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Abstract In this research, boron nitride (BN) acting as both nucleating agent

and thermally conductive filler was melt-mixed with poly(3-hydroxybutyrate)

(PHB). It was assumed that the introduction of BN not only formed thermally

conductive pathways to increase the thermal conductivity of PHB, but also

reduced the interfacial thermal resistance due to the interaction between BN and

PHB. The assumption was confirmed by density test, morphological observation,

and rheological tests. Besides, the introduction of BN improved the thermal

stability of PHB, as well. Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)

(P3,4HB) was introduced as a comparison with PHB to illustrate the effect of

crystallinity on the thermal conductivity of PHB/BN composites. According to

the DSC tests, BN was proved to be a good nucleating agent for both PHB and

P3,4HB. As the wide-angle X-ray diffraction analysis results showed that the

crystal structure of PHB/BN and P3,4HB/BN composites was the same, the

reason that the thermal conductivity of PHB/BN composites was higher than that

of P3,4HB/BN composites at all BN levels was mainly because of the difference

of the degree of crystallinity.
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Introduction

Advance in electronic technologies results in the miniaturization of transistors [1],

which allow more transistors to integrate into one single device. Besides, integration

of transistors produced increasing heat in a smaller volume of space. It is well

known that the working life of a device is closely related to the operating

temperature [2]. Therefore, quick and effective dissipation of the heat generated in

the high packing and power-density devices has become a critical issue to maintain

the performance and stability of electronic devices and demand for the materials of

the product to that possess good thermal conductivity [3, 4]. Meanwhile, the

materials must possess low electrical conductivity [5]. In comparison with other

materials, excellent electrical insulated properties and easily processing have made

thermoset and thermoplastic polymers the basis of rather promising molding

compounds for practical application. Unfortunately, because of the presence of

defects such as polymer chain ends, entanglements, random orientation, and

impurities, the thermal conductivity of typical polymers is usually between 0.1 and

0.4 W mK-1 [6], which is far below the requirement for effectively dissipating the

heat in the devices.

To enhance the thermal transfer efficiency, a convenient method is to incorporate

large amount of thermally conductive fillers such as AlN [7, 8], Al2O [9], SiC [10],

and BN [11, 12] into the polymer matrix to form thermally conductive pathways.

These thermally conductive fillers have attracted such attention primarily due to

their fabulous high thermal conductivities and low electrical conductivities [13]. BN

seems to be the most promising candidate among these thermally conductive fillers

because of its low density (2.2 g cm-3), high mechanical strength (Young’s

modulus 0.7–0.9 TPa), high thermal conductivity (320 W mK-1), and superior

chemical stabilities [14]. A typical BN particle is inorganic with a hexagonal

structure and with an atomically smooth surface, such that it is nearly free of

dangling bonds and charge traps [15]. Usually, a BN crystal possesses high thermal

conductivity in plane, but poor thermal transfer along the vertical direction [16]. Gu

et al. prepared epoxy resin composites filled with BN and the thermal conductivity

of up to 1.09 W mK-1 at 60 wt% BN was obtained [17]. Song et al. prepared PVA/

BN films with a thermal conductivity as high as 30 W mK-1 using 50 vol%

exfoliated BN [18]. Composites with extremely high thermal conductivity

(32.5 W mK-1) filled with BN (the size of BN is about 225 lm) were achieved

by Ishida at a filler loading of 78.5 vol% [19]. These results indicate that the

incorporation of BN as thermally conductive filler is an efficient way to enhance the

thermal conductivity of the composites.

At present, most of the polymers used for the thermally conductive composites

are non-degradable, such as polyurethane [20], polyimide [21], polypropylene [22],

or epoxy resin [23]. Problems like how to dispose them after the usage have aroused

increasing attention. As the awareness of protecting the environment grows, eco-

friendly and biodegradable plastics can be good substitutes and replace part of the

conventional industrial polymers, used in many applications. PHB is one of the

polyhydroxyalkanoate groups, produced in larger quantities by fermentation of
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agricultural waste like sugarcane, using micro-organisms as a source of energy [24].

