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In order to investigate how particle aggregation affects tensile mechanical performance of composite, a duc-
tile biopolymer (poly(caprolactone)) was melt-compounded with CaCO3 particles over a wide concentration
range from 10 to 60 wt.%. The aggregation of CaCO3 particles in poly(caprolactone) (PCL) is investigated
depending on particle concentration and surface modification (with stearic acid (2.5 wt.%)) based on rhe-
ological assessment. If the composite is mixed with a high concentration of particles (> 30 wt.%), mor-
phological observations and a thermal behavior analysis do not find a difference in the particle aggregation
regardless of particle surface modification. However, the linear viscoelastic moduli of the composites dis-
tinguishes the difference in particle aggregation regarding to surface modification, indicating induced aggre-
gation behavior with surface-modified CaCO3 (sCC). The composite with sCC starts to form network
structure of particles at a lower concentration (30 wt.%) than that with unmodified particles (40 wt.%).
When particles form the network structure above the particle percolation threshold, the yield strength of the
composite begins to decrease even though Young’s modulus is still increasing. In contrast to the expectation
of the better dispersion of particles by surface modification as well as improved tensile mechanical per-
formance with better dispersion, sCC rather induced aggregation with a lower concentration of particle than
unmodified particles which resulted in decrease in yielding performance. This study showed that rheological
study, especially for the composite with high concentration of particles, is useful to figure out the particle
dispersion against a limit at morphology observation.
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relationship

1. Introduction

Poly(caprolactone) (PCL), an aliphatic polyester biode-

gradable polymer, has excellent low-temperature strength,

a long term degradation period, high tear resistance and

good processability (Ludueña et al., 2012). Due to these

advantages along with its biodegradability, PCL is a can-

didate to replace petroleum-based synthetic polymers in

applications such as drug delivery, film, food packaging

and bone tissue engineering (Andrade et al., 2018; Ghosal

et al., 2017; Li and Tan, 2014; Sanchez-Garcia et al., 2008;

Saveleva et al., 2018; Woodruff and Hutmacher, 2010).

However, PCL has a low Young’s modulus and low ten-

sile strength (PCL: Young’s modulus = 0.67 GPa (Table

1)), which limit its applications. In order to reinforce the

tensile properties of PCL, studies of the compounding of

PCL with particles and the blending of a second polymer

with a high tensile strength have been conducted (Jo et al.,

2009; Kai et al., 2008; Lepoittevin et al., 2002; Ludueña

et al., 2011; Shin et al., 2004; Simões et al., 2009; Sun et

al., 2017; Yu et al., 2008; Wang et al., 2018). In the case

of a PCL/PLA blend with a 50/50 wt.% composition

(Simões et al., 2009), the yield strength and Young’s mod-

ulus of the blends increased by approximately 200% and

60% compared to neat PCL, respectively, without sacri-

ficing the ductile property of the PCL. In the composite

case, clay particles were found to improve the tensile

properties, especially the Young's modulus of the PCL.

With organically modified clay, the Young’s modulus of

the PCL/clay composites increased by 42% compared to

that of neat PCL due to the good dispersion (Ludueña et

al., 2011).

In addition to clay particles, CaCO3 particles, consider-

ing their high tensile properties with Young’s modulus of

88.3 GPa (Bassam et al., 1990), are also introduced as a

type of reinforcing filler to improve the physical proper-

ties of a polymer (Bari et al., 2016; Bassam et al., 1990;

Dang et al., 2014; Lam et al., 2009; Lapčík et al., 2017;

Liu et al., 2010; Neumann et al., 2019; Rocha et al., 2017;

Sadeghi and Esfandiari, 2012; Wutticharoenmongkol et

al., 2006). When CaCO3 of three different sizes and sur-

face properties were added to poly(propylene) (PP) to

improve the tensile properties, the yield strength of the PP

increased by 24% through the mixing of 15 wt.% nano-

sized surface-coated CaCO3 with PP. A surface modifica-

tion of CaCO3 with sodium stearate was found to improve*Corresponding author; E-mail: jshong@snu.ac.kr
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the CaCO3 dispersion and interaction with the matrix of

PP, leading to improved mechanical properties (Lam et al.,

2009). When PCL was mixed with a small amount of

CaCO3 particles (3 wt.% of dandelion-like CaCO3), the

tensile strength of the PCL composites was increased to

26 MPa from 8.8 MPa due to a well dispersed dandelion-

like CaCO3 with large surface area (Dang et al., 2014).

