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ABSTRACT: Inherent physical properties and commercial availability makes poly(e-caprolactone) (PCL) very attractive as a potential

substitute material for nondegradable polymers for commodity applications. However, a balance of toughness and stiffness is needed

in order to transfer this potential into reality, particularly for short-term packaging applications. In this context, layered double

hydroxide modified with palmitic acid (LDH-palmitate), was used as a nanoadditive to enhance the mechanical properties of PCL.

Composites from PCL were prepared by melt-blending with LDH-palmitate loadings in the 1210 wt % range. Scanning electron

microscopy, transmission electron microscopy, and X-ray diffraction were used to study the structure and morphology of the compo-

sites. The results showed homogeneous dispersion of clay particles in composites, but the degree of stacking of clay platelets was

related to the LDH-palmitate loadings. Charpy impact test measurements revealed an anomalous toughness improvement in the case

of composite containing 5 wt % LDH-palmitate, attributed to a combination of microcavitation and changes in crystallite sizes in the

composite. The addition of LDH-palmitate improved the water vapor barrier permeation of neat PCL film. In summary,

LDH-palmitate was shown to have potential as a nanoadditive to obtain tougher LDH-PCL composite with improved barrier

property. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41109.
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INTRODUCTION

Toughness of a polymer material is one of the most important

selection criteria for many applications. It reflects the degree

of energy absorption of a material from the beginning of

mechanical load to final fracture.1 The ability of a polymer to

exhibit plastic deformation and resistance to impact without

failure is a very desirable attribute.2 The use of rigid fillers as

toughening agents has been suggested to mimic rubber tough-

ening. The advantage of such fillers is that they also improve

elastic stiffness of the overall composite. A wide range of fill-

ers have been used in the preparation of nanocomposites such

as clays,3 carbon nanotubes,4 polyhedral oligomeric silses-

quioxanes (POSS),5 layered double hydroxides (LDHs),6

expandable graphite,7 inorganic nanoparticles,8 and natural

fibres.9

The improved and value added properties in polymer nanocom-

posites are envisaged to originate from the interaction of the

polymer and filler at the interface. The interfacial region has

also been referred to as a “communication bridge” between the

filler and matrix; and is conventionally ascribed properties dif-

ferent from those of the bulk matrix because of its proximity to

the surface of the filler.10 During mechanical loading the filler

acts as stress concentrations due to the different elastic proper-

ties to the polymer. This ultimately leads to a buildup of triaxial

stress around the filler particles leading to debonding at the

particle-polymer interface. Debonding results in the creation of

free volume at a submicron level, this is similar to microcavita-

tion of rubber toughened systems. Zuiderduin et al.11 demon-

strated this phenomenon by toughening polypropylene with

CaCO3 nanoparticles. Their notched Izod fracture energy

increased from 2 to 40–50 kJ/m2. The prerequisites for tough-

ness enhancement include small particle size (<5 mm), an

aspect ratio of close to unity, filler particles must debond prior

to the yield strain of the polymer and the particles should be

homogeneously dispersed. However, toughness enhancement is

not widely reported for clay filled polymer nanocomposites.12

In fact some studies revealed that addition of mineral fillers has

an embrittling effect on semicrystalline polymer matrices.13

Given that clays are readily available, their low cost and

improvements introduced in many composites (stiffness,

strength, and resistance to permeation of gases and solvents).

Further attention, to their use to increase or maintain toughness

is essential.
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Clay based polymer nanocomposites research has mostly

focused on smectite-based polymer composites.14 They are par-

ticularly targeted to improve mechanical properties of thermo-

plastics such as heat distortion temperature, hardness, stiffness,

and mold shrinkage.12 However, natural clays have drawbacks

such as variability in composition and color, difficulty in purifi-

cation, poor reproducibility of the performance of polymer

composites, crystallographic defects that prevent complete

delamination.15 Anionic clays such as layered double hydroxides

(LDHs) are a potential alternative for the preparation of poly-

mer composites. LDHs are hydrotalcite analogs also referred to

as hydrotalcite-like compounds. They possess a brucite-like

structure (Mg(OH)2) where the divalent cations are isomor-

phously replaced by trivalent ones resulting in an overall posi-

tive charge, which is balanced by the presence of exchangeable

anions. LDHs have a generic formula shown below.16–19

M21
ð12xÞM

31
x OHð Þ2

h ix1

An2
ðx=nÞ �mH2O

Where M21 is Mg, Zn, Ni, Co, Ca, Mn, etc.; M31 is Al, Cr, Fe,

Mn, Co, V, etc., and An2 is CO3
22, Cl2, NO3

2, etc.

