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ABSTRACT: Polycaprolactone (PCL) composites filled with nanometer calcium carbonate (nano-CaCO3) were prepared by means of a

twin-screw extruder in this study. The nano-CaCO3 surface treated with stearate. The crystalline properties of the PCL/nano-CaCO3

composites were measured with a differential scanning calorimeter to identify the influence of the nanometer filler content on the

crystalline properties. The results show that the crystallization onset temperature, crystallization temperature, and crystallization end

temperature of the composites were obviously higher than those of the unfilled PCL resin, and the crystallization degree (vc) of the

composites increased with increasing particle weight fraction (/f) when /f was more than 1%. When /f was 1%, vc of the composite

was less than that of the unfilled PCL resin. Moreover, the dispersion of the inclusions in the matrix was observed by means of

scanning electron microscopy. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polycaprolactone (PCL) is one of the most interesting biode-

gradable polymeric materials; it has good biodegradable and

mechanical properties. Biodegradable polymers have been

widely used for the production of bags, sacks, and food packag-

ing because these polymers, prepared from renewable resources,

can undergo biodegradation upon disposal.1 To further improve

the processing and mechanical properties, PCL is usually modi-

fied by blending with other resins or filling with inorganic par-

ticles. Since the 1990s, PCL blend systems have been studied

extensively; these have included poly(vinyl chloride)/PCL,2

styrene acrylonitrile/PCL,3 poly(butylene terephthalate)/PCL,4

and polystyrene/PCL5 binary blend systems, and poly(epsilon–

caprolactone)/poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)/PCL

blend systems.6 Recently, a number of studies on the fabrication

and characterization of inorganic particle-filled PCL composites

have been made.1,7–9 Roohani-Esfahaniand et al.8 investigated the

effects of bioactive glass nanoparticles on the mechanical and

biological behavior of composite-coated scaffolds. Xiao et al.9

researched the electroactive shape memory properties of poly(epsi-

lon–caprolactone)/functionalized multiwalled carbon nanotube

nanocomposites.

For inorganic rigid-particle-filled polymer composites, the phys-

ical and mechanical properties depend, to a great extent, upon

interfacial morphology, such as the interfacial adhesion between

the filler and the matrix, the interfacial structure, the dispersion

of the inclusions in the matrix, and the crystalline properties.10–13

It is generally believed that the crystallization behavior is closely

related to the physical and mechanical properties for crystalliz-

able polymeric materials. In general, the effects of the filler

content, size, and shape on the crystallization behavior are

significant. In a previous work, Liang et al.14 studied the crystal-

lization properties of glass bead filled low-density polyethylene

composites. Siqueira et al.15 investigated the impact of the

nature and shape of cellulosic nanoparticles on the isothermal

crystallization kinetics of poly(epsilon–caprolactone) and found

that the crystallization of microbial fuel cell nanocomposites

was slightly faster than that of CNW nanocomposites. Liu

et al.16 studied the nonisothermal crystallization kinetics of

poly(epsilon–caprolactone)/zinc oxide (ZnO) nanocomposites

(PCLZS) with high ZnO contents. The results show that the

crystallization activation energies of PCLs with three different

ZnO contents were nearly identical within the tolerance, which

further demonstrated that the effect of the ZnO content on the
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crystallization behaviors was small when the ZnO content in the

PCLZs was high. Moreover, some researchers have studied the crys-

tallization kinetics of PCL composites, such as modified bamboo

fiber/PCL composites17 and silk fibroin fiber-reinforced poly(epsi-

lon–caprolactone) biocomposites.18

More recently, Liang et al.19 measured the melt flow properties

in the capillary extrusion of nanometer calcium carbonate

(nano-CaCO3) filled PCL biocomposites. Our objectives in this

study were to investigate the influence of the nano-CaCO3 con-

tent on the crystallization properties of the PCL/nano-CaCO3

composites under experimental conditions.