Therefore, the surface treatment changed the interaction

between the matrix and the particles and improved the dis-

persion of the particles and tensile properties of the com-

posite. However, as the concentration of particles increases,

surface modification of the particles could lead to a

change in the aggregation behavior of the particles as the

aggregation of particles is affected by not only the inter-

action between the matrix and the particles but also by

particle-particle interactions. In other words, for compos-

ites filled with particles, the aggregation behavior of the

particles will be changed by the particle surface and the

particle content. These changes will in turn be reflected in

the structure and properties of the composites. However, if

polymer composite contains particles of high concentra-

tion, it is difficult to figure out the structure of composite

including particle dispersion throughout microscopy observa-

tion. Recently intensive studies on linear/nonlinear visco-

elastic behavior of polymer composite suggested that rheology

provides insight on the structure of polymer composite

(Lee et al., 2019; Lim et al., 2013; Ock et al., 2016). With

diverse particles of different shape, polymer (PCL) com-

posites showed a pronounced change in moduli with the

formation of particle network structure which is signifi-

cantly depending on shape of particle and concentration as

well. For the case of precipitated CaCO3 (aspect ratio ~1),

particle (7 wt.%) did not aggregate in PCL to form particle

network compared to particles of high aspect ratio.

Therefore, in this study, particle aggregation is investi-

gated by comparing the rheological properties of compos-

ites containing particles with different surface properties

and with high concentration and investigated how particle

aggregation affects mechanical tensile properties of com-

posites. For this purpose, PCL composites with precipi-

tated CaCO3 and surface-modified CaCO3 with stearic

acid were prepared and morphological investigation, ther-

mal analysis as well as rheological and tensile measure-

ments were conducted. Despite the fact that the surface

modification of the particle was expected to increase the

interaction between the particles and the matrix and

homogenize the particle dispersion, it enhanced the parti-

cle aggregation, which instead decreased the mechanical

properties when particles form network structure.

2. Experimental

2.1. Materials
Poly(caprolactone) (PCL, Mw = 80,000 g/mol) purchased

from Perstorp (Sweden) (grade Capa® 6800) was used as

the matrix. Two different types of precipitated CaCO3

(SOCAL® 31 and SOCAL® 312) were supplied from

IMERYS Mineral Ltd. (France). Both were used as received.

A precipitated CaCO3 (SOCAL® 31), named uCC in this

study, is a typical precipitated CaCO3 with average size of

70 nm and density of 2.77 g/mL. The other CaCO3 was

surface-modified with stearic acid (< 3 wt.%) (SOCAL®

312), which is named sCC in this study.

2.2. Sample preparation
PCL and CaCO3 particles were dried under vacuum con-

dition at 40 and 80℃ respectively, for 8 h. Then, they were

melt-compounded through internal batch mixer (Rheo-

comp® 600, MKE, Korea) at the rotor speed of 100 rpm

and 110℃ for 6 min. The concentration of CaCO3 parti-

cles was varied from 0 to 60 wt.% (37.8 vol.%). For sam-

ple notation, the composites containing uCC or sCC particles

of a certain concentration (x) were termed uCCx or sCCx.

For an example, a PCL/uCC composite containing 40 wt.%

uCC particles is termed uCC40. All the composites went

through compression molding with hot press (CH4386,

Carber, USA) under 110℃ for 6 min for rheometry (disk-

shape mold (25 mm of diameter and 1 mm of width)).

