the
crystallization contribution to the composite TC becomes more
pronounced. The TC of pure PLA was increased by 17 % after
crystallization, while the TC of the crystallized PLA/BN composites
with 5 % and 40 % content of BN increased by 23 % and 47 %,
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Fig. 5 Relationship between the in-plane and through-plane TCs of
PLA/BN composites.

respectively, in the in-plane direction, and increased by 21 % and 54 %,
respectively, in the through-plane direction relative to those of BNS and
BNA40.

Fig. 6(b) analyzes the contribution of the BN content to the TCs of
crystalline or amorphous PLA/BN composites. The rate of increase in
the composite TC increases with increasing BN content for both
directions. On the other hand, the increase in the TC values of the
crystallized BNX-20 composites with increasing BN content is larger
than that of the amorphous BNX composites. When the mass fraction of
BN is 5 %, the TC of amorphous PLA/BN is 608 % higher than that of
amorphous PLA in the in-plane direction, while the TC of crystallized
PLA/BN is 626 % higher than that of crystallized PLA in the in-plane
direction, which is 1.03 times that of the amorphous composite. When
the content of BN increases to 40 %, the in-plane TC of amorphous
PLA/BN is increased by 1848 % compared with that of amorphous
PLA, while the in-plane TC of crystallized PLA/BN is increased by
2280 % compared with that of crystallized PLA, which was 1.23 times
that of the amorphous composite. This means that PLA crystallization is
more effective in promoting the increase in the TC of the composites,
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Fig. 6 Enhancement of thermal diffusivity of PLA/BN blends (a) with isothermal crystallization at 120 °C and (b) with the addition of BN.
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Fig. 7 (a) Temperature variation of LED with working time and the
infrared image of working LED by using (b) amorphous PLA (BNO),
(c) crystallized PLA (BN0-20) and (c) crystallized PLA/BN (BN40-20)
as heat dissipation substrates after 200 s.

and this effectiveness is more obvious at higher filler content.

To visually verify the enhanced TC of crystallized PLA/BN
composites, BNO, BN0-20 and BN40-20 specimens were used as the
heat dissipation substrates of LED lamps, and the temperature changes
of the LED lamps were recorded with an infrared thermal imager. The
results are shown in Fig. 7. Fig. 7a shows the temperature variation of a
light-emitting-diode (LED) during 300 s. It is clearly observed that the
temperature differences of the LED after 50 s is different for different
heat dissipation substrates. Because 80-90 % input energy of the LED
will be converted to heat and due to the different heat dissipation
abilities of the substrates, the temperature of the LED with the
amorphous PLA (BNO) as heat dissipation substrate increases sharply,
while the temperature shows a much slower increase when the
crystallized composite BN40-20 is used as the heat dissipation substrate.
After a certain period of time, the temperature of the LED tends to
become stable. The time of stabilization is in the order of BNO>BNO-
20>BN40-20. Fig.7 b-d gives the temperature of LEDs after 200s. The
LED temperature is stable, and the LED temperature with BN40-20 as
the heat dissipation substrate is the lowest, 22.8 °C, while the stable
temperatures are 26.1 °C and 25.4 °C when using BNO and BNO0-20 as
the heat dissipation substrates. These results also indicate that the
crystallization of PLA leads to good TC of PLA/BN composites.

Breakdown strength is a key parameter for the use of an insulation
material in practical applications. Fig. 8 shows that crystallization
increases the BD strength of pure PLA,” but with the addition of BN
flakes, the BD strengths of crystallized PLA/BN composites are slightly
lower than those of the amorphous PLA/BN composites. Unfortunately,
compared with the amorphous PLA/BN composites, the crystallized
PLA/BN composites have some small pores in the matrices as observed
in Fig. S3, dominating the decrease in the BD strength of the
crystallized PLA/BN composites. With increasing content of the BN
flakes, the BD strength of the composite first increased and then
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Fig. 8 AC Breakdown strength of PLA/BN composites without and
with isothermal crystallization at 120 °C.

decreased slightly, which had nothing to do with PLA crystallization.
BN flakes are small platelets, and it is known from the results of SEM
and XRD given above that most of the BN flakes are oriented
perpendicular to the direction of electric field, effectively preventing the
electron transfer through the composites and endowing it with excellent
insulating properties. However, taking BN10 & BN10-20 samples as an
example, clear gaps between the polymer matrix PLA and BN flakes
can be observed in the magnified SEM images (Fig. S3), indicating that
the interfacial adhesion of PLA and BN flakes is rather poor. The poor
interfacial adhesion decreases the BD strength of the composite. When
the BN content is too high, many defects will appear in the composite,
resulting in the gradual decrease in the BD strength of the composite. It
also shows that the breakdown (BD) strengths of all of the PLA/BN
composites were larger than that of PLA. All of the BD strengths of
PLA/BN composites are higher than 40 kV/mm, and the highest value
reaches as high as 60 kV/mm, showing the excellent insulating
properties.

4. Conclusion

PLA/BN composites with different BN contents were melt compounded
with a twin-screw extruder. The amorphous and crystallized states of the
PLA matrix were tuned by compression molding and isothermal
treatment at 120 °C. Morphology of the PLA/BN composites,
crystallinity of the PLA matrix, filler orientation, thermal conductivity
and breakdown strength of the as-prepared composites were
comprehensively examined. The results show that the two series of
PLA/BN composites are amorphous and highly crystalline with a
crystallinity of approximately 50 %. BN flakes are highly oriented in the
PLA matrix along the in-plane direction, and the degree of orientation is
independent of the BN contents and PLA crystallization. TC values of
the PLA/BN composites increases with increasing BN content and PLA
crystallization further improves the TC of the PLA/BN composites, and
the improved effectiveness was related to the BN content. A more
obvious improvement of both in-plane and through-plane TC is obtained
after isothermal crystallization with increasing BN content. The TC of
pure PLA is increased by 17 % via crystallization, while the TC of
crystallized PLA/BN composite with 5 % and 40 % BN content are
increased by 23 % and 47 %, respectively, in the in-plane direction and
increased by 21 % and 54 %, respectively, in the through-plane
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direction compared to those of BNS and BN40. Both amorphous and
crystalline PLA/BN composites show quite high breakdown strengths.
The results provide supporting for the fabrication of highly thermally
conductive polymer composites.
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