LDHs have advantages such as low incidence of impurities,

reproducibility and uniform size control since they are syn-

thetic. Moreover, a wide variety of metal species and mole ratio

compositions can be prepared. LDHs however have a high

charge density (0.031–0.041 equivalents per Å2), hence the elec-

trostatic interaction between the layers is very strong.20,21 This

aspect renders them unattractive as they would not easily

delaminate or exfoliate in polymeric matrices. However, this

“handicap” may be counteracted by intercalation. Intercalation

is achieved by the insertion of exchangeable organic anions,

hence reducing the solid–solid interaction within the clay layers.

This is essential as the van der Waals interaction between solid

surfaces decreases with the square of the separating distance.15

Insertion of anions such as long chain carboxylic acids such as

palmitic acid functionalizes the clay by converting the hydro-

philic nature of the interlayer into a hydrophobic one. It also

improves the compatibility of the clay with the polymer matri-

ces in the preparation of polymer–clay nanocomposites.15 A

high surface coverage of the LDHs by surfactants would render

them easily dispersible in the polymer, particularly a hydropho-

bic matrix.

Because of widespread increase of environmental concerns on

the use of polymers, biocompatible, and biodegradable synthetic

polymers such as aliphatic polyesters based on lactone and lacti-

des,22,23 are receiving growing attention. Polycaprolactone

(PCL) is an aliphatic polyester, prepared through a ring-

opening polymerization of the cyclic monomer e-caprolactone.24

It has applications in packaging and drug delivery. However,

like most biopolymers, PCL suffers from poor mechanical per-

formance and barrier properties (gases and water vapor). The

mentioned shortcomings limit the use of PCL in the industry.25

Hence, mineral fillers may be added to improve some of these

properties.

Generally LDHs based polymer composites are prepared by

three main techniques that is melt blending, solution intercala-

tion and in situ polymerization. LDH-PCL composites have

specifically been prepared by high energy ball milling

(HEBM),26,27 melt-blending,28 and electrospinning.29,30 Research

to date has focused mainly on LDH-PCL composites for drug

delivery aspects,27,29,30 morphology, and dispersion of systems.28

Sorrentino et al.26 reported mechanical properties (modulus,

stress at yield point, strain at break point, and stress at break

value) improvement in LDH-PCL composite up to 2.8 wt %;

however, the polymer suffered molecular weight reduction.

Meanwhile, to the best of our knowledge a holistic study of the

properties exhibited by LDH-PCL composites has not been

reported. Furthermore, in view of environmental concerns, the

LDH-PCL composite system in this study potentially offers ben-

efits in its preparation as it is melt blended and thus no solvents

are used. The matrix is biodegradable and palmitic acid is an

environmental friendly surfactant. Mg-Al LDHs was modified

and fully characterized. The study reports bilayer intercalated

palmitic acid in Mg-Al layered double hydroxides above the

normal anionic exchange capacity (AEC) and its dispersion in a

low melting PCL matrix. A correlation of mechanical and ther-

mal properties as well as changes crystallization morphologies is

established.

EXPERIMENTAL

Materials

Materials used in the study are given in Table I. Materials were

used as received from the supplier without further modification.

Preparation of LDH-Palmitate

Twenty grams of LDH-CO3 was modified through a one-pot

synthesis using palmitic acid. Forty grams of the Tween 60 was

dispersed in 1.5 L of preheated distilled water at 70�C. The

nonionic surfactant (Tween 60) was used to emulsify the pal-

mitic acid. Three and half times the AEC of palmitic acid

(0.288 mol) was used in the intercalation process. The addition

of palmitic acid was divided into three portions added in three

successive days to facilitate a high degree of self-assembly. The

specimen was prepared at 70�C. Ammonia solution was added

to maintain the pH of the reaction between 9 and 10. The spec-

imen was recovered by centrifugation and washed four times

with distilled water; once with both ethanol and acetone.