They were also molded for uniaxial tensile tests (a dog-

bone mold with 1 mm thickness) at the same condition.

2.3. Morphology observation
Morphology of samples was observed with a field-emis-

sion scanning electron microscope (FE-SEM) under 2 kV

charge (SUPRA-55VP, Zeiss, Germany). Samples were

cryo-fractured using liquid nitrogen in order to get clean

internal surface of sample and then surface were sputtered

with platinum. Image analysis was carried out using Image

J software (NIH, USA) to quantify morphology of uCC

and sCC composites. Number averaged diameter (Dn) of

each particle aggregate was calculated from the area and

perimeter of over 100 particle aggregates. Analysis was

exclusively conducted on composites with only two con-

centrations (10 and 20 wt.%) due to unclear boundary of

particle aggregates at higher concentration.

2.4. Mechanical tests
Tensile properties of the composite were measured

through Universal Tensile Machine (UTM), (LF plus of

Lloyd instruments) with ASTM D638 type V (strain rate:

10 mm/min). Tensile properties of neat PCL and PCL/

CaCO3 composites were measured 10 times for each com-

posite and averaged. From strain-stress curve, Young’s

modulus (E), yield strength (y) and elongation at break

point (ɛb) were obtained.

2.5. Rheological properties
Strain-controlled type rheometer, RMS 800 (Rheomet-
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rics Inc.) was used to measure rheological properties of

linear viscoelastic (LVE) region. For linear viscoelastic

moduli measurement, a strain amplitude sweep test was

conducted at frequency of 1 rad/s and 110℃. And then,

dynamic frequency sweep test was conducted at the fixed

strain amplitude (%) within linear viscoelastic region (< 3-

5%) and at the same temperature.

2.6. Differential scanning calorimetry
Differential scanning calorimetry (DSC) (Discovery

DSC, TA Instrument, USA) was carried out to investigate

non-isothermal crystallization behavior of the composites.

Both heating and cooling rate were fixed as 10℃/min

with the temperature range, 60-100℃. All the samples

went through twice of heating and one time of cooling.

First heating process was conducted only to get rid of

thermal history of the samples.

2.7. Thermogravimetric analysis
Thermogravimetric analysis (TGA), (Discovery TGA,

TA instrument, USA) was conducted with heating rate of

10℃/min from 0 to 1000℃ in order to examine the

amount of stearic acid coated on the particle surface.

3. Results

In order to reinforce mechanical properties of polymer

composite, mineral particles were added to polymer along

with surface modification of particle. Because mineral

particles have hydrophilic surface property (Jeong et al.,

2009), the surface modification of mineral particles is a

typical treatment to obtain a homogeneous dispersion of

particles in a polymeric matrix (Mareri et al., 1998). In

this study, precipitated CaCO3 was used to investigate

how a surface modification would affect the mechanical

properties of a composite with a high concentration of par-

ticles, focusing particularly on the particle dispersion. A

particle dispersion characteristics, in this case aggregation

Fig. 1. (Color online) TGA data of uCC and sCC particles.

Fig. 2. (Color online) SEM images of uCC and sCC composites: 30 wt.% of (a) uCC and (b) sCC composites, 40 wt.% of (c) uCC
and (d) sCC composites.
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and percolation, were investigated by assessing the linear

viscoelastic moduli and conducting morphological obser-

vations depending on the particle concentration (Section

3.2). In addition, the relationship between the mechanical

properties and the dispersion of the particles was investi-

gated (Section 3.3).