EXPERIMENTAL

Raw Materials

A biodegradable resin, PCL with the trademark PCL6800, serving

as a matrix material was supplied by Shenzhen Bright China

Industrial Co., Ltd. (Shenzhen city, China). Its melt flow rate and

density were 10.3 g/10 min and 1.09 g/cm3, respectively. The filler

was nano-CaCO3 particles, produced by Anyuan Scientific and

Technological Chemical Plant (Anyuan city, China). The mean di-

ameter of the particle was 40 nm, and its density was 2.55 g/cm3.

Composite Preparation

The nano-CaCO3 particles were surface-pretreated with stearic

acid. The mixture of the surface-treated particles with the PCL

resin was carried out in a high-speed compounding machine

(Zhangjiagang city, China). The mixture was then melt-blended

in a twin-screw extruder (Nanjing city, China) at a screw speed

of 25 rpm and a temperature of 100–140�C. The diameter of

the screw was 35 mm, and its length-to-diameter ratio was 40.

The composite extrudate was subsequently chopped into gran-

ules. Composites with four different weight fractions of filler

particles (/f ¼ 1, 2, 3, and 4%) were studied. Finally, the fabri-

cated composites were dried at 60�C for 5 h before crystalliza-

tion property testing.

Instrument and Methodology

The crystallization properties of the PCL/nano-CaCO3 ternary

composites were measured with a differential scanning calori-

meter (model DSC204) supplied by Netzsch Co. (Selb, Germany).

The test temperature range was 0–100�C, the heat preservation

time was 5 min, and the heating rate was 3�C/min.

The impact fracture surfaces of the specimens from the experi-

ments were examined by means of scanning electron microscopy

(SEM; model S-3700N, Hitachi Instrument Co., Tokyo, Japan) to

observe the filler dispersion or distribution in the PCL matrix.

The specimens were gold-coated before SEM examination.

RESULTS AND DISCUSSION

Differential Scanning calorimetry (DSC) Curves

The DSC curve presents the correlation between the heat flow

and the temperatures of the materials. Figure 1 shows the DSC

curves of the unfilled PCL resin (i.e., 0 phr or phr ¼ 0) and the

PCL/nano-CaCO3 composite systems. In Figure 1, phr repre-

sents the parts per hundred parts of PCL resin by weight. It can

be seen that the height and width of the peaks of the DSC

curves varied with increasing nano-CaCO3 content, but this var-

iation was irregular. The location of the peaks of the composites

moved right to the unfilled PCL resin as the reference, whereas

the area of crystalline peak increased with increasing concentra-

tion of the nano-CaCO3.

The area of the crystalline peak of the DSC curve presents the

crystallization properties of polymeric materials. Therefore, this

meant that the addition of the nano-CaCO3 in the PCL resin was

beneficial for improving the crystallization properties of the PCL

composites. In other words, the nano-CaCO3 particles played the

role of the heterogeneous nucleation in the PCL matrix.

Crystallization Onset Temperature (Ts)

Ts is the temperature in which the crystallization starts in the

crystalline materials. Ts is an important parameter that demon-

strates the crystallization properties of the polymeric materials.

Figure 2 illustrates the relationship between Ts of the unfilled

PCL resin and the filled PCL composite systems and the weight

fraction of the nano-CaCO3. We observed that Ts of the filled

PCL composite system with /f of 1% was obviously higher than

that of the unfilled PCL resin (i.e., /f ¼ 0). Then, it increased

slightly with increasing /f. This indicated that the addition of

Figure 1. DSC curves of the PCL/nano-CaCO3 composite systems (T ¼
temperature).

Figure 2. Relationship between the beginning Tc and nano-CaCO3 weight

fraction.
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nano-CaCO3 increased Ts of the filled PCL composites. In other

words, Ts of the filled PCL composites was moved up when the

PCL was filled with the nano-CaCO3.

As stated previously, the nano-CaCO3 particles play the role of

heterogeneous nucleation in the PCL matrix, it is beneficial to

start the crystallization of the composite melts, even though at

higher temperature, it leads to an increase in Ts of the filled

PCL composites.

