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Abstract
Poly(butylene succinate) (PBS) nanocomposites filled with nanoprecipitated calcium carbonate (NPCC) were prepared via

melt blending. The hybrid materials were crystallized under isothermal and non-isothermal conditions in order to

understand the influence of NPCC on the crystallization behavior of PBS matrix. For both of these conditions, the

nucleating effect induced by the addition of NPCC was clearly shown by differential scanning calorimetry (DSC) addi-

tionally to an increase of crystallinity. The analysis of isothermal crystallization by Avrami theory allowed to notice a

variation of the crystallization mechanism in the presence of the filler and the apparition of secondary stage crystallization.

The nanocomposites exhibited higher nucleation activity than the neat PBS and a faster crystallization process as indicated

by the values of the half-time of crystallization. Ozawa and Mo theory applied on DSC data highlighted the variations of

PBS crystallization behavior in the presence of NPCC. Finally, the crystallization ability of each material was evaluated via

the theories of Takhor and Augis–Bennett. The crystallization activation energy showed a promotion of polymer chain

diffusion that was correlated with the simultaneous apparition of secondary crystallization stage.
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Introduction

In the past few years, the investigation in academic

research on nanocomposites has grown with a great interest

[1–4]. The attention focuses particularly on nanometer-

sized fillers since for the same volume fraction, they con-

tain a billion fold number of nanoparticles compared to the

usual micrometer-sized fillers [5]. Thus, hybrid nanoma-

terials made from thermoplastics such as poly(lactic acid)

(PLA) [6] or poly(ether ether ketone) (PEEK) [7] have

been largely described in the past few years.

Among the existing thermoplastic polymers, the poly(-

butylene succinate) (PBS) is a semicrystalline aliphatic

polyester employed in a wide range of applications due to

its high mechanical properties and processability [8]. This

promising thermoplastic matrix is commercially available

and displays many desirable properties such as thermal and

chemical resistance. The study of neat PBS crystallization

has been described before in the literature. From the DSC

technique, Yasuniwa and Satou [9] investigated the crys-

tallization and melting behavior of PBS presenting differ-

ent molecular weights and evidenced the presence of

double melting peaks for melt crystallized samples.

Besides, Yoo et al. [10] have highlighted the presence of

two kinds of morphologically different crystallites of PBS.

With observing the crystallites melting behavior, the

authors attributed them to the original formed crystallites

that melt at lower temperature and to the recrystallized

crystallites that melt at higher temperature. As the PBS

appears to be a promising polymeric material at industrial

scale, several types of fillers such as clay [11] or carbon
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nanotubes [12] were used to modify its microscopic

structure and so its final properties. The microscopic

structure is tightly linked to the crystallization of the

polymer matrix and so a careful attention has to be paid on

the crystallization kinetics of polymers [13, 14].

According to this, many studies investigated the effect

of a filler onto the crystallization of PBS. The work of

Tan et al. [15] highlighted the promotion of PBS crystal-

lization from the presence of surface-treated carbon nan-

otubes. Moreover, it appeared from the work of Bian et al.

[16] that the silica induces a nucleating effect onto the

crystallization of this polymer. The isothermal crystalliza-

tion of neat PBS was investigated previously by

Papageorgiou et al. [17], but other studies focused on the

isothermal crystallization of PBS/carbon nanotubes [15]

and PBS/layered double hydroxide [18] systems. Calcium

carbonate is as well widely used as a filler in nanocom-

posites materials such as plastics or rubbers [19].

Jiang et al. [20] studied the effect of nanosized calcium

carbonate on the polylactic acid (PLA) crystallization.

They showed that the insertion of this filler leads to an

enhancement of PLA crystallization ability. Additionally,

the work of Yang et al. [21] studied the crystallization of

polypropylene (PP) in the presence of calcium carbonate

nanoparticles. The authors highlighted then a decrease of

PP crystalline size with the introduction of this filler.

However up to our knowledge, no investigations were

performed on PBS crystallization kinetics in the presence

of nanoprecipitated calcium carbonate (NPCC).

The NPCC displays several interesting properties such

as a high specific surface area and a high interaction at the

interface with the polymer, inducing thus nanometer size

effects. Whereas the most used industrial synthesis method

corresponds to the CO2 bubbling into slaked lime, the

present nanoparticles were elaborated by nano-precipita-

tion method. It must be stressed here that the intrinsic

properties of each type of synthesized calcium carbonate

nanoparticle is strongly linked to the experimental

parameters, such as the type and the concentration of

additives [22]. Thus, the calcium carbonate may induce

different behaviors of PBS matrix crystallization according

to the experimental conditions employed for its synthesis.

Consequently, this paper proposes a new detailed study

of the effect of NPCC onto PBS isothermal and non-

isothermal crystallization kinetics. Several studies employ

the in situ polymerization of monomers in presence of

nanoparticles [23, 24]. In order to disperse uniformly the

nanoparticles, some methods involve specific processes,

conditions and high costs that are limited to the laboratory

scale. The present work shows an interest since the NPCC

is synthesized ex situ. Compared to the others synthesis

methods of calcium carbonate nanoparticles, the controlled

nano-precipitation process allows to obtain ultrafine

calcium carbonate with a uniform shape, size and size

distribution. With considering the engineering point of

view, it appears that the melt blending of preexisting

nanoparticles with polymers is more efficient than other

methods [21]. After the elaboration of the samples and the

verification of filler dispersion by scanning electron

microscopy (SEM), the crystallization at different cooling

rates and the melting of PBS nanocomposites were then

studied by differential scanning calorimetry (DSC). The

combination of thermodynamic data such as the crystal-

lization temperature, the crystallization half-time and the

melting enthalpy was used to understand the effect of

NPCC onto PBS crystallization. The correlation of these

data with the results of wide angle X-ray diffraction

(WAXD) analysis allowed to verify the final crystalline

state of the samples. From the DSC data, the isothermal

crystallization was firstly analyzed by Avrami theory

[25, 26]. From the non-isothermal measurements, the

nucleation activity of NPCC was evaluated using Dobreva

method [27]. The non-isothermal DSC data were also

computed via the theories of Ozawa [28] and Mo [29] and

consequently contributed to study the crystallization

kinetics of the samples. Finally, the activation energy of

crystallization was investigated by Takhor [30] and Augis–

Bennett [31] theories in order to highlight the crystalliza-

tion ability of each material.