3.1. Aggregation of CaCO3 particles in PCL matrix
First, surface modification of the particles with a stearic

acid was assessed through TGA tests. Figure 1 shows the

TGA results of bulk uCC and sCC particles. Both types of

samples underwent spontaneous combustion at around

600℃. For the sCC particles, the first sign of combustion

appeared with stearic acid at 395℃ spontaneous (the com-

bustion point of stearic acid) before all of the particles

were burnt away. As shown in the inset image of Fig. 1,

approximately 2-2.5 wt.% reduction relative to the overall

particle weight was detected between 395 and 600℃,

which corresponds to the combustion of the stearic acid

(Deshmukh et al., 2010). For a comparison between the

uCC and sCC outcomes, the sCC particles were surface-

treated with 2.5 wt.% stearic acid on the surfaces which

would hardly change the particle size. In the meantime,

the surface property of sCC becomes hydrophobic (con-

tact angle of sCC particles to a water droplet ~140o). For

particles with different surface properties, uCC and sCC,

SEM images of PCL composites (denoted here as uCC30,

sCC30, uCC40 and sCC40 as described in the previous

section) were compared, as shown in Figs. 2a, b, c, and d).

For a high concentration of the particles, in this case 30-

40 wt.%, the difference in the particle dispersion was

slight regardless of the surface properties of the particles.

For the uCC30 sample, uCC particles were impregnated

into the PCL matrix almost individually as shown in Fig.

2a. The uCC particles were well dispersed within the PCL

matrix, though the uCC particles were highly packed at 30

wt.%. On the other hand, some sCC particles appeared to

be dispersed heterogeneously and to form large aggregates

throughout the matrix, as shown in Fig. 2b. Moreover,

because some large aggregates were detached from the

matrix during fracturing, there are several voids around

the surface of the matrix. When the concentration of CaCO3

particles in both cases reached 40 wt.%, uCC also fre-

quently showed particle aggregates (Figs. 2c and 2d). To

investigate the particle aggregation behavior depending on

the particle surface properties further, the linear viscoelas-

ticity of each composite was tested depending on the par-

ticle concentration.

3.2. Rheological analysis of PCL/CaCO3 composites

Fig. 3. (Color online) Linear viscoelastic responses of uCC and sCC composites with various particle concentration measured at 110
℃: (a), (b): Storage modulus (G') and loss modulus (G") of uCC composites and (c), (d): Storage modulus (G') and loss modulus (G")
of sCC composites as a function of frequency (ω).
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The linear viscoelastic moduli (G' and G'') of the uCC

and the sCC composites were compared depending on the

particle concentration. In Fig. 3a, storage modulus (G') of

the uCC composites gradually increased as the particle

content increased from 10 to 30 wt.%. But when the con-

tent reached 40 wt.%, G' at low frequency region sud-

denly increased further as much as one order of magnitude

compared to the uCC30 composites. A terminal slope of

G' also decreased in this case. For the uCC40 composites

the slope of G' at low frequency region was lowered from

1.44 (for neat PCL) to 0.75. The deviation of the slope

from 2 (G'~ω2 for homogeneous polymer, here ω is fre-

quency) to the lower value is known to be caused by the

existence of rigid parts within the homogeneous matrix,

inducing the long-time relaxation behavior of polymer

chains restrained by the rigid parts, which appeared with

the decreased terminal slope in G' (Lim et al., 2013; Ock

et al., 2016). Therefore, for uCC40, the decreased terminal

slope obviously indicated the existence of the particle

aggregates within the matrix as expected. Interestingly,

over 40 wt.% of uCC, the composites containing 50-60

wt.% uCC showed frequency-independent behavior of G',

meaning that uCC particles formed large agglomerates

throughout the PCL matrix like a single continuous phase

within the matrix and dominating linear viscoelastic behav-

ior of the composite (Figs. 3a and b). In the SEM images

of composites filled with more CaCO3 particles than 40

wt.% (Figs. 4a, b, c, and d), it can be observed that a large

agglomerates of the particles were formed throughout the

matrix even though it is difficult to distinguish the effect

of surface modification. The uCC composites with the

higher concentration like 40-60 wt.% showed almost fre-

quency-independent behavior. Also, G'' of the uCC com-

posites showed a similar tendency with the particle

concentration to G'. However, it is not as sensitive on the

concentration of particles as G'. Meanwhile, for the sCC

composites, with the concentration lower than 30 wt.%

sCC, G'' gradually increased and jumped up when the

content were 30 wt.% sCC. For 50-60 wt.% sCC com-

Fig. 4. (Color online) SEM images of uCC and sCC composites: 50 wt.% of (a) uCC and (b) sCC composites, 60 wt.% of (c) uCC
and (d) sCC composites.

