JOURNAL OF
o COMPOSITE
MATERIALS

Journal of Composite Materials

2016, Vol. 50(27) 3863-3872

© The Author(s) 2016

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/00219983 15626505
jem.sagepub.com

®SAGE

Article

Fracture behavior of polycaprolactone/
clay nanocomposites

LN Luduena, A Stocchi and VA Alvarez

Abstract

The effect of clay-organo modifier on the thermal and mechanical properties and fracture behaviors of pure polycapro-
lactone (PCL) and 5 wt% PCL/clay nanocomposites were studied. The different materials were prepared by melt inter-
calation. It was demonstrated by X-ray diffractometry, differential scanning calorimetry, tensile, and fracture tests that
the addition of modified nanoclays affected significantly the final properties of the materials. The optimal combination of
properties was achieved with the PCL reinforced with 5wt% of C30B obtaining improvements of 17% in the Young’s
modulus and 1500% in the specific essential fracture work.
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Introduction

Packaging is the biggest industry of polymer processing.
Food industry is its principal customer. Despite environ-
mental problems, polymer packaging European market is
increasing in about millions of tons per year. Foreseeing
future laws about reducing the weight and volume of these
products, cheap and biodegradable polymeric products
are receiving growing attention." Polycaprolactone
(PCL) belongs to this class of synthetic biodegradable
polymers. PCL is linear, hydrophobic, and partially crys-
talline polyester that can be slowly consumed by micro-
organisms.” It can be processed using conventional
plastics machinery>® and its properties make it suitable
for a number of potential applications from agricultural
usage to biomedical devices.* The main limitation of PCL
is its weak rigidity and low fracture toughness which can
be greatly enhanced by the dispersion of nanometer-size
particles. This kind of materials are called nanocomposites
and have the interesting characteristic of the mechanical
properties;’ the barrier properties;> the thermal proper-
ties:® and some others such as the resistance to flamma-
bility” and resistance to water adsorption,® can be greatly
enhanced with the addition of a small amount of filler
(usually less than 10wt%). Some nanocomposites may
achieve significant and simultaneous improvements in
stiffness, fracture toughness and these characteristics
could be of particular importance in several industries.”
One kind of these nanometer-size reinforcements is
the montmorillonite, which is a cheap and

environmental-friendly layered silicate whose interlayer
ions can be changed by organ-ions in order to produce
an increment in the interlayer spacing and to improve
the polymer/clay compatibility. These improvements
allow the dispersion of clay platelets to be easier. As
far as totally dispersion of the clay platelets (exfoliation)
is achieved, the reinforcement phase is more effective.'”
Instead of fully exfoliated structures, intercalated struc-
tures (the silicate layers are intercalated between polymer
chains) or a mixture of both, are generally achieved.''
Several works dealing with the dispersion of organo-
modified and natural montmorillonite inside PCL by
melt blending can be found in various literatures."*!>1®
Other methods involves in situ synthesis of PCL/clay mas-
terbatches in supercritical carbon dioxide' and the host—
guest chemistry.”® Also, some authors deal with the clay
dispersion in the PCL/clay in foams.”' From these works it
can be concluded that the organo-modified montmorillon-
ite leads to better dispersed PCL/clay nanocomposites.
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This result demonstrates that the chemical compatibility
between the clay and the matrix is the key to homoge-
nously disperse these kinds of nanoparticles in the polymer
matrix. On the other hand, several authors®>2® demon-
strated that the clay organo-modifiers can be degraded
during the melt blending process. Therefore, not only the
clay/polymer compatibility but also the processing stability
of the clay organo-modifier should be the key to obtain
well dispersed polymer/organo-modified clay nanocompo-
sites by melt blending. In order to verify this hypothesis, in
a previous work'? we studied effect of natural montmoril-
lonite and five commercial organo-modified clays on the
final performance of PCL-based nanocomposites prepared
by melt mixing. Nanocomposites with 5Swt.% of each clay
were prepared by double-screw extrusion at the same pro-
cessing conditions where it was found that the commercial
clay named Cloisite 20 A (C20A) was the organo-modified
clay with the best balance between processing stability and
chemical compatibility with the PCL. Thus, PCL/C20A
nanocomposites showed the best clay dispersion degree
and, hence, the best mechanical performance.