In addition, PHB is a completely isotactic stereoregular polyester with a high

tendency to crystallize [25]. Therefore, in this study, PHB is chosen as the matrix.

Although there are many studies on thermally conductive polymer, most of the

studies are based on amorphous polymers. The effect of crystallinity on the thermal

conductivity of crystalline polymer composite is seldom investigated. In this

research, BN is used as a good nucleating agent for PHB, meanwhile as one kind of

desired thermally conductive filler. It is the aim to study the factors like crystallinity

that influence the thermal conductivity of the composite. Furthermore, thermal

behavior, crystalline structure, rheological properties, thermal stability, as well as

the morphology of the composite are also investigated.

Materials and methods

PHB and P3,4HB (with 6.5 mol% 4-hydroxybutyrate (4HB) unit) were applied as the

matrix and obtained from TianAn Biologic Materials Co. Ltd (Zhejiang, China). The

density of PHB is 1.25 g cm-3. TheBNpowders (with diameter of 0.3–0.5 lm, purity of

99.5%, and density of 2.25 g cm-3) were purchased from Liaoning Pengda Technology

Co., Ltd (Liaoning, China). They were used as received without any surface treatment.

PHB, P3,4HB, and BN powders were firstly dried in a vacuum at 80 �C for 12 h

before melt mixing. Then, PHB, P3,4HB, and BN powders with different mass

ratios were melt-mixed in a HAAK Rheomix 600 (Karlsruhe, Germany) at 180 �C
for 5 min at a speed of 60 rpm. The PHB/BN composites were prepared with

different BN loading ranging between 0 and 50% by weight. When the content of

BN is over 50 wt%, the viscosity of the PHB/BN composites will increase

significantly which is inconvenient for melt processing. Besides, higher content of

BN will cost longer time to disperse them uniformly; the longer melting time will

cause PHB to degrade. Consequently, 50 wt% BN is chosen as the maximum ratio

in this experiment. PHB/BN composites and P3,4HB/BN composites were then

compressed in a stainless steel mold at 180 �C with pressure of 10 MPa for 3 min.

After that, both composites were quenched to room temperature to obtain samples.

Thermal diffusivity of the composites was determined at 25 �C by the laser flash

method (ASTM E1461) using a Netzsch laser flash thermal diffusivity apparatus

(LFA 427) on a cylindrical sample (disks of 12.7 mm diameter and 2 mm thickness,

the entire surface was coated with a carbon layer by a carbon sprayer). At least three

specimens were tested for each sample to get an average value. Thermal

conductivity was then calculated from the multiplication of thermal diffusivity

(mm2 s-1), density (g cm-3), and specific heat (Jg-1 k-1). The density was

calculated by dividing mass by volume and the specific heat was calculated by DSC.

In SEM analysis, the specimens were first immersed in liquid nitrogen for about

5 min and then cryo-fractured. The fractured surfaces were coated with a thin layer

of gold prior to the examination in a scanning electron microscope (model Japan

JXA-840 ESEMFE).

Rheological behavior of PHB/BN composites was performed on a Physica

MCR2000 rheometer (AR 2000ex USA) at 180 �C. Testing samples were about
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1 mm in thickness. The gap distance between the parallel plates was set at 0.9 mm

for all the tests. Frequency sweep for the all samples was carried out under nitrogen

using 25 mm plate–plate geometry. A strain sweep test was initially carried out to

determine the linear viscoelastic region of the materials at 180 �C, 1.25% strain was

enough to make sure that the melt flow of the samples was at the linear viscoelastic

zone. The angular frequency range used during the test was 0.1–100 rad s-1.

Thermogravimetric analysis (TGA) was performed with a Netzsch STA 409 PC

simultaneous thermal analysis instrument. All samples with weight of 10 ± 0.2 mg

were heated from room temperature to 500 �C at 10 �C min-1 under nitrogen.

WAXD experiments were performed on a D8 advance X-ray diffractometer

(Bruker, Germany) in the range of 10�–40� at a scanning rate of 4� min-1. The Cu

Ka radiation (k = 0.15418 nm) source was operated at 40 kV and 200 mA.