Fig. 5. (Color online) Comparison of G' at 0.1 rad/s of the uCC
and sCC composites. The arrows indicate 14 wt.% and 22 wt.%
for sCC- and uCC composite respectively.



Ji Hwan Kim, Jung Hyun Ahn, Joung Sook Hong and Kyung Hyun Ahn

34 Korea-Australia Rheology J., 32(1), 2020

posites, the terminal slope of G'' was almost 0 (Fig. 3d).

The G' at the low frequency region increased with decreas-

ing the terminal slope from 1.44 to 0.67, which happened

at the lower particle content of 30 wt.% for the sCC com-

posite. It means that the sCC particles could form particle

aggregates in the matrix with the lower amount of the par-

ticles (30 wt.%) than uCC (40 wt.%). Figure 5 compares

G' of the composite at 0.1 rad/s over a whole region of

particle concentration from 0 to 60 wt.%. The percolation

threshold could be estimated at 14 wt.% and 22 wt.% for

sCC- and uCC composite, respectively by taking an inter-

cept of two regions of the plot (Vermant et al., 2007).

Above the percolation threshold, it can be obviously

noticed that the G' of the sCC composites started to be

higher than that of the uCC composites, indicating con-

struction of particle aggregation as well as percolation.

3.3. Effects of the surface modification of particles on
mechanical properties of PCL/CaCO3 compos-

ites
Tensile properties of the uCC and sCC composites were

examined over the wide concentration range of particles

from 10 to 60 wt.%. From a stress-strain curve for each

sample, Young’s modulus (E), yield strength (y) and

elongation strain at break (EB) were measured and sum-

marized in Fig. 6 and Table 1. In Fig. 6a, E increased as

the particle content increased regardless of the surface

modification as expected (Fu et al., 2008). Typically, E of

a composite is strongly influenced by the inherent Young's

modulus of particles added in composite as long as the

particle size in the matrix is kept below certain size (Li et

al., 2013). Based on previous research, CaCO3 particle is

known to have a high inherent Young's modulus (88.3

GPa for CaCO3 (Lam et al., 2009)) enough to reinforce

polymer and to enhance PCL composites. Interestingly,

even though the particles started to aggregate at different

concentration depending on surface modification of par-

ticle (Fig. 5) and the size of particle aggregates grows

reaching a certain size, it barely affected the modulus of

the sCC and uCC composites. E of both composites increased

so gently with increasing of particle content. However,

they showed a different yielding behavior depending on

the surface modification as well as the particle content.

Figure 6b shows y of the composites depending on the

particle concentration. With both types of particles, the

composites showed a maximum peak in y. It means that

there is the critical concentration of particles changing the

tensile properties of the composites. Above the critical

concentration of the particles, the y of the composites

decreased regardless of the surface modification of the

particles. The sCC composites have the critical concen-

tration of particle at different concentration from the uCC

Table 1. Tensile properties (yield strength (y), Young’s modulus (E) and elongation at break (EB)) of uCC and sCC composites.