Materials and methods

Preparation of the nanocomposites

The PBS employed in this study has been purchased from

Mitsubishi Chemical Co., Ltd., Japan. NPCC nanoparticles

produced by precipitation [32] were provided by Behn

Meyer Chemical, Bangkok. The average diameter of the

nanoparticles is * 40 nm with a narrow particles size

distribution of ± 15 nm and a specific surface

area[ 40 m2 g-1. These nanoparticles present a spherical

morphology and a crystalline structure according to SEM

observation and WAXD analysis, respectively (Online

Resource). The NPCC and PBS were first dried overnight

at the temperature of * 60 �C. PBS nanocomposites filled

with 5 (PBS/NPCC5) and 10 wt.% (PBS/NPCC10) of

NPCC nanoparticles were then prepared via a twin screw

extruder (ThermoPRISM DSR-28, Brabender Technologie,

Duisburg, Germany). A screw speed of 20 rpm was used

and the temperatures used in the extruder line to process

the nanocomposites were ranged between 110 and 130 �C
and above the melting temperature (Tm) of PBS previously

estimated at * 115 �C from differential scanning

calorimetry (Diamond DSC, Perkin-Elmer, Norwalk,

Connecticut, USA). The extrudates obtained from the twin
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screw extruder were finally cut into small pellets via a

cutting-machine (LZ-80/VS, Labtech Engineering Co.,

Ltd., Samutprakarn, Thailand) with a wheel speed of

8 m min-1 and a pellet length set at 2.75 mm. Finally, the

pellets were placed in a compression molding machine

(LP-S-50 Labtech Engineering Co., Ltd., Samutprakarn,

Thailand) to fabricate composite sheets with a thick-

ness\ 1 mm. The compression molding was performed by

cooling the samples from 130 �C to room temperature at a

pressure of 4 MPa.

Experimental

The morphology of the different nanocomposites was

examined by scanning electron microscope (SEM JSM

6480LV, JOEL Ltd., Tokyo, Japan) using an accelerator

voltage of 20 kV. Prior to the analysis, the samples were

fractured at ambient temperature in order to observe the

fracture surface area. The samples were then mounted on a

sample holder and coated with gold using an intensity of

20 mA.

X-ray diffraction analysis was performed using a wide

angle X-ray diffractometer (Bruker AXS Diffractometer

D8, Bruker, Karisruhe, Germany). The CuKa radiation

(k = 0.1542 nm) was employed for the analysis, and the

sealed tube was operated at 40 kV and 40 mA. The

diffraction patterns were recorded at the values of 2h
ranging from 10� to 35� with a scanning rate of 2.4� min-1.

The overall degree of the crystallinity for each sample was

measured as indicated in the literature [33]:

XcðWAXDÞ ¼ Ac

Ac þ Aa

� 100% ð1Þ

with Ac and Aa the integral area of crystal peak and the

amorphous area, respectively.

DSC runs were performed on a Diamond DSC (Perkin-

Elmer, Norwalk, Connecticut, USA) equipped with two

platinum–iridium furnaces containing the sample and the

reference. PYRIS� software was used for data analysis.

Calibrations of temperature, enthalpy, and tau lag were

steadily done by using indium standard. Samples of about

7 mg were placed in 40 lL aluminum crucibles hermeti-

cally sealed. All the experiments were performed under a

N2 atmosphere (80 mL min-1). For isothermal measure-

ments, the samples were melted at 180 �C for 1 min in

order to erase their thermal history then were quickly

cooled to an isothermal crystallization temperature using a

cooling rate of 40 �C min-1 and held at this temperature

until crystallization has completed. The isothermal crys-

tallization temperatures employed here are 75, 75.5, 80,

82.5, 85, 87.5, and 90 �C. This range of crystallization

temperatures was selected from a previous study on the

isothermal crystallization of PBS [18]. For non-isothermal

measurements, all the samples were firstly melted at

180 �C for 1 min in order to erase their thermal history and

were crystallized using various cooling rates at 2, 5, 10, 15,

and 20 �C min-1. DSC scans were repeated in order to

ensure the reproducibility and the reliability of the analysis.

An optical microscope (Olympus BH2 UMA, Lake

Success, New York, USA) was used to observe the mor-

phology of PBS spherulites after its crystallization. In order

to erase the thermal history, each sample was first melted at

180 �C via DSC; the crystals were formed by cooling down

the samples until 25 �C with a rate of 2 �C min-1. The

uniform flat film of polymer obtained after cooling was

consequently placed on the microscope glass slide prior to

observation.

Theoretical approaches

Avrami theory

The Avrami theory [25, 26] can be used to study isothermal

crystallization [6] and is expressed as:

Xt ¼ 1� exp �ktnð Þ ð2Þ

with Xt the relative crystallinity at time t, k the Avrami rate

constant and n the Avrami exponent. The previous equation

can be modified with using a double-logarithmic function

as presented in Eq. 3.

ln �ln 1� Xtð Þ½ � ¼ lnk þ nlnt ð3Þ

The physical meaning of n corresponds to the mecha-

nism of nucleation and growth geometry, whereas k corre-

sponds to the overall crystallization rate constant involving

both nucleation and growth rate. The plot of

ln(- ln(1 - Xt)) versus ln t allows to obtain the values of

n and k that are determined, respectively, from the slope

and the intercept of the obtained lines.