Thermal behavior of PHB/BN composites was performed in a differential

scanning calorimeter DSC (TA instrument, Q20, USA). Indium was used for

temperature and enthalpy calibration. The specimens varied between 5 and 8 mg

were cut from the compressed molded samples, and then placed in a sealed

aluminum pan. All the measurements were performed in nitrogen atmosphere. The

specimens were heated from room temperature to 190 �C at a heating rate of

10 �C min-1, held for 2 min to eliminate the thermal history, then cooled to 0 �C at

a cooling rate of 10 �C min-1. The degree of crystallinity, vc, was calculated from

the areas of the corresponding DSC melting peaks according to:

vc ¼ DHm=DH0 � vPHBð Þ � 100% ð1Þ

where vPHB is the weight fraction of PHB in the composite, DH0 is the heat of fusion

of 100% crystalline PHB (146 J g-1), and DHm is the peak area of the melting range

of consideration.

Results and discussion

Thermal conductivity of PHB/BN composites

Thermal conductivity of PHB/BN composites is presented in Fig. 1. It can be seen

that the thermal conductivity of PHB/BN composites increases gradually with

increasing filler loading. The thermal conductivity of neat PHB is about

0.26 W mK-1 at room temperature. The highest thermal conductivity of

1.37 W mK-1 was obtained when the content of BN was 50 wt%, about five times

higher than neat PHB. The heat transport between the BN particles takes place via

lattice vibration waves (phonons) [26]. It has been known that the polymer

composites having high thermal conductivity can be obtained by maximizing the

formation of conductive networks [27]. At low filler fraction, the thermally

conductive paths may not steadily form completely thermally conductive pathways.

This is because the polymer between the BN gaps will cause phonon scattering at

the interface known as Kapitza resistance, which is one of the main reasons of

reducing heat transfer [28]. While it can be assumed that at higher filler fraction,
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continuous thermally conductive pathways are formed, so that a higher thermal

conductivity is obtained.

Density of PHB/BN composites

Figure 2 shows the density curves as a function of weight fraction of BN. The

theoretical density is calculated from the densities of PHB and BN. The density of

the PHB/BN composites increases with the increasing BN content. In addition, the

real density of PHB/BN composites matches well with the theoretical value. It can

be concluded from the density curves that the interaction between BN and PHB is

strong that very few voids exist in the PHB/BN composites.

Fig. 1 Thermal conductivity of PHB/BN composites

Fig. 2 Density of PHB/BN composites fabricated by different methods
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Morphological observation of PHB/BN composites

The cryo-fractured surface morphologies of neat PHB and PHB/BN composites

with 50 wt% BN are presented in Fig. 3. A typical brittle fracture can be observed

in the surface of PHB (Fig. 3a) which is smooth. The fractured surface of the neat

PHB revealed its nature of weak resistance to crack initiation and propagation [29],

while for composites with 50 wt% BN, the fracture surface exhibits quite rough

morphology, which is originated from the pulling-out of PHB, implying the

inhibition ability of the BN fillers on the propagation and advancing of cracks in the

interface [30]. The increasing high viscosity usually will result in the formation of

voids [31], which are detrimental to the thermal conductivity of the composites.

However, no obvious voids are observed for PHB/BN composites in Fig. 3b. In

addition, when 50 wt% BN was added into the matrix, complete thermal conductive

pathways should be observed in the figure. However, the interfaces between BN

particles and PHB are quite indistinct and BN particles can hardly be distinguished

from the matrix in Fig. 3b even at 50 wt% content. This result is in accordance with

the result obtained from Fig. 2, which also means that the interaction between BN

particles and PHB matrix is quite strong. As BN is a good nucleating agent for PHB,

the interfacial thermal resistivity between BN particles and PHB can be minimized

and improve the thermal conductivity [32].