Nano-/micro-sized inorganic particles as filler to
enhance polymer toughness have been reported and
well documented.”” The effects of different particle
size, distribution, and dispersion inside the polymer
matrix have been studied and reviewed.?® The fracture
behavior of polymer composites is generally associated
with the interfacial area between the matrix and the
reinforcement. Good interfacial properties allow a
good load transfer from the polymer matrix to the
reinforcement. On the other hand, if the interface is
weak the mechanical behavior will be poor. For nano-
composites, very large surfaces with low volumes allow
to have considerable effects at very low concentrations
of reinforcement. This interphase region has strong
chemical matrix-reinforcement interactions, promoting
remarkable changes in mechanical performance of the
composite.

The aim of this work is to improve the fracture
behavior of PCL/clay nanocomposites and correlate
the obtained result with their morphology and tensile
mechanical properties.

Experimental
Materials

The matrix used in this work was a commercial poly-
caprolactone, PCL (Mn 80,000, Mn/Mw < 2, glass
transition —60°C, melting temperature 60°C, density
1.145g/mL at 25°C), provided by Sigma Aldrich.
Several Cloisite clays commercially purchased from
Southern Clay Products Inc., USA, were used as nano-
fillers. They were used as received. The characteristics
of the clays are shown in Table 1.

Preparation of nanocomposites

Neat matrix (PCL) and nanocomposites with 5.0 wt%
of clay were prepared by melt-intercalation in a
Brabender type mixer. Nanocomposites were named
5Clay_Name (i.e. SC30B is the nanocomposite with
Swt% of Cloisite 30B). Mixing temperature was
100°C, screws rotation speed was 150r/min, and
mixing time was 10min. Then, 0.5mm thick sheets
were prepared by compression molding in a hydraulic
press following the next steps: 10min at 100°C;
0kg/cm? — 10min at 100°C; 50 kg/cm? — water cool-
ing of molds at 50kg/cm? — mold opening.

Characterization of matrix and nanocomposites

Thermogravimetric analysis (TGA). This was carried out
in a Shimadzu TGA-50 from 30°C to 1000°C at
10°C/min. Tests in nitrogen atmosphere were done to
calculate the clay content inside the nanocomposites,
which was in the range of 5.0 £0.6 wt% for all mater-
ials. These values were calculated from the residual
mass of the composites at 900°C correcting for the resi-
dual mass of the neat matrix and for the weight loss of
the neat clays at the same temperature. The weight loss
of the neat clays at 900°C is mainly composed of water
and/or organic content. These calculations were carried
out assuming that thermal degradation of the clay
organo-modifiers did not take place during the intercal-
ation process. This assumption is supported by results
obtained in a previous study.?’ In that work, we char-
acterized the thermal degradation of the clays by TGA
as shown in Table 1. Isothermal tests were carried out
at temperatures close to those used in the processing
conditions reported in the previous section (120-140-
160-180°C) for 3 and 30 min. The maximum heating
rate allowed by the equipment was used to reach each
temperature. These tests were conducted in air to simu-
late more realistically the environment during process-
ing operations. It was demonstrated that the less stable
organo-modifier of the clays shown in Table 1 starts to
thermally degrade at temperatures above 160°C. These
results suggest that the organo-modifiers of the clays
were not thermally degraded at the processing tempera-
tures used in this work.

X-ray diffractometry (XRD). XRD patterns of C20A and
nanocomposites were recorded by a PW1710 diffract-
ometer equipped with an X-ray generator
(A =0.15401 nm). Samples were scanned in 20 ranges
from 1.5° to 60° by a step of 0.035°. The interlayer
spacing of the clays was calculated before and after
mixing by means of the Bragg’s law. The values were
named as diitie! (as-received clays) and d’;’g{’/ (clay inside
the compression molded samples).
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Table I. Characteristics of the clays used as nanofillers.