Nucleation activity

The evaluation of the nucleating activity (W) of a foreign

body in a polymer matrix is performed via the method of

Dobreva and Gutzow [27]. In this theory, W is defined as a

parameter related to the variations of nucleation process

with the addition of a filler. When the filler is extremely

active for the nucleation process W approaches 0; however,

if the filler appears to be inert, W approaches 1. In the case

of homogeneous nucleation, the cooling rate b is related to

Tc by the equation below:
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ln b ¼ A� B

2:3DT2
c

ð4Þ

where DTc = Tm - Tc. For heterogeneous nucleation the

equation becomes:

ln b ¼ A� B�

2:3DT2
c

ð5Þ

and W is expressed as:

w ¼ B�

B
ð6Þ

The plot of ln(b) versus 1/DTc
2 should result in a single

straight line. A is defined as the intercept, B and B* are the

slope of the straight line for the neat polymer and the

nanocomposite, respectively.

Ozawa theory

The description of non-isothermal crystallization of poly-

mers can be performed by Ozawa’s method [28]. In Oza-

wa’s method, the relative crystallinity is expressed as a

function of the cooling rate (b) via the equation:

1� Xc Tð Þ ¼ exp �K Tð Þ=bm½ � ð7Þ

with K(T) the Ozawa crystallization rate constant and m the

Ozawa exponent. The double-logarithmic form of Eq. 7

leads to the equation:

ln � ln 1� Xc Tð Þð Þ½ � ¼ lnK Tð Þ � mlnb ð8Þ

According to Eq. 8, the plot of ln(- ln(1 - Xc(T)))

versus ln b at a given temperature is represented by a

straight line when the Ozawa’s method is valid. In this

theory, K(T) is consequently calculated as the antiloga-

rithmic value of the intercept, and m is obtained via the

negative value of the slope.

Mo theory

The method developed by Mo [29] is used to describe the

non-isothermal crystallization process and corresponds to

the combination of Ozawa and Avrami equations:

lnZt þ nln t ¼ ln K Tð Þ � m lnb ð9Þ

In the non-isothermal crystallization process, the phys-

ical variables such as the degree of crystallinity Xc, the

cooling rate b, and the crystallization temperature T are

involved. The cooling rate is then correlated to the crys-

tallization time or temperature and to the morphology of

crystals. The model is finally expressed from Eq. 9 as

defined below:

lnb ¼ lnF Tð Þ � b ln t ð10Þ

with

FðTÞ ¼ KðTÞ=Zt½ �1=m

the value of the cooling rate chosen at the unit of crystal-

lization time when the system has a certain degree of

crystallinity and b the ratio of Avrami exponent to Ozawa

exponent (i.e., b = n/m). According to Eq. 8, the plot of ln

b against ln t results in a straight line with an intercept

corresponding to ln F(T) and a slope value corresponding

to - b.

Activation energy of crystallization

The variation in the crystallization temperature (Tc) and

onset temperature (Ton) with b are used for the calculation

of activation energy for non-isothermal crystallization

(DEa), via different methods. The studies of Vyazovkin

[34, 35] highlighted that Kissinger method is generally

inapplicable for the evaluation of activation energy con-

cerning the processes occurring on cooling and is also

subject to number of important limitations. Two other

methods were thus employed hereby.

Referring to the theory of Takhor [30], the calculation of

DEa is performed via the equation below:

dðlnbÞ
dð1=TcÞ

¼ �DEa

R
ð11Þ

where R is the universal gas constant.

The Augis–Bennett method [31] leads to a value of DEa

that is calculated by the following equation:

d lnðb=ðTon � TcÞ½ �
dð1=TcÞ

¼ �DEa

R
ð12Þ

The values of activation energy issued from these

methods are then evaluated from the slopes (- DEa/R) of

the plot of ln b, and ln(b/(Ton - Tc)) versus 1/Tc.

Origin 8.5 Software was employed in order to plot

WAXS spectra and DSC curves and to perform the theo-

retical calculation mentioned above.

Results and discussion

Morphology of PBS/calcium carbonate
nanocomposites

The SEM images displayed in Fig. 1a, b allow to evaluate

the dispersion of NPCC nanoparticles into the PBS matrix.

The observation of PBS/NPCC5 shows that the nanopar-

ticles are homogeneously spread into the polymer matrix.

No filler aggregation or phase separation is observed. The

morphology of PBS/NPCC10 also presents a filler that is
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homogeneously dispersed; however, some NPCC particles

tend to form small clusters. This observation can be

explained by the increase of NPCC amount that leads to a

different arrangement of the filler into the PBS matrix.

Crystalline structure

The WAXD analysis was conducted at room temperature

and the patterns are presented in Fig. 2. According to the

patterns, the PBS and its nanocomposites display similar

diffraction peaks. This shows that a same crystal structure

is presented in the different samples and corresponds to an

a-form of the PBS crystals [12]. The diffraction peaks are

located at 2h values of 19.9, 22.4, and 23.0� and are

attributed, respectively, to the planes (020), (021), and

(110) of the PBS crystal a-form [10]. The crystallinity from

the data in Fig. 2 was found to be 42% for the neat PBS,

49% for PBS/NPCC5, and 43% for PBS/NPCC10. This

result can be explained by the presence of NPCC that

promotes the crystals formation and is correlated with the

observation of the crystals performed by optical micro-

scopy (OM) as presented in Online Resource. On the other

hand, the crystallinity appears to be lower for PBS/

NPCC10 compared to PBS/NPCC5. This result is attrib-

uted to the dispersion of the filler that is more homoge-

neous for the PBS filled with 5 wt.% of NPCC as observed

in Fig. 1a, b.