Rheological properties of PHB/BN composites

Rheological analysis is regarded as an effective way to evaluate the melting

parameters of polymers. The presence of the BN particles has a major influence on

the linear viscoelasticity of PHB matrix. Figure 4 exhibits the storage modulus (G0),
loss modulus (G00), and complex viscosity (g*) versus frequency for the PHB/BN

composites at 180 �C. In Fig. 4c, neat PHB showed typical Newtonian fluid

behavior when the frequency was around 1 rad s-1. The Newtonian behavior even

existed when 10 wt% BN was added. With more BN loading fractions in PHB, the

Newtonian behavior gradually disappeared and the pseudo-plastic shear thinning

behavior became obvious. The storage modulus (G0) and the loss modulus (G00)
versus frequency are shown in Fig. 4a, b. G0 and G00 increased with increasing the

BN content, which is due to the reinforcement of BN. In Fig. 4a, it can be seen that

Fig. 3 SEM micrographs of PHB/BN composites. a Neat PHB; b 50 wt% BN
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Fig. 4 Rheological properties of PHB/BN composites. a Storage modulus (G0); b loss modulus (G00);
c complex viscosity (g*)
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the neat PHB displays a typical terminal behavior at low frequencies. However, this

behavior gradually disappears with the increasing BN. When the BN content

reaches up to 20 wt%, the PHB/BN composites showed solid-like response in the

low frequency, indicating an elastic deformation-dominated flow happened. At this

loading, the interactions between BN particles are strong enough, leading to the

formation of percolated BN network [33]. In this situation, a higher shear force and

a longer relaxation time are needed for the composites to flow.

Thermal stability

Thermal stability is a key factor for polymer materials both in processing and

applications. Figure 5 shows the thermal stability of PHB/BN composites and the

corresponding thermal stability parameters are presented in Table 1. It can be seen

Fig. 5 a TGA curves and b DTG curves of PHB/BN composites
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that PHB decomposes in a single step. PHB composites exhibit the similar

degradation characters in the whole temperature range and start at higher

temperature, which means that all the PHB composites exhibit the same degradation

mechanism. The 5% weight loss temperature (T-5%) and the temperature

corresponding to the maximum rate of weight loss (Tmax) were used to illustrate

the thermal degradation process of the blends. T-5% and Tmax of PHB are 272.4 and

289.1 �C. However, it was obviously to notice that the PHB decomposed at a higher

temperature after the introduction of BN. The T-5% and Tmax of PHB composites

increased by about 11 and 30 �C, respectively, indicating the improvement of the

thermal stability of PHB. At the tested temperature, BN could not be decomposed.

The weight loss of the PHB/BN composites was totally due to the thermal

degradation of the PHB. The thermal stability improvement of the PHB/BN

composites could be explained by the barrier effect of fillers [34], which improved

the resistance to thermal degradation and restricted the diffusion of the decompo-

sition products from the bulk polymer into the gas phase. Consequently, the thermal

decomposition temperature of the PHB/BN composites shifted to a higher level and

the thermal stability of the composites was improved.

Thermal behavior of PHB/BN and P3,4HB/BN composites

To discuss the effect of crystallinity on the thermal conductivity of PHB/BN

composites, thermal behavior should be under investigation at first. P3,4HB [35]

(one kind of PHB-based copolymers) was chosen as a comparison in this

experiment. Figure 6 shows the DSC thermograms of PHB/BN and P3,4HB/BN

composites. Figure 6a, c gives the DSC heating thermograms of PHB/BN and

P3,4HB/BN composites of the first heating run from 0 to 190 �C at a heating rate of

10 �C min-1. The crystallinity of PHB/BN and P3,4HB/BN composites calculated

from the melting peaks according to Eq. (1) obtained from DSC tests is summarized

in Table 2. In Fig. 6a, the melting temperature (Tm) of PHB increases with the

addition of BN, suggesting that the nucleating agent BN enhances the formation of

more perfect crystals. As can be seen from Table 2, with the addition of 20 wt%

BN, the crystallinity of PHB/BN composites reaches the highest. All these results

indicated that the addition of BN increased not only the crystallization but also the

crystal perfection. However, when more BN was added into PHB, it could be clearly

seen from both Fig. 6a and Table 2 that the DHm and crystallinity of PHB/BN

composites slightly decreased. The Tm of the composites with 50 wt% BN is about

Table 1 Thermal stabilities of

PHB/BN composites
PHB/BN T-5% (�C) Tmax (�C)