Crystallization Temperature (Tc)

Tc is the temperature at the peak of the DSC curve, it is also an

important parameter and demonstrates the crystallization prop-

erties of the polymeric materials. Figure 3 presents the correla-

tion between Tc of the unfilled PCL resin and the filled PCL

composite systems and the weight fraction of the nano-CaCO3.

Similar to the results shown in Figure 2, Tc of the filled systems

with /f of 1% increased suddenly; then, the variation of Tc was

slight with increasing /f. This indicated that the addition of

nano-CaCO3 increased Tc of the filled PCL composites. In other

words, Tc of the filled PCL composites moved up when the PCL

was filled with the nano-CaCO3.

Because the nano-CaCO3 particles played the role of heteroge-

neous nucleation in the PCL matrix and it was beneficial for

starting the crystallization of the composite melts, the beginning

Tc of the filled PCL composites increased correspondingly; this

resulted in a rice in Tc of the filled PCL composites.

Crystallization End Temperature (Te)

Te is the temperature at which crystallization ends in crystalline

materials. Te is also an important parameter that demonstrates

the crystallization properties of the polymeric materials. Figure

4 displays the dependence of the Te’s of the unfilled PCL resin

and the filled PCL composite systems on the weight fraction of

the nano-CaCO3. Similar to the results shown in Figures 2 and

3, Te’s of the filled systems with /f ’s of 1% increased quickly;

then, the variation of Te was slight with increasing /f. This indi-

cated that the addition of the nano-CaCO3 increased Te of the

filled PCL composites. In other words, Te of the filled PCL com-

posites moved up when the PCL was filled with the nano-

CaCO3.

Tc Interval

The Tc interval is defined as the temperature zone from the be-

ginning Tc to the ending Tc of the materials; it characterizes the

temperature history of crystallization for materials. Figure 5

shows the dependence of the crystallization temperature interval

(Ti) of the unfilled PCL resin and the filled PCL composite sys-

tems on the weight fraction of the nano-CaCO3. It was also

found that the temperature interval of the composite decreased

suddenly when the nano-CaCO3 weight fraction was 1%; then,

it varied slightly with increasing filler weight fraction. This indi-

cated that the temperature history of crystallization for the

composites decreased with the addition of the nano-CaCO3.

Crystalline Degree (vc)

vc is an important index for the characterization of the crystalli-

zation properties of materials. The vc of polymeric materials is

usually defined as follows:

vc ¼ DHc=DH
�ð Þ � 100% (1)

Figure 3. Correlation between Tc and the nano-CaCO3 weight fraction.
Figure 4. Dependence of the ending Tc on the nano-CaCO3 weight

fraction.

Figure 5. Dependence of Ti on the nano-CaCO3 weight fraction.
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where DHc is the thermal enthalpy during the crystallization of

the composite and DH* is the thermal enthalpy in crystalliza-

tion of the neat PCL resin (DH* ¼ 135.31 J/g).

On the basis of the experimental measurement data and eq. (1),

the vc’s of the PCL/nano-CaCO3 composites were determined.

Figure 6 shows the relationship between the vc of the unfilled

PCL resin and the filled PCL composite systems and the weight

fraction of the nano-CaCO3. We observed that the vc of the

composite with /f ¼ 1% was less than that of the unfilled PCL

resin; then, the vc values of the composites increases with

increasing filler weight fraction. This means that the nano-

CaCO3 particles may not have played the role of heterogeneous

nucleation in the PCL matrix when the concentration of the

nano-CaCO3 was low.

Discussion

Crystallization is the formation and development process of a

crystal. Therefore, it is generally believed that the crystallization

properties depend, to a great extent, on the effect of heterogene-

ous nucleation of the filler in the matrix for inorganic particu-

late-filled polymer composites. In the case of a low concentra-

tion of the nano-CaCO3, vc of the composite decreased when

the weight fraction was 1% (see Figure 6). This demonstrated

that the role of the nucleation agent of the nano-CaCO3 par-

ticles in the matrix was not obvious. With a further increase in

the concentration of the nano-CaCO3 particles, vc of the PCL

composites increased. The reasons were as follows: on the one

hand, the nano-CaCO3 particles were beneficial in the promo-

tion of the crystalline speed because of their nucleation agent

effect, and on the other hand, the movement of the PCL molec-

ular chains were limited, and the molecular chains for crystalli-

zation were reduced. As a result, vc increased slightly with

increasing nano-CaCO3 weight fraction (see Figure 6).