Isothermal crystallization

Crystallization behavior

Figure 3 shows the DSC curves corresponding to the

isothermal crystallization exotherms of the PBS and its

nanocomposites. The thermograms clearly show that the

isothermal crystallization peak of PBS filled with nano-

precipitated calcium carbonate is narrower compared to the

neat PBS. This result is explained by a higher crystalliza-

tion rate of PBS matrix promoted by the presence of NPCC

nanoparticles. Interestingly, the nucleation effect induced

by the NPCC is also highlighted in Fig. 3 by the crystal-

lization peaks of the nanocomposites located at shorter

times on the isothermal segment compared to the neat PBS.

The nucleation effect that occurs during isothermal crys-

tallization is more pronounced in the case of PBS/NPCC5

due to the more homogeneous arrangement of the filler into

the polymer matrix compared to the case of PBS/NPCC10.

The effect of the isothermal crystallization temperature

(Tc(iso)) on the crystallization peak is obviously apparent for

the neat PBS that displays a broader peak at high temper-

ature of crystallization. The decrease of the supercooling

(corresponding to the difference between the melting

temperature and the crystallization temperature) conse-

quently leads to a decrease of the crystallization rate and to

an increase of the time required for the completion of

crytallization. However, it is worthy to note here that

crystallization peaks of PBS/NPCC nanocomposites

Fig. 1 SEM images of PBS filled with NPCC nanoparticles. a PBS/

NPCC5. b PBS/NPCC10
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0
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Fig. 2 WAXD patterns of (full line) neat PBS, (dash) PBS/NPCC5,

(dot) PBS/NPCC10
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remain narrow when higher crystallization temperatures

are employed, and the influence of the supercooling on

PBS crystallization is considerably less apparent. This

result shows that the crystallization of PBS remains highly

promoted by NPCC even for low values of supercooling.

Crystallization kinetics

The data from Fig. 3 can be used to investigate the relation

between the relative crystallinity (Xt) and the time via the

equation below:

XcðTÞ ¼

Rt

t0

ðdHc=dTÞdT

Rt1

t0

ðdHc=dTÞdT
¼ AT

ATOT

ð13Þ

where t0 and t! correspond to the beginning and end times

of crystallization, respectively. The plots of Xt versus t for

various Tc(iso) are presented in Fig. 4. The curves display a

regular S-like shape constitent with the processes of

nucleation and growth of the crystals. Their slope is asso-

ciated with the crystallization rate of the neat and nucleated

PBS. The results confirm the faster rate of crystallization in

the presence of NPCC by presenting a higher slope cor-

responding to higher rate changes of relative crystallization

versus time [6]. The slope of crystallinity curves are nor-

mally lowered with increasing the value of Tc(iso) and

shows that the isothermal crystallization occurs slower

when performed at high temperature. The values of the half

crystallization time (t1/2) that is defined as the time corre-

sponding to a degree of crystallization of 50% can be used

to estimate the rate of crystallization [36]. Indeed, a low

value of t1/2 corresponds to a high crystallization rate. The

values of t1/2 are listed in Table 1 for each isothermal

crystallization temperature.

The values of t1/2 normally increase with the increase of

Tc(iso). However, these values appear to be drastically lower

in the case of the nanocomposites, especially for the

isothermal crystallization temperatures close to the melting

of PBS matrix. Indeed for Tc(iso) = 90 �C, the crystalliza-

tion rate of PBS/NPCC5 appears to be 5.8-fold faster

compared to the neat PBS. This promotion of crystalliza-

tion rate is attributed to the presence of NPCC that

increases the number of nuclei and spherulitic sites into the

PBS. According to Table 1, the total heat released for each

crystallization temperature (DHc) is not homogeneously

affected by Tc(iso) as it was observed in a previous work

[17]. However, the values of DHc (i.e., the degree of

crystallinity determined by the value of the equilibrium

melting enthalpy 210 J g-1) [37] are globally higher with

the insertion of NPCC that consequently increases the

crystallinity of the polymer matrix. This result can be

associated with the increase of the crystal thermal stability

in the presence of the filler, as observed from the melting

thermograms (see Online Resource). Indeed, the value of

Tm2 is globally higher for the nanocomposites and shows

that the crystals melt at higher temperatures. The equilib-

rium melting temperature (Tm
0 ) was calculated from the

melting thermograms according to Hoffmann–Weeks the-

ory [17]. Tm
0 appears to be 113.5, 115.8 and 116.8 �C for

the PBS, PBS/NPCC5 and PBS/NPCC10, respectively,

suggesting a higher degree of crystal perfection due to the

structuring effect of the filler that present a homogeneous

degree of organization into the PBS matrix.

The evolution of crystallization during isothermal

measurements can be understood via the Avrami theory

that allows to investigate the isothermal crystallization

kinetics of the different samples [25, 26]. Figure 5 displays
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Fig. 3 DSC curves of isothermal crystallization exotherm of neat

PBS (black), PBS/NPCC5 (dash), and PBS/NPCC10 (dot) for

a Tc(iso) = 75 �C and b Tc(iso) = 90 �C
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the Avrami plots for the three samples. The values of

Avrami parameters n and k are listed in Table 1. The

results show that the neat PBS displays a single linear

region defined by a curve presenting one single slope.