100/0 272.4 289.1

90/10 276.2 295.9

80/20 277.4 296.1

70/30 279.9 297.5

60/40 281.1 303.2

50/50 283.4 319.4
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3.2 �C lower than that of 10 wt% BN. This decrease can be associated with the

deterioration of the crystal perfection in the presence of fillers. When more BN was

added into the PHB, there were more nucleating sites. Consequently, the thickness

of the crystals became thinner compared with the composites containing lower BN,

leading to the decrease of Tm. DSC thermograms of P3,4HB/BN composites are

shown in Fig. 6c. Two clearly separated melting peaks are detected for neat P3,4HB

and P3,4HB/BN composites. The lower one corresponds to the heterogeneous

crystallization, while the higher one is due to the melting of reorganized crystals

Fig. 6 First heating run of DSC thermograms of PHB/BN and P3,4HB/BN composites

Table 2 Crystallization

parameters of PHB/BN and

P3,4HB/BN composites

Ratio PHB/BN P3,4HB/BN

DHm (J g-1) vc (%) DHm (J g-1) vc (%)

100/0 88.2 60.3 35.8 24.5

90/10 81.3 61.9 34.8 26.5

80/20 72.3 62.0 34.5 29.5

70/30 61.9 60.5 32.4 31.7

60/40 52.4 59.8 24.4 27.9

50/50 43.1 59.0 20.5 28.2
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during the subsequent heating. Crystallinity of P3,4HB/BN composites presented in

Table 2 is calculated from the integration of both melting peaks. Neat P3,4HB

exhibits the lowest melting peaks at about 134 and 148 �C, indicating imperfect

crystals formed in the matrix. With the introduction of BN, both melting peaks

shifted to higher temperatures and the crystallinity followed the same trend as PHB/

BN composites.

In Fig. 6b and d, both PHB/BN and P3,4HB/BN composites were cooled to

-25 �C from the melting temperature at a cooling rate of 10 �C min-1. Usually, the

addition of nucleating agent may effectively accelerate the crystallization of

polymers. Besides, a high melt crystallization temperature and a narrower

crystallization temperature range are considered to be the indicators of fast

crystallization. From Fig. 6b, the crystallization from the melt of nucleated PHB

occurred at higher temperatures with respect to neat PHB (about 45 �C higher) and

this phenomenon could be observed for all PHB/BN composites. In addition, the

crystallization peak became sharper and narrower after BN was introduced implying

that the crystallization became faster and the diversity of crystalline morphologies

became narrower [36]. Similar results can also be found for P3,4HB/BN composites

in Fig. 6d. As expected, the particle surfaces of BN acted as crystalline substrates

onto which the polymer chains were more easily adsorbed and folded. Heteroge-

neous nucleation enhanced the nucleation rate in a higher temperature region, thus

resulting in a shifting of the crystallization temperature (Tc) value. Therefore, BN is

a good nucleating agent for both PHB/BN and P3,4HB/BN composites. The

crystallization parameters such as the melting enthalpy and the crystallinity are

summarized in Table 2. From Table 2, it can be clearly seen that a small amount of

BN incorporated into the matrix can increase the crystallinity of the composites.

However, the crystallinity of the composites tends to decrease with the increasing

BN content. This is because the increasing BN particles in the PHB and P3,4HB

hinder the movement of polymer molecular chains, consequently leading the

crystallinity of the composites to decrease.