Preparation of LDH-PCL Composites

A Haake Rheomix internal mixer with two roller rotor was used

in the preparation of LDH–PCL composites. The PCL and

LDH-palmitate were pretreated at 55�C for 24 h prior melt-

blending. The composite was prepared at 120�C for 10 min. 0,

1, 5, and 10 wt % composites were prepared. The melt-blended

specimens were compression molded at 120�C in a Carver labo-

ratory press.

Characterization

An Auriga field emission scanning electron microscope (FE-

SEM, Zeiss, Germany) with a Gemini column, was used to view

the LDHs powders and fractured surfaces of impact strength

specimens. The composites fractured surfaces examined were

obtained from Charpy impact tests. The specimens were

mounted on the specimen holder and coated three times with

carbon using the auto coating unit EMITECH K950X (Quorum

Technologies, UK).
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The LDH dispersion in PCL matrix was directly visualized using

high resolution TEM (HRTEM). Specimens were prepared from

compression molded LDH-PCL composites. Sections from all

composite samples were obtained from Leica (Austria) EM UC6

cryo-ultramicrotome set at 2120�C and a cutting speed of

0.08 mm/s using a diatome 35� diamond knife (Diatome, Swit-

zerland). Sections with a nominal thickness of 90 nm were

mounted on a 300 mesh copper grid and viewed. Calibrated

images were captured with JEOL2100 HRTEM (JEOL, Japan)

set at an operating voltage of 200 kV and using a Gatan Ultra

scan camera and Digital Micrograph software (Gatan, USA).

Phase identification was carried out by XRD analysis on a PAN

analytical X-pert Pro powder diffractometer (PANanalytical, the

Netherlands). The instrument features variable divergence and

receiving slits and an X’celerator detector using Fe-filtered Cu

K-a radiation (0.154184 nm). X’Pert High Score Plus software

was used for data manipulation. Temperature-resolved XRD

traces were obtained using an Anton Paar HTK 16 heating

chamber with a Pt heating strip. Scans were measured between

2h 5 1� and 40� in a temperature range of 40 to 200�C in inter-

vals of 10�C with a waiting time of 1 min and measurement

time of 6 min/scan. Si (Aldrich 99% pure) was added to the

samples so that the data could be corrected for sample displace-

ment using X’Pert High Score plus software.

FTIR spectra were recorded on a Perkin Elmer 100 Spectropho-

tometer (Perkin Elmer, USA) with a MIRacle ATR attachment

with diamond Zn/Se plate. A small amount of specimen was

pressed onto the Zn/Se plate. The reported spectra were

obtained over the range 4000–650 cm21 and represent an aver-

age of 16 scans at a resolution of 2 cm21.

Differential scanning calorimetry (DSC) data was collected from

a TA instrument (Q2000, USA). Approximately 5–10 mg of

specimen was placed in an aluminum pan. The specimen was

heated from 220 to 120�C at a scan rate of 10�C/min and at a

N2 flow rate of 25 mL/min. The same conditions were main-

tained in the cooling ramp. Figure 5(b) presents DSC carried

out on a 5–10 mg specimen heated from 220 to 150�C at a

scan rate of 10�C/min; and at a N2 flow rate of 25 mL/min.

The specimens were run in triplicate.

Dynamic mechanical properties of neat PCL and its LDH-

palmitate containing composites were carried out on a Perkin

Elmer DMA 8000 dynamic mechanical analyzer (DMA) (Perkin

Elmer, USA) using the dual cantilever bending mode. The

applied frequency was 1 Hz. The applied strain amplitude was

0.05% and specimens were run in duplicates. The temperature

was scanned at 2�C/min from 2100 to 50�C.