Modifier concentration Specific gravity,

Clay Organic modifier? (mEq/100 g clay) Pp (g/em®)
Montmorillonite (CNa+) None - 2.86
Closite 30B (C30B) CH,CH,0OH 90 1.98
HsC——N+——T
CHoCH,0H
Closite 10A (CI10A) CT3 125 1.90
HzC—N+—0C
| ( >
HT
Cloisite 93A (C93A) H 90 1.88
H3C—N+‘—HT
HT
Cloisite 20A (C20A) CHs 95 1.77
HaC-NF—HT
HT
Cloisite |5A (CI5A) CH3 125 1.66
HaC-N—HT
HT

HT is hydrogenated tallow (~65% C18; ~30% C16; ~5% C14).

Differential scanning calorimetry (DSC). Tests were per-
formed in a Shimadzu DSC-50 from 25°C to 100°C
at a heating rate of 10°C/min under nitrogen (ASTM
D3417-83). The degree of crystallinity was calculated
from the following equation

AHy

Xer(%) =
(%) wper X AHjgg

x 100 (1)

where AHpis the experimental heat of fusion, wpc, the
PCL weight fraction, and A H q is the heat of fusion of
100% crystalline PCL and its value is 136.1J/g.*

Tensile tests. It was performed in a universal testing
machine Instron 4467 at a constant crosshead speed
of 50 mm/min. Before tests, all specimens were precon-
ditioned at 65% RH (relative humidity) and room
temperature.

Fracture tests. Fracture characterization was carried out
on mode I double edge-notched tensile (DENT) speci-
mens cut from 0.5mm films (nominal width W was
15 mm and nominal length S was 70 mm), at a crosshead
speed of 1.5 mm/min. Sharp notches were introduced by
sliding a fresh razor blade having an on-edge tip radius
of 0.13mm. Series of 10 specimens were tested. Energy
release rate values were obtained from these tests.

Theoretical background
Essential work of fracture approach

The essential work of fracture (EWF) approach is a
methodology that works well for very ductile polymer
composites.’’ This approach was first proposed for
plane stress ductile metal fractures and later applied
to polymers.* The experimental simplicity is one of
the most attractive features of the EWF method.
For this approach, measurement of the ligament
length before testing is only needed instead of
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measuring the crack extension as required in the J-inte-
gral method.*”

The aim of the EWF approach is to separate the
work performed in the fracture process zone, W,,
from the total work of fracture, W, and that in ductile
polymers is often dominated by the work of plastic
deformation, W,

Wy=We+ W, @)

The EWF method makes use of the fact that the
essential work and the plastic work scale differently for
a given specimen thickness (B) and ligament length (/)

W;=w.B+ w,BPB 3)

where g is the shape factor, and w, and w, are the spe-
cific essential work of fracture and the specific nones-
sential work of fracture, respectively. According to the
known literature, EWF parameters depend on different
physical factors®* like thermal aging, molecular weight,
annealing, and test conditions such as temperature,
deformation rate, loading mode, ete.>> 7

By dividing W, by the ligament area /, it is possible
to obtain the specific total work w, that can be
expressed as

W= Wwe + w,Bl 4)

If the entire specimen ligament deforms plastically
before fracture initiation, then the specific essential
work can be found by testing different ligament lengths
and extrapolating the specific total work of fracture to
zero ligament length.

The EWF method is valid for polymers under certain
conditions. The first condition is full ligament yielding
prior to crack propagation and self-similarity between
load and displacement curves. Other important require-
ment is the minimum ligament length: it has to be at
least three times greater than the specimen thickness.
Moreover, the stress criterion suggested by Clutton®
ire. 090, <omax<l.lo,,, where on.=F/L; F is
the maximum load in a DENT specimen, / is the total
ligament length, and o,, is the mean of o, values that
have to be satisfied. The EWF method cannot be used if
a material does not fulfil the conditions mentioned
above.

In recent years, the EWF method has been exten-
sively applied to polymers®® and there is a draft stand-
ard of the European Structural Integrity Society
(ESIS).*® The EWF method delivers a single fracture
parameter that is representative of crack propagation.
The EWF approach can also be used for plane strain
fracture J; either obtained from slow strain rate
or impact tests.*!