Wide-angle X-ray diffraction

It should be noticed that DSC shows no direct information on the structure

formation of the crystallized PHB/BN and P3,4HB/BN composites. For that

purpose, WAXD analysis, which provides direct information on the crystalline

phases, is applied to the samples under investigation. Figure 7 shows the WAXD

patterns for PHB/BN composites and P3,4HB/BN composites. In Fig. 7a, all the

PHB/BN composites showed the same characteristic diffraction peaks. The peaks

observed at 13.4�, 16.8�, and 22.5� are characteristics of the (020), (110), and (101)

crystalline planes of PHB unit cell [37]. The diffraction peak at 26.1� is due to the

presence of BN crystals and as it can be seen that the magnitude of the peak

increased with the increase of BN concentration in the PHB/BN composites.

Apparently, the diffraction patterns of the PHB/BN blends were similar to one

another, implied that the structure of PHB crystals was not modified by the

introduction of BN particles. In Fig. 7b, one can see that the characteristic

diffraction peaks of P3,4HB/BN composites remain unchanged when compared
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with those of PHB/BN. This phenomenon indicated that P3,4HB/BN composites

and PHB/BN composites share the same crystal structure.

Effect of crystallinity on the thermal conductivity

The comparison of the thermal conductivity of PHB/BN and P3,4HB/BN

composites is shown in Fig. 8. The thermal conductivity of neat P3,4HB is found

to be about 0.23 W mK-1. Thermal conductivity of 0.92 W mK-1 could be

acquired when the BN content was 50 wt%, about four times higher than neat

P3,4HB. However, it is worth noted that the thermal conductivity of the P3,4HB/BN

composites is lower than the PHB/BN composites at all BN levels. The difference of

Fig. 7 WAXD patterns of a PHB/BN and b P3,4HB/BN composites
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thermal conductivity between the PHB/BN composites and the P3,4HB/BN

composites is small at a relatively low content of BN. However, when the BN

fraction loading is higher than 20 wt%, the gaps between the PHB/BN composites

and the P3,4HB/BN composites increasingly enlarge. As the crystal structures of

P3,4HB/BN composites are almost the same as the crystal structures of PHB/BN

according to the XRD results. The main reason that causes the difference between

the two composites consequently can be attributed to the difference of crystallinity.

One can see a significantly different crystallinity between PHB/BN and P3,4HB/BN

composites as summarized in Table 2. This difference can be due to the existence of

4HB units in PHB. The 4HB units in PHB break the regularity of PHB crystals,

acting as defects which restrict the crystallization of PHB. As the better heat

transport can be obtained in the crystalline phase, phonon scattering in the matrix

will become severe because of the increasing amorphous phase. Consequently, the

thermal conductivities of the P3,4HB/BN composites are lower than those of PHB/

BN composites.

Conclusions

In summary, a facile melt mixing process is developed to fabricate thermally

conductive PHB/BN composites with various filler fractions. It was found that the

thermal conductivity of PHB/BN composites was obviously enhanced with the

incorporation of BN particles. The enhancement was attributed to the formation of

thermally conductive pathways, which facilitate the heat to conduct more easily.

SEM images provided that no visible voids are found in the composites. BN

particles could not be clearly identified until using the chloroform to etch the PHB at

the surface, which indicated that the interaction between PHB and BN particles was

quite strong. Rheological properties indicated that the viscosity of PHB/BN

Fig. 8 Thermal conductivity of PHB/BN and P3,4HB/BN composites
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composites increased with the introduction of BN. In the meantime, the thermal

stability of PHB was also improved. Besides, thermally conductive pathways were

formed according to the solid-like response in the low frequency. In this research,

crystallinity that influenced the thermal conductivity of PHB/BN composites was

considered. The comparison between P3,4HB/BN composites and PHB/BN

composites showed the relation between crystallinity and thermal conductivity.

BN was proved to act as strong nucleating agent in both PHB and P3,4HB based on

the DSC results. Even though the thermal conductivities of both PHB/BN and

P3,4HB/BN composites increased with BN content, the thermal conductivity of

PHB/BN composites was higher than that of P3,4HB/BN composites. As there was

no difference between the crystal structures of both composites from the WAXD

reflections, crystallinity was the main reason that caused the difference of the

thermal conductivity. This is because heat is preferred to transfer in the bulk with

higher crystallinity.
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