Tensile testing was carried out on an Instron 5966 tester (Ins-

tron, USA) according to ASTM D 638 using Type IV specimens

obtained from compression molding. The specimens were ana-

lyzed without further annealing. Five specimens were tested for

each composite. Charpy impact testing was carried out on a

CEAST (Italy) Resil Impactor using the 15 J hammer, on single

notched specimen prepared on an CEAST (Italy) Automatic

Notchvis Plus.

Water vapor transmission rate of the neat PCL and LDH-

palmitate containing composites was measured in a MOCON

PERMATRAN-W
VR

Model 3/33 (MOCON, USA). The test area

of the compression-molded films with a thickness of

0.1 6 0.05 mm was reduced to 5 cm2 using aluminum masks.

Permeability cells were flushed using nitrogen and specimens

were conditioned for 24 h prior testing. The temperature was

fixed at 37.8�C and relative humidity of 13.9%. The specimens

were run until a steady-state was reached.

Atomic force microscopy (AFM) was carried on cryo-

microtomed sections with a nominal thickness of 100–150 nm

placed on a silicon wafer using on a multimode Nanoscope IVa

AFM (Bruker Digital Instruments, USA). In situ studies were

carried out on tapping mode and equipped with a high-

temperature heater accessory. Images were captured after heat-

ing to 70�C and then cooled to 36�C. The examined area was

30 3 30 lm2.

RESULTS AND DISCUSSION

The LDH-CO3 prior modification had a platy morphology

comprising of mostly subhedral crystals. The average lateral size

of the particles being a couple of nanometers to micron size

(Figure 1). The intercalated product i.e., LDH-palmitate, had

similar subhedral platelets that were substantially larger in size

than the pristine LDH. This suggests that the modification pro-

cess was accompanied by dissolution and recrystallisation reac-

tions resulting in morphological changes.19

Figure 2 shows diffractograms of the LDH-CO3 and its palmi-

tate modified form. LDH-CO3 has peaks positioned at 2 theta

values of 13.5� and 27.2�. However, in the LDH-palmitate there

is a distinct shift of characteristic LDH peaks to lower 2 theta

Table I. Materials and Supplier Information

Material Supplier Comment

PCL Sigma Aldrich–South Africa Mwav5 70–90kg/mol by GPC
Lot No. MKBK2903V

LDH-CO3 Nkomazi Holdings–South Africa AEC of 400 meq/100 g

Palmitic acid Sigma Aldrich–South Africa Purity �80%

Ammonia solution Sigma Aldrich–South Africa 28% NH3 in H2O

Tween 60
(polyoxyethylene-20-sorbitan
monostearate)

Sigma Aldrich–South Africa –
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values, which is indicative of interlayer expansion. The d-

spacing increased from 0.76 to 4.71 nm. This degree of inter-

layer expansion suggests a bilayer type of self-assembly within

the gallery space. The intercalated palmitic acid anions are

envisaged to have a tilt angle of 62�, based on the calculation in

the equation given below.31,32

d51:4810:26 n22ð Þsin (1)

where d is the d-spacing, n is the carbon number in the palmi-

tate chain, h is the slant angle of the intercalated palmitic acid

anions.

The degree of layer separation is governed by the dimensions

and functional group of the anions intercalated. Other factors

include the AEC level of the anions intercalated, size, orienta-

tion, and interaction with the hydroxyl lattice.33 It is evident

from the diffractogram that the LDH-palmitate is highly

ordered due to the sharp and symmetric peaks. However, there

are palmitic acid impurities in the case of LDH-palmitate dem-

onstrated by the existence of a shoulder next to the primary

peak. This further substantiates the claim of cointercalation of

excess fatty acid and this second layer of undissociated acid will

lead in greater d-spacings.33–35 Additionally, in the thermogravi-

metric data the degree of carboxylate intercalation was found to

be 2.24, with a percentage organic of 73%. Nhlapo et al.36

calculated the theoretical possible amount to be 2.39 times the

AEC for close-packed carboxylate chains. It is evident that the

degree of intercalation occurs at a higher level than the AEC

expected for LDHs, implying that the excess exists as un-

ionized fatty acids.

FTIR spectra of LDH-CO3, LDH-palmitate, and palmitic acid

are presented in Figure 3 and corroborate the XRD findings.