PCL/CaCO3

Tensile yield 
strength [MPa] (y)

Young's modulus
[MPa] (E)

Elongation at break
[%] (EB)

wt.% vol.% uCC sCC uCC sCC uCC sCC

0 0.0 14.09 14.09 66.89 66.89 - -
10 4.3 15.16 15.97 79.09 86.58 - -
20 9.2 16.64 16.93 92.87 100.96 - -
30 14.8 19.21 16.13 125.49 106.96 602.81 606.30
40 21.3 19.64 14.81 143.56 139.76 24.10 108.63
50 28.9 19.24 9.32 173.21 229.63 10.07 45.15
60 37.8 14.96 8.52 266.85 204.14 6.05 36.74

Fig. 6. (Color online) Mechanical properties of uCC and sCC composites: (a) Young's modulus (E), (b) yield strength (y).
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composites. For the uCC composites, 40 wt.% uCC is the

critical concentration with the yield strength of 19.62 MPa

and for the sCC, it is 20 wt.% with the y of 16.93 MPa.

So, the negative reinforcing effect on the y of the com-

posites above the critical concentration of the particles

could be explained with the formation of large aggregates

of CaCO3 within the PCL because particles with the

higher specific surface area are more effectively enhanc-

ing a yield strength of the composite (Fu et al., 2008). In

other words, the formation of the agglomerates of particles

is equivalent to a reduction in the surface area of the par-

ticles contacting with the matrix, which will reduce the

reinforcement effect of particles. Then, the uCC particles

could be assumed to be homogeneously distributed in the

PCL with the less large aggregates formation at the high

concentration of uCC compared to the sCC composites,

which resulted in the higher critical concentration of uCC

than sCC particles. It is a similar trend as observed in rhe-

ological properties of the composites. Table 1 lists the EB

for the composites. For a neat PCL and the PCL compos-

ites filled with 20 wt.% uCC and sCC, the value of EB

were excluded because they showed a necking behavior

over 1000% elongational strain without breakage. The

addition of particle to ductile PCL decreased the extend-

ability of the matrix. Above the particle concentration of

20 wt.%, the EB of the composites decreased as the par-

ticles were added more. Especially the addition of 40

wt.% particles to the PCL induced a sudden decrease in

EB. As the particle aggregates become larger, it could lead

to an abnormal stress propagation between particle and

polymer matrix. Despite of a sudden decrease in EB due

to particle aggregations, the EB of the sCC composite is

higher than that of the uCC, meaning that the surface

modification with stearic acid is still possible to induce a

ductile behavior to sCC composite due to a better bonding

between particle aggregate and the matrix than uCC even

though it induces the particle aggregation at high concen-

tration.

A thermal analysis was conducted to investigate the

effects of the surface modification of particles on non-iso-

thermal crystallization behavior of composites. The enthalpy

of fusion (Hf) and both the onset temperature ( ) and

peak temperature ( ) for cooling crystallization were

obtained from second scan. Temperature range from the

start to the end of the crystallization was quantified by D

(=  ). All the results are summarized in Table 2.

Figure 7 shows that for the neat PCL,  was 33.4℃

and  was 31.1℃ with D set to 2.3℃. For the uCC

composites,  was found to be 3-4℃ higher than that

of the neat PCL for all concentrations.  for the uCC

composites also increased similarly to the increase in

, which led to a negligible change of D (Fig. 7a). The

increase in  for the uCC composites could be attributed

to the effect of the particles as a nucleating agent (Liu and

Tc

onset

Tc

peak

Tc

peak
Tc

onset

Tc

onset

Tc

peak

Tc

onset

Tc

peak

Tc

onset

Tc

onset

Table 2. DSC results of uCC and sCC composites with various particle concentration.