During the past decade, the heterogeneous nucleation effect of

inorganic particles in polymer composites has been paid exten-

sive attention. Jana and Im20 studied the isothermal crystalliza-

tion behavior of PCL/functionalized multiwalled carbon nano-

tube composites using DSC and found a heterogeneous

nucleation in the crystallization growth process. Dong et al.21

Figure 6. Relationship between vc and the nano-CaCO3 weight fraction.

Figure 7. SEM photograph of the fracture surface of the PCL/nano-

CaCO3 composite (/f ¼ 1%).

Figure 8. SEM photograph of the fracture surface of the PCL/nano-

CaCO3 composite (/f ¼ 2%).

Figure 9. SEM photograph of the fracture surface of the PCL/nano-

CaCO3 composite (/f ¼ 3%).

ARTICLE

4 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38359 WILEYONLINELIBRARY.COM/APP



investigated the crystallization behavior and mechanical proper-

ties of poly(epsilon–caprolactone)/cyclodextrin biodegradable

composites and found that the addition of inclusion complex

greatly increased the crystallization rate and thermal stability of

the PCL.

In general, the crystallization properties of inorganic particulate-

filled polymer composites are closely related to the dispersion or

distribution of the inclusions in the matrix. In addition, they

depend, to a great extent, on the effect of the heterogeneous

nucleation of the filler in the matrix. Figure 7 shows the SEM

photograph of the fracture surface of the PCL/nano-CaCO3 com-

posite with a /f of 1%. Figure 8 shows the SEM photograph of

the fracture surface of the PCL/nano-CaCO3 composite with a /f

of 2%. Figure 9 shows the SEM photograph of the fracture sur-

face of the PCL/nano-CaCO3 composite with a /f of 3%. Figure

10 shows the SEM photograph of the fracture surface of the

PCL/nano-CaCO3 composite with a /f of 4%. We could see that

the dispersion and distribution of the nano-CaCO3 in the PCL

matrix were roughly uniform, even in the case of a higher filler

concentration, such as /f > 1%. As discussed previously, when

the filler particles played the role of heterogeneous nucleation in

the PCL matrix, the particle surface was like the nucleation agent,

vc in the interfacial layer between the filler and matrix was higher

than in the other places in this case. The more uniform the dis-

persion of the inclusions was in the matrix, the higher the inter-

facial layer volume was, and the higher the vc of the composite

was. Consequently, vc of the PCL/nano-CaCO3 composites

increased with increasing filler weight fraction when /f was more

than 1% (see Figure 6).

CONCLUSIONS

The effects of the nano-CaCO3 particles on the Ts, Te, and Tc

values of the PCL/nano-CaCO3 composites were significant. The

results show that Ts, Te, and Tc of the PCL/nano-CaCO3 compo-

sites were obviously higher than those of the unfilled PCL resin,

whereas Ti of the PCL/nano-CaCO3 composites was obviously

lower than that of the unfilled PCL resin. Then, they varied

slightly with increasing filler weight fraction.

vc of the PCL/nano-CaCO3 composites increased with increas-

ing weight fraction of nano-CaCO3 when /f was higher than

1%. This could be attributed to the role of the heterogeneous

nucleation of nano-CaCO3 in the PCL matrix and the uniform

dispersion of the filler in the matrix. When the weight fraction

of the nano-CaCO3 was equal to 1%, vc of the PCL/nano-

CaCO3 composites was less than that of the unfilled PCL resin.

This indicated that the nano-CaCO3 particles might not have

played the role of the heterogeneous nucleation in the PCL ma-

trix in the case of a low concentration of nano-CaCO3.
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