Results and discussions
Nanocomposite morphology (XRD)

The final properties of nanocomposites are determined
by both the reinforcement content and its dispersion
degree inside the matrix.> The morphology of the nano-
composites was analyzed by means of the interlayer
spacing of the clay inside the nanocomposites (d’ggf/)

Figure 1 and Table 2 resumes the results, also includ-
ing the @il values. The diiti parameter is important
because it is expected that as @@/ increases, polymer
chains have more space to intercalate, obtaining a
better dispersed nanocomposite. )

The highest values of @2 and djr" were found for
the C15A clay and 5C15A, respectively. On the other
hand, the SC30B nanocomposite was the only case for
which the di’ value could not be calculated due to the
disappearance of the diffraction peak, as shown in
Figure 1. There are two possible reasons for this behav-
ior, the structure of the nanocomposite is intercalated
but the value of di is so high that it could not be
calculated by means of the equipment used, or the
nanocomposite does not present ordering anymore
(exfoliated structure). Therefore, it can be concluded
that the 5C30B nanocomposite showed the highest
clay dispersion degree inside the matrix.

Mechanical properties

Table 3 shows the mechanical properties of
the neat matrix and the nanocomposites. The crystal-
linity degree of the materials is also included in this
table.

It was observed that all clays enhanced the Young’s
modulus of the neat matrix, while the tensile strength
and the elongation at break remained almost constant.
Highest Young’s modulus of the PCL/clay nanocompo-
sites is expected as a function of the clay dispersion
degree.* In this work, a clear correlation of the
Young’s modulus with the morphology of the nanocom-
posites was not obtained. The crystallinity degree of the
matrix also affects the mechanical performance of the
nanocomposites.** It can be observed in Table 3 that
this parameter was around 70% for all materials without
showing significant variations after clay incorporation.

Mode | EWF analysis

Typical load—displacement curves for the neat PCL and
nanocomposites are shown in Figure 2. The curves cor-
responding to only two nanocomposites were plotted
for the sake of clarity. Similar shape of the curves
was observed for all materials. A marked load drop is
seen after reaching the maximum load corresponding to
the full ligament shielding®'** followed by a more
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Figure 1. XRD diffractograms of the nanocomposites.

Table 2. Results from XRD tests.

Material el (A) ol (A)
5CNa 10.2 14.5
5C30B 18.4 No peak
5CI0A 19.3 27.5
5C93A 24.0 31.6
5C20A 23.9 33.6
5CI5A 29.5 36.9

gradual drop corresponding to necking and tearing of
the ligament.*’

The 5C30B composite showed the higher load for
ligament yielding and the less prominent load drop
leading to higher fracture energy. On the other hand,
the neat PCL matrix showed similar maximum load but
a marked load drop, leading to lower fracture proper-
ties. All the other studied nanocomposites had an inter-
mediate behavior between the neat matrix and the
5C30B reinforced composite.

The toughening mechanisms for micro-sized particle
reinforced composites have been studied for many years
and there are several publications available in litera-
tures.*** However, the nano-particles lead to different
toughening mechanisms than microparticles and the
traditional mechanisms may not be present.”®

Work of fracture plots for the investigated nano-
composites are depicted in Figure 3.

A good linear correlation was found for all the
materials studied in this work. The values of W, were
calculated from the interception of the linear fit extra-
polated to zero ligament length, and are presented in
Figure 4. Figure 5 shows the B, values calculated as
the slope of the linear fit.

There are several factors that affect the performance
of nanoclays as reinforcement.’® In cases of good com-
patibility, the formation of an interphase between the
filler and matrix increases the stiffness and toughness as
a function of the clay dispersion degree. All the compa-
tibilized clay reinforced nanocomposites showed
increased properties in comparison with the untreated
clay. This result is in accordance with other authors
who found in some cases that the chemical treatment
of the reinforcements increases the fracture tough-
ness.”'> The EWF results indicate that the C30B nano-
clay chemical modification was the most efficient, which
is in accordance with the clay dispersion degree of this
material. The nanocomposites reinforced with CI5A
and C20A showed significant differences on the EWF
results even having organo-modifiers with the same
chemical structure. The dissimilar behavior can be
attributed to the higher concentration of the organo-
modifier between the silicate layers of C15A which
increases the @il promoting the easier intercalation
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Table 3. Mechanical properties of the neat matrix and their nanocomposites.