Filler content
[wt.%]

∆Hf [J/g] Tc
peak [℃] Tc

onset [℃] D [℃]

uCC sCC uCC sCC uCC sCC uCC sCC

0 56.8 56.8 31.1 31.1 33.4 33.4 2.3 2.3
10 52.2 58.9 33.5 23.3 36.7 30.0 3.2 6.7
20 45.4 52.3 33.9 25.3 36.7 30.1 2.8 4.8
30 40.4 45.3 34.7 26.3 37.5 31.6 2.8 5.3
40 34.6 37.4 34.7 26.5 37.7 31.4 3.0 4.9
50 28.2 31.9 35.4 25.7 38.8 30.5 3.4 4.8
60 21.7 26.7 34.6 25.7 37.3 30.7 2.7 5.0

Fig. 7. Onset temperature ( ) and peak temperature ( ) of (a) uCC and (b) sCC composites.T c

onset
T c

peak
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Wu, 2002; Avella et al., 2006). However,  also increased,

which led to a slight change of the crystallization behavior

(D) compared to that of the neat PCL. Meanwhile, the

sCC particles induced a lower  by 3℃ than com-

pared to  of the neat PCL and a longer crystallization

range (with a value 2-3 times higher than that of D) com-

pared to the neat PCL (Fig. 7b). The broader crystalliza-

tion temperature range (D) rather decreased with increasing

concentration of sCC. Surface modification induced a

ductile behavior between particle and the matrix but its

efficiency was decreased with increasing of particle con-

centration due to the induced particle aggregation. How-

ever, the higher Xc with the sCC did not cause a significant

difference in the tensile properties of the composites

except the EB. It was reported (Avella et al., 2006; Kow-

alewski and Galeski, 1986; Rybnikář, 1991; Schawe et al.,

2015) that uncoated CaCO3 particles induced a nucleating

effect while particles with an oligomer of ethylene oxide

or fatty acids on the surface delayed the crystallization

process of the matrix polymer. The coating layer on the

particle surface acted as a physical obstacle with regard to

the crystallization of the PCL chains in the matrix and

delayed the crystallization process, which resulted in a

decrease in . As shown here, the surface modifica-

tion of mineral particles increased interaction between

particle aggregate and the matrix. But its efficiency was

affected by particle aggregation which significantly changed

the mechanical properties of composite. This study was

restricted to the surface modification of CaCO3 with stea-

ric acid (< 3 wt.%). Further investigations are necessary to

understand the interrelations between the surface modifi-

cation of the particles, the crystallization, and mechanical

properties. Beyond this, for the composite with a high

concentration of CaCO3 particle, particle aggregation and

percolation appear to affect the tensile properties of the

composite more significantly.

According to morphological, rheological and mechani-

cal observations (Figs. 2, 3, 4, 5, 6, and 7), the surface

modification of the CaCO3 particles with stearic acid

induced particles aggregation in the PCL. Rheological

analysis usefully provided the information on the particle

dispersion how the surface modification of particles could

affect the overall particles percolation formation within

the PCL matrix. As the particle concentration increases,

surface modified particles formed percolation with a smaller

amount. Also, the tensile properties of the composite

showed that the surface modification of CaCO3 particles

induced the particle aggregation which resulted in a neg-

ative effect on modulus. 

4. Discussion

From the morphological, rheological, and mechanical

observations, it was found that a surface modification with

a stearic acid induced the aggregation and percolation of

CaCO3 as the particle concentration increased, in contrast

to the expectation that the surface modification of mineral

particles would result in a better reinforcement effect of

the composite. In general, a decrease of the surface energy

of mineral particles by a surface modification increases

the interaction between the polymer matrix and the parti-

cles. The surface properties of the two types of particles

and the polymer matrix used in this study are summarized

in Table 3 (Papirer et al., 1984; Wu et al., 2011). As shown

in Table 3, the surface energy of CaCO3 when coated with

a stearic acid on the surface is lower than that of uCC par-

ticles. From the surface energy of each material, the inter-

facial tension (12) and the work of adhesion, Wa, between

the polymer matrix and the particles were calculated

according to Eqs. (1) and (2). Herein, Wa is used to quan-

Tc

peak

Tc

onset

Tc

onset

Tc

onset

Table 3. Surface properties of PCL, uCC and sCC (d and p mean
dispersion and polar part of surface energy, respectively).