However, PBS/NPCC5 and PBS/NPCC10 samples display

two linear regions for lower values of Tc(iso) represented by

a curve presenting two different slopes. The first linear

region corresponds to the primary crystallization stage and

the following leveling-off region corresponds to the sec-

ondary crystallization stage [38]. For each sample, the

linear regions of the primary stage are almost parallel to

each other and these linear portions are shifted toward the

shorter times when Tc(iso) decreases. The presence of these

two crystallization stages for PBS/NPCC nanocomposites

leads to two different values of n corresponding to n1 and

n2, and two values of k corresponding to k1 and k2. The

deviation observed from Avrami plots and corresponding

to the secondary crystallization is induced by the

impingement of the spherulites occurring in the later stage

of crystallization process [39]. For neat PBS, the second

regime is not apparent indicating that this sample does not

present any secondary crystallization process. For the

lower Tc(iso) values of PBS/NPCC nanocomposites, the

Avrami curves display two linear regions and show that

these samples are able to display a secondary crystalliza-

tion process for specific temperatures of crystallization.

The result obtained here is different from the study of

Wei et al. [18] where the insertion of layered double

hydroxide into the PBS does not allow to observe the

secondary crystallization. This shows a new behavior of

PBS crystallization mechanism with a dependence on the

morphology of the filler and its arrangement into the
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Fig. 4 Relative crystallinity (Xt) as a function of crystallization time at various crystallization temperatures for the isothermal crystallization of

a neat PBS, b PBS/NPCC5, and c PBS/NPCC10. The value of temperature employed for isothermal crystallization is indicated by each curve
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polymer matrix. Indeed, the NPCC displays a spherical

morphology that is different from the morphology of lay-

ered double hydroxide. According to the theory of Avrami,

n1 & 4 corresponds to a three-dimensional spherical

growth. However, it appears that the values of n1 globally

increase with the insertion of NPCC. This increase shows

that the interfacial interaction between the PBS and the

NPCC induces a variation of PBS crystallization mecha-

nism [15] and modifies the three-dimensional spherical

growth. Interestingly, this result is different from the work

of Wei et al. [18] where the insertion of layered double

hydroxide does not greatly influence the mechanism of

nucleation and the crystal growth morphology. It has to be

noted here that the comparison between Avrami parameters

(i.e., n and k) and the overall crystallization rate is difficult

since n is not constant and the unit of k is expressed in

min-n. However, a large amount of studies has widely and

successfully used Avrami theory in the case of isothermal

crystallization processes [15]. The secondary crystalliza-

tion of PBS/NPCC nanocomposites displays a value of

n2 & 2 and would consequently follow a one-dimensional

growth process with a thermal nucleation. Then, it must be

stated here that the crystallization mechanisms during the

primary and secondary stages are fundamentally different.

The crystal perfecting usually proceeds during the sec-

ondary stage from the initially crystallized molecules that

display imperfections and metastable state. Table 1 dis-

plays also values of k that are higher for the nanocomposite

at a given crystallization temperature. This result indicates

that the NPCC acts as heterogeneous nucleating agent with

promoting the overall crystallization process.

Non-isothermal crystallization

Crystallization and melting behavior

Figure 6 displays the DSC thermograms at a cooling rate of

10 �C min-1 for neat PBS and its nanocomposites, where

the exothermic peaks correspond to the crystallization of

the polymer matrix. The crystallization peak temperature

(Tc) is noted at 73.0, 84.3, and 81.2 �C for neat PBS, PBS/

NPCC5, and PBS/NPCC10, respectively. Tc of both

nanocomposites are higher compared to the unfilled matrix.

This result shows that the crystallization of PBS is pro-

moted in the presence of NPCC. However, Tc of PBS/

NPCC5 appears to be higher compared to PBS/NPCC10.

This effect is explained by the homogeneous dispersion of

NPCC into the matrix at the ratio of 5 wt.% At the ratio of

10 wt.%, the homogeneously dispersed fraction of the filler

acts as a nucleating agent, but some clustered nanoparticles

lead to a slower crystallization of the molecules located

around [40]. A previous study is corroborated with this

Table 1 Isothermal

crystallization parameters of

neat PBS and PBS/NPCC

nanocomposites

Tc(iso)/�C t1/2/min DHc/J g
-1 Primary stage Secondary stage

n1 k1/min-n n2 k2/min-n

PBS 75 0.91 74.8 4.04 1.01 – –

77.5 0.95 68.5 3.15 0.76 – –

80 1.24 53.9 3.95 0.27 – –

82.5 1.59 58.2 3.26 0.15 – –

85 2.44 65.7 3.01 0.05 – –

87.5 3.96 62.0 2.93 0.01 – –

90 7.13 60.9 2.95 0.00 – –

PBS/NPCC5 75 0.37 90.9 6.25 298.90 1.97 9.30

77.5 0.46 93.0 6.26 295.89 2.13 6.04

80 0.42 83.8 6.35 86.50 – –

82.5 0.47 81.1 4.62 19.30 – –

85 0.57 80.1 4.45 8.67 – –

87.5 0.73 70.6 3.92 2.36 – –

90 1.23 74.1 3.47 0.34 – –

PBS/NPCC10 75 0.46 87.6 5.68 46.52

77.5 0.49 90.4 5.90 45.15 3.15 9.58

80 0.54 74.4 5.93 24.53 3.20 8.00

82.5 0.63 82.8 4.96 6.69 – –

85 0.73 76.6 4.75 6.69 – –

87.5 1.12 72.9 3.83 0.40 – –

90 1.76 72.9 3.84 0.08 – –
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result by highlighting that the insertion of unmodified

calcium carbonate in a polyester matrix was able to modify

the crystallization process [41]. Accordingly, the present

elaboration of the nanocomposite displays also an advan-

tage since no chemistry modification of the filler surface

was required to produce a nucleation effect induced by the

homogeneous dispersion of NPCC into PBS. Furthermore,

the crystallization peak width of PBS/NPCC5 appears to be

narrower compared to the other samples and shows that the

distribution of crystals formed occurs on a shorter tem-

perature range.