Material E (MPa) o (MPa) & (%) Xor (%)
PCL 299+ 18 149 +£0.4 872+ 144 72.1 £0.2
5CNa 314+ 18 15.1 £0.5 895+ 13 69.2+04
5C30B 351+£22 14.7+£0.7 796 + 181 67.8£0.1
5CI0A 410+36 153+1.2 826 + 103 70.1 £0.1
5C93A 371 +31 15.1£0.5 856 £ 16 68.9+0.3
5C20A 375+6 148 +0.7 882+ 58 69.7£0.2
5CI5A 369+ 18 15.1+£0.3 808 £79 70.7 £0.1
E =Young’s modulus, o = tensile strength, ¢ = elongation at break, X . = crystallinity degree.
!ll
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5CNa
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Figure 2. Load—displacement curves for the neat matrix and nanocomposites.

of the polymer chains. The higher clay dispersion
degree of the SC15A nanocomposite demonstrated by
XRD confirms this hypothesis. The case of the SC93A
nanocomposite cannot be explained by this analysis.
Lower clay dispersion degree was seen for 5C93A
than the 5C20A nanocomposite but higher W, values
than 5C15A. Both the molecular weight and concentra-
tion of the organo-modifier between the silicate layers
of C93A are lower than that of CI5A and C20A.
Nanocomposites having the same or similar clay dis-
persion degree but higher concentration of silicate
layers, which is achieved with low concentrations of
low molecular weight organo-modifiers, should show
improved reinforced efficiency. Therefore, EWF

behavior results from a balance between clay dispersion
degree and concentration of silicate layers.

It can be noted that in all cases the particle reinforce-
ment lead to an improvement of specific work of frac-
ture. As mentioned before, the 5C30B nanocomposite
showed an improvement of 1500% in the specific work
of fracture. The lower contribution was found for the
5CNa unmodified clay with an improvement of 46%.
These results are in accordance with the morphology
found and the measured tensile properties of the
nanocomposites.

It can be seen that the addition of 5wt% of C10A,
C15A, and C93A had a positive effect on energy con-
sumption for plastic deformation. On the other hand,
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Figure 3. Work of fracture plots for the neat matrix and nanocomposites.
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Figure 5. Specific plastic work of fracture values for the neat matrix and nanocomposites.

lower values of B, in comparison with that of the neat
matrix were found for SCNa and 5C30B nanocompo-
sites suggesting less plastic energy absorbed in plastic
deformation during the fracture process.

Essentially, the increment W, for all reinforced
nanocomposites indicates that the incorporation of
nanoclays induced an increase in resistance to crack
initiation.>> On the other hand, the values of B,
showed an increased crack propagation resistance for
the 5C10A, 5C15A, and 5C93A but a decrease in this
parameter for SCNa and 5C30B, respectively. This can
be mainly attributed to the different compatibilities of
each clay with the matrix and the processing resistance
of the clay organo-modifiers. In addition, it should be
noted that the organo-modified clays have modifier
contents ranging from 90 to 125mEq/100 g clay. This
means that these reinforcements have lower contents of
silicate platelets than the sodium montmorillonite. The
silicate platelets are the reinforcing phase so, the opti-
mization of the balance between clay dispersion degree
and the silicate platelet content is the key factor for
polymer reinforcement.

Conclusions

The mechanical and fracture behavior of polycaprolac-
tone/clay nanocomposites prepared by melt blending
was studied in this work. All clays used enhanced

the mechanical and fracture behavior of the PCL. The
optimal combination of properties was achieved with
the PCL reinforced with S5wt% of C30B obtaining
improvements of 17% in the Young’s modulus and
1500% in the specific essential fracture work. On the
other hand, there was not a clear trend between the clay
dispersion degree and the mechanical and fracture
behavior. This result could be attributed to the fact
that organo-modifiers enhance clay dispersion degree
inside the polymer matrix but reduce the clay platelets
content, which are the reinforcing phase, per clay mass.
Thus, low contents of nonmodified sodium clays could
maintain an acceptable clay dispersion degree inside the
PCL matrix with higher clay platelets contents per clay
mass. The balance between both situations should
always be optimized in order to find the optimal mech-
anical behavior.
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