Materials
Surface energy [mJ/m2]


d


p



PCLa 42 10.2 52.2
uCCb 58 - 58
sCCb 27 - 27

afrom the reference (Papirer et al., 1984) and bfrom the reference
(Wu et al., 2011).

Fig. 8. (Color online) SEM images of uCC and sCC composites: 20 wt.% of (a) uCC and (b) sCC composites.
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tify the adhesion force between the matrix and particles

(Packham, 1996).

, (1)

. (2)

Here, , and  are the surface energy, the dispersive

and the polar contribution of each component, respec-

tively. The value of Wa between the particle and the PCL

is 98.7 mJ/m2 for the case of the uCC and the PCL, while

the value of Wa between sCC and PCL is 67.4 mJ/m2

(Table 3). According to the previous research (Shang et

al., 1994), the higher value of Wa for particulate compos-

ites indicates the stronger interaction between the matrix

and the particles, meaning that interaction between the

PCL matrix and the uCC is 46% greater than that between

the PCL and the sCC. For the composite with lower con-

centration, the particle-matrix interaction does not seem to

affect the dispersion of the particles, as shown in Fig. 8.

Both of particles are well impregnated into the matrix

(Figs. 8a and b). The sCC particles dispersed with a

noticeable boundary between the matrix and the particles

(Fig. 8b) because of the lower Wa between the sCC and

the matrix. A thin coating layer is formed on the particle

surface, which lowers the surface energy of the particles

(Cioni and Lazzeri, 2010, Papirer et al., 1984) and can be

expected a self-aggregation of bulk particles due to hydro-

phobic surface in the polymer matrix of polar surface prop-

erty (Avella et al., 2006). In Fig. 9, larger sizes of sCC

aggregates are still frequently observed, even at a low con-

centration (e.g., 10 or 20 wt.%) (Fig. 9) which also explains

why the sCC particles aggregate with a lower amount than

uCC. Therefore, for the PCL/CaCO3 composite with a

high concentration of particles, the aggregation of the sCC

with a lower particle concentration than the uCC causes

non-terminal behavior at G' of the sCC composite (Fig. 3),

resulting in the different mechanical behavior of the com-

posites with uCC and sCC depending on the particle con-

centration (Fig. 6).

5. Conclusions

In this study, the aggregation of CaCO3 particles in the

PCL matrix was investigated based on a morphological

assessment and a linear viscoelastic analysis, then how

particle aggregation affects a tensile property of composite

was investigated, especially focusing on the composites

with a high concentration of particles. As the particle con-

centration increases, the surface modified particles started

to form network structure (percolation threshold) with a

lower concentration than un-coated particles. Above this

percolation threshold, the composites with the modified

CaCO3 rather exhibited a negative tensile performance

compared to the composites with the unmodified CaCO3

in spite of the expectation of the better dispersion of par-

ticles with surface modification as well as improved ten-

sile properties. A rheological analysis of the composites,

especially assessment of the increase in G' and the reduced

terminal slope, showed that the modified CaCO3 particles

were percolated only with a 30 wt.% concentration (> 14

wt.% percolation threshold for sCC composite), whereas

for the composite with the unmodified CaCO3 particles,

particles percolated with 40 wt.% (>> 22 wt.% percolation

threshold for uCC composite). When the particles content

is lower than the percolation threshold, the yield strength

of the composites were similar regardless of surface mod-

ification of particle. Above the threshold, the strength

showed a maximum and rapidly decreased due to the for-

mation of particle aggregates without an effective increase

in the elongation at break. Meanwhile, the yield strength

of the composites with unmodified CaCO3 still increased

till the particle concentration was 40 wt.% where the par-

ticle percolation arose and then gently decreased as the

concentration increases further. In conclusion, a ductile

polymer is typically mixed with a large amount of mineral

particles along with surface modification for the better dis-

persion of particles. However, if the particle content is

higher than the percolation threshold, the surface modifi-

cation rather induces particle aggregation and give a neg-

ative effect to mechanical performance.
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