The relative degree of crystallinity function with the

temperature (Xc(T)) can be estimated from the DSC ther-

mograms of non-isothermal crystallization scans via the

following equation [42]:

XcðTÞ ¼

RT

Ton

ðdHc=dTÞdT

RTend

Ton

ðdHc=dTÞdT
¼ AT

ATOT

ð14Þ

with Ton and Tend the temperatures at which the crystal-

lization starts and ends, respectively, AT the area under the

crystallization peak at the temperature T, and ATOT the total

area of the crystallization peak. According to Eq. 14,

Xc(T) obtained for the three samples at a cooling rate of

10 �C min-1 is plotted in Fig. 7. All the crystallinity

curves display a reverse sigmoidal shape. This result shows

that the crystal nucleation is freely initiated from the melt

state (* 115 �C) of the polymer. Then, the diffusion of

crystal chains becomes rate determining when the tem-

peratures are closer to the glass transition temperature
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(* - 32 �C). As a consequence, the upper part of the

plots displays a curvature that could correspond to the

impingement of spherulites during the later stage of crys-

tallization process [4]. The highest value of the onset of

crystallization temperature (Ton) is displayed for PBS/

NPCC5. This is well correlated with the results from the

DSC thermograms (Fig. 6) where the most intense nucle-

ation effect is observed for this sample. Moreover, an

increase of Xc curve slope at the beginning of crystalliza-

tion process is observed in the presence of NPCC, showing

that the crystallization occurs faster.

Figure 8 shows the melting DSC thermograms measured

on heating at 10 �C min-1 after crystallization performed

at a cooling rate of 10 �C min-1. Two endothermic peaks

can evidently be observed on the DSC thermograms.

According to Yasuniwa et al. [9], the low-temperature peak

(Tm1) is attributed to the melting of small and/or imperfect

crystals and the high-temperature peak (Tm2) corresponds

to the melting of more stable crystals. The crystallization

process of PBS and its nanocomposites leads then to the

formation of two different types of crystalline lamella [43].

It appears from the results that the value of Tm1 is lower in

presence of NPCC compared to the neat PBS. This shows

that the imperfect crystals are less stable in presence of the

filler. On the other hand, Tm2 increases with the insertion of

NPCC. The effect of this filler is dual since it decreases the

stability of imperfect crystals and enhances simultaneously

the stability of the more stable crystals. The slope of

melting peak defined by Tm2 decreases in the presence of

NPCC meaning that the melting rate of the crystals formed

in the nanocomposites is slower compared to neat PBS.

This behavior is correlated with the increase of the crystals

thermal stability in the presence of the filler. Besides, an

exothermic signal is observed at * 96 �C on the thermo-

gram of neat PBS. This signal was already observed in the

work of Wang et al. [44] and corresponds to the re-crys-

tallization of PBS. However, the present results show that

this exothermic signal does not appear for the samples

filled with NPCC implying that the insertion of filler allows

to eliminate the re-crystallization process on heating.

Table 2 displays the thermodynamic parameters of each

sample for crystallizations performed at various cooling

rates. The value of Ton for each sample normally increases

with the decrease of cooling rate, and the addition of NPCC

into the PBS induces a global increase in Ton. This result

shows that the introduction of the nanoparticles promotes

the crystallization of PBS for all the cooling rates.

According to the data, the value of Tm2 is not affected by

the cooling rate for each sample. However, the value of Tc
normally increases with decreasing the cooling rate. This
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behavior is correlated with the data of the crystallization of

PBS/organoclay systems [45]. An increase of Tc is

observed in presence of NPCC and this increase is higher

than the increment observed in the presence of cloisite

organoclay [46]. For each cooling rate, it is clearly shown

that PBS/NPCC5 displays the highest value of Tc. This

effect is due to the homogeneous dispersion of the

nanoparticles into the matrix that induces more intense

nucleating effect. The degree of crystallinity (Xc) of neat

PBS was calculated via the following equation:

Xcð%Þ ¼ DHm

DH0
m

� 100 ð15Þ

with DHm the melting enthalpy of the crystalline sample,

DHm
0 the standard melting enthalpy of a perfect PBS crystal

(210 J g-1) [37]. The degree of crystallinity for PBS

nanocomposites was determined by the following equation:

Xcð%Þ ¼ DHm

DH0
m �Wf

� 100 ð16Þ

with Wf the weight fraction of PBS matrix. The same

standard melting enthalpy for PBS and PBS/NPCC samples

is assumed here. Although a previous study highlighted a

decrease of PBS crystallinity with the insertion of carbon

nanotubes [12], the displayed values of Xc in Table 2 show

an increase of crystallinity of PBS with the presence of

NPCC. This crystallization behavior of the PBS matrix is

also different from the work of Bian et al. [16] that reported

similar values of Xc between the unfilled material and their

silica-based nanocomposite. This behavior is due to the

spherical morphology of NPCC nanoparticles. The crys-

tallization of molecules in the polymer matrix can be

sometimes hampered by the presence of the filler; however,

the morphology of this latter appears not to hinder the

crystallization process. In the case of NPCC, the spherical

nanoparticles lead to a higher degree of crystallinity by

promoting the nucleation. The crystallinity results from

DSC are consistent with the data from WAXD analysis

where the highest values of Xc are displayed for PBS/

NPCC5 sample. The value of the half-time of crystalliza-

tion (t1/2) increases with the decrease of cooling rate for the

neat PBS and its nanocomposites. Additionally, the values

of t1/2 of the nanocomposites are lower compared to the

neat PBS indicating that the overall crystallization of PBS

is faster in presence of the nanoparticles. Besides, the

difference in t1/2 between the neat PBS and the nanocom-

posites is higher at low cooling rates. The crystallization

peaks obtained at low cooling rates display a Tc close to

Tm2 where the formation of stable nuclei is rate deter-

mining. The nucleating effect of NPCC is consequently

Table 2 Thermodynamic

parameters of the non-

isothermal crystallization of

PBS and its nanocomposites

Sample b/�C min-1 Ton/�C Tc/�C Tm2/�C DHm/J g
-1 Xc (DSC)/% t1/2/min

Neat PBS 20 83.4 70.4 115.0 85.3 40.6 0.63

15 84.0 71.6 114.3 88.3 42.0 0.80

10 85.1 73.0 114.2 90.2 43.0 1.06

5 88.7 78.2 114.3 93.9 44.7 2.04

2 92.5 82.7 114.2 97.3 46.3 4.70

PBS/NPCC5 20 89.2 80.2 115.6 96.7 48.5 0.45

15 91.2 81.8 116.3 100.2 50.2 0.59

10 93.1 84.3 115.7 103.8 52.0 0.83

5 95.2 88.2 115.8 106.2 53.2 1.30

2 98.8 92.4 116.3 110.2 55.2 3.05

PBS/NPCC10 20 86.3 76.2 115.5 80.5 42.6 0.49

15 87.6 79.2 115.6 83.2 44.0 0.60

10 90.8 81.2 115.6 88.5 46.8 0.91

5 93.4 85.9 115.7 91.3 48.3 1.44

2 97.2 90.6 115.8 95.7 50.6 3.17
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Fig. 9 Plots of ln b versus 1/DTc
2. Squares: neat PBS. Circles: PBS/

NPCC5. Triangles: PBS/NPCC10
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more apparent in this temperature range where the nucle-

ation is difficult to occur and induces lower values of t1/2
for the nanocomposites compared to the neat PBS. Con-

versely, for the fast cooling rates, the crystallization peaks

display a Tc further from Tm2 where the nucleation is not

rate determining. The difference in t1/2 between the neat

and filled materials appears consequently to be smaller.

Nucleation activity

According to Dobreva theory [27], Fig. 9 displays the plots

of ln b versus 1/DTc
2 for the PBS and its nanocomposites.

The value of W was calculated to be 0.5 for PBS/NPCC5

and 0.6 for PBS/NPCC10. These values are lower com-

pared to the work of Li et al. [47] who investigated the

effect of clay as a nucleating agent in the polypropylene.

Thus, this result shows that the NPCC serves as an

embryonic crystal or nucleus inducing the heterogeneous

nucleation of polymer chains. As the NPCC nanoparticles

appear to be an active substrate promoting the heteroge-

neous nucleation, the presence of filler consequently results

in a decrease of the supercooling degree that is necessary

for crystallizing nucleation.

Non-isothermal crystallization kinetics

The relative degree of crystallinity Xc at different cooling

rates is presented in Fig. 10 for the neat PBS and its

nanocomposites as a function of the temperature. It must be

stated here that for all the cooling rates the relative extents

of crystallization do not overlap each other. This important

prerequisite allows to perform accurate kinetic analysis of
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the crystallization. The values of Xc curves were employed

for Ozawa and Mo kinetics models in order to describe the

non-isothermal crystallization behavior of the different

samples.

Figure 11 displays the Ozawa plots for the PBS and its

nanocomposites. The investigations were carried out in the

temperature range of 67–82 �C for the neat PBS and

75–90 �C for the nanocomposites. As shown in Fig. 11, the

method of Ozawa is satisfying for the description of non-

isothermal crystallization of PBS and PBS/NPCC5. How-

ever, non-parallel lines are observed in the case of PBS/

NPCC10. This behavior is similar to the behavior of PET

and PET/clay nanocomposites from the work of

Wang et al. [48]. This latter confirmed that the Ozawa

approach is sometimes not able to describe the non-

isothermal crystallization kinetics of polymers. However,

in the present study the PBS crystallization mechanisms are

different according to the quantity of filler inserted. Indeed,

Ozawa approach is not valid for PBS/NPCC10 sample

only, as depicted in Fig. 11c. This result can be explained

by the presence of secondary stage crystallization during

the non-isothermal crystallization of PBS/NPCC10 sample

that is neglected in Ozawa theory [48].

The F(T) and b values obtained from the application of

Mo’s theory [29] are presented in Table 3 and the plots are

Table 3 Non-isothermal crystallization kinetics parameters of PBS

and its nanocomposites from Mo’s method

Sample Kinetic parameters Xc/%

20 40 60 80

PBS F(T) 8.41 10.49 12.06 13.87

b 1.16 1.14 1.21 1.15

PBS/NPCC5 F(T) 5.16 6.96 8.25 9.78

b 1.31 1.23 1.23 1.26

PBS/NPCC10 F(T) 6.11 7.54 9.03 11.02

b 1.16 1.25 1.24 1.27
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presented in Fig. 12. Obviously, the values of F(T) are

lower in presence of the filler. The lowest value of F(T) is

observed for PBS/NPCC5. This means that to obtain a

certain degree of crystallinity of the measured system, the

cooling rate at the unit crystallization time that has to be

employed is lower in the presence of NPCC [48]. Besides,

it must be stressed out that the values of b are globally

higher in presence of NPCC nanoparticles compared to the

neat PBS and are correlated to a previous study about

poly(oxy methylene)/montmorillonite systems [49].

Accordingly, PBS/NPCC5 sample displays a crystal-

lization upon cooling that proceeds at higher temperature

than the neat PBS and PBS/NPCC10. The behavior of the

kinetic parameters F(T) and b is also consistent with the

results of a previous study [12] and confirms the nucleation

effect induced by the filler as discussed earlier. Mo’s

method consequently appears to be successful in analyzing

the non-isothermal crystallization of PBS and PBS/NPCC

nanocomposites, as it was highlighted from the investiga-

tions on several other systems [29, 49, 50].

Activation energy of crystallization

Figure 13 displays the plots of ln b, and ln(b/(Ton - Tc))

versus 1/Tc for the neat PBS and its nanocomposites. The

values of DEa are listed in Table 4 for each sample. The

overall process of polymers crystallization combines the

nucleation of crystals and the diffusion of crystals chains.

In the melt state, the polymer chains are entangled, but

during the crystallization these chains need to diffuse and

attach onto the growing front of a crystal.
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This process corresponds to a certain energy barrier that

has to be overcome by the polymer chain in order to per-

form the crystallization. So the crystallization ability of

polymers is usually related to the crystallization activation

energy. The lower the crystallization ability is, the higher

the activation energy is [12]. The values of DEa are based

on the existing dependence of the non-isothermal crystal-

lization peak temperature Tc on the selected cooling rates

b. The amplitudes of DEa variation displayed in Table 4

are larger than the amplitudes presented by Wu et al. [51],

who significantly attributed them to the transport of PLA

chains that is impeded in the presence of clay. The results

show clearly that the absolute DEa value presents the same

trend for the two approaches and appears to be lower for

the neat PBS compared to the PBS/NPCC5. A similar

behavior of DEa was already mentioned in a previous study

[16] and shows that the presence of NPCC at 5 mass%

induces an increase of the absolute activation energy

associated with the restriction of the macromolecular seg-

ments movement. This puts in relief that the addition of

NPCC at this percentage weakens the dependence of the

non-isothermal crystallization peak temperatures on the

employed cooling rates. The opposite behavior is observed

for the PBS/NPCC10 that displays lower values of the

absolute activation energy compared to the neat PBS. The

transport of the macromolecular segments during the

crystallization appears to be promoted with the insertion of

10 mass% of NPCC. At this percentage of NPCC, the

dependence of the non-isothermal crystallization peak on

the cooling rates used is strengthened. This can be due to

the structuring effect of NPCC induced by the rearrange-

ment of the filler inside the matrix. This latter may serve as

a guide for the transport of the macromolecular segments

and consequently promotes the crystallization ability. This

effect has been highlighted in a previous study [52] where

the polyethylene lamellas are intercalated between mont-

morillonite layers during the crystal chain expansion.

Besides, this enhancement of crystallization ability is cor-

related with the presence of second crystallization stage for

PBS/NPCC10 that is not apparent for the others samples.

The insertion of 10 mass% of NPCC in the PBS matrix

allows then to observe a new behavior of PBS crystal-

lization mechanism resulting in the simultaneous polymer

chain diffusion enhancement and the apparition of sec-

ondary crystallization stage. However, this promotion of

the segments transport does not lead to a high increase of

crystallinity. This result shows that a more efficient

nucleating effect in the polymer matrix leads finally to a

higher crystallinity state, compared to the case where

promotion of nucleation occurs in the presence of an

enhanced macromolecular segment transport.

Conclusions

The present study allowed to understand the behavior of

PBS isothermal and non-isothermal crystallization behav-

ior in presence of NPCC. PBS nanocomposites were pre-

pared using a twin screw extruder and compression

Table 4 Values of DEa for non-isothermal crystallization of PBS and

its nanocomposites

Sample DEa/kJ mol-1

Takhor method Augis–Bennett method

Neat PBS - 181 - 158

PBS/NPCC5 - 200 - 164

PBS/NPCC10 - 170 - 141
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molding machine. SEM analysis showed the homogeneous

dispersion of the filler into the matrix, and the presence of

small clusters in the case of PBS/NPCC10. According to

WAXD analysis, the crystal structure is not influenced by

the presence of NPCC. The nucleating effect induced by

the presence of NPCC on the crystallization from the melt

was clearly observed from the DSC thermodynamic

parameters during isothermal and non-isothermal analysis.

According to Avrami theory, the crystallization mecha-

nisms of PBS are modified in the presence of NPCC and

the apparition of secondary crystallization stage is pro-

moted. The nucleation effect was confirmed by Dobreva

analysis that highlighted a higher nucleation activity for the

nanocomposites. Additionally, the half-time of crystal-

lization decreased with the addition of NPCC, and the

crystallinity calculated via DSC and WAXD appeared to be

higher for the nanocomposites. Besides, the results of

Ozawa theory were attributed to the presence of two

crystallization stages for PBS/NPCC10 while Mo’s theory

confirmed the promotion of crystallization into the

nanocomposites. The highest crystallization ability was

attributed to PBS/NPCC10, due to the structuring effect

induced by the arrangement of the filler in the matrix that

allowed the chain transport to be more efficient during the

crystallization process. The insertion of NPCC into the

PBS induces consequently two different effects during the

crystallization process. The calcium carbonate nanoparti-

cles act as a heterogeneous nucleating agent by promoting

the nucleation. Simultaneously, they can also conduct the

crystal chain transportation by imposing surrounding con-

straints on the direction of crystal chain propagation with

inducing additionally a secondary crystallization stage.

The great availability of PBS matrix combined with the

variation of its crystallization behavior and microstructure

obtained in presence of NPCC that did not require any

surface modification presents then this nanocomposite as a

good competitor toward the global environmental problems

in various applications.
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