Figure 3(b) is a zoom-in of the region 1800–1200 cm21. FTIR

helps in the identification of intercalated species and their state

within the LDH-interlayer. With regards to the LDH-CO3, the

broad band in the range of 3400–3500 cm21 is assigned to mOH

OH���HOH vibrations. The shoulder at 3000–3100 cm21 is

attributed to the OH vibrations of hydroxyl groups’ co-

ordinated to the interlayer carbonate OH�CO3
22 through

hydrogen bonding. A bending vibration (dH2O) from the inter-

layer water is observed at 1600–1650 cm21. Carbonate anion

peaks are observed at 850–880 cm21 (m2), 1350–1380 cm21 (m3),

and 670–690 cm21 (m4). The intensity of the (m3) peak gives an

indication of the degree of exchange of the carbonate anion by

palmitate anions, of which in this case significantly reduced.

LDH-palmitate peaks in the regions 2956, 2915, and 2848 cm21

are attributed to CH2 symmetric and asymmetric stretching

modes. The tasCH2 band is observed at a low wavenumber

(2915 cm21), which is an indication of good conformational

order within the layers.34A bending vibration of the intercalated

water d(tH2O) is observed at 1636 cm21; however, it overlaps

with the COO2H1 vibration. Bands at 1586, 1541, 1466, 1429,

and 1415 cm21 are vibrations due to carboxylic group. The dif-

ferent bands are indicative of the diverse states of the carboxylic

present within the interlayer. These include COO2H1 (OH)

vibration at 1586 and 1541 cm21, whilst the 1429 and

1415 cm21 are attributed to the undissociated palmitic acid. A

medium peak around 1466 cm21 is assigned to CH2 bending of

the carboxylic acid chain.36 The summation of peaks observed

is confirmation of the presence of both palmitate ions and pal-

mitic acid within the interlayer.

Figure 4 shows X-ray diffactograms of the different composites.

In the LDH-palmitate filled polymer systems the primary peaks

Figure 1. SEM images of LDH-CO3 and LDH-palmitate.

Figure 2. XRD diffractogram of LDH-CO3 and LDH-palmitate.
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disappear for low filled systems, i.e., 1 wt %. This could be an

indication of highly dispersed (delaminated) polymer systems.

However, above 5 wt % loading a residual peak at 3.75 (2 theta)

is observed, this is consistent with a monolayer intercalated

LDH-palmitate with a d-spacing of 2.36 nm, which is similar to

that obtained by Borja and Dutta, 1992 (2.37 nm).37 The peak

intensity increases with increase in filler content, this could be a

dilution effect. Intercalated species have been observed to dem-

onstrate thermotropic behavior that is followed by changes in

the d-spacing due expulsion of water and free fatty acid mole-

cules.34,36,38 This is clearly demonstrated in Figure 5(a). The

multiplicity of endothermic peaks in Figure 5(b) is indicative of

various components present in the specimen. It is probable that

the bilayer LDH-palmitate is composed of randomly interstrati-

fied clay. It is clear that as temperature increases the d-spacing

decreases. The red triangles indicate the temperature at which

there is an emergence of successive phase with a lower d-

spacing. The layers collapse to a spacing of 2.8 nm at 160�C.

The disparity between the spacing observed for the composite

system and the heated LDH-palmitate is due to shear action

during processing resulting in a much lower d-spacing. How-

ever, the use of XRD as a standalone technique may give a mis-

representation on the dispersity of the filler; hence TEM is used

to obtain visual evidence.

The TEM images (Figure 6) present the dispersion of LDH in

the polymer matrix. Low magnification images are not pre-

sented as they were not visible due to the fine dispersion of the

LDH-palmitate within the polymer matrix. Some delaminated

sheets are observed at a nanoscale level. The nanometer disper-

sion is desirable as it plays a significant role in directing mor-

phology and introducing new energy-dissipation mechanisms in

toughening nanocomposites.39 Moyo et al.38 also reported that

highly dispersed and randomly oriented nanosized clay platelets

promoted extensive internal microcavitation during impact

loading. However, as the amount of filler increases, tactiods

become more prominent especially in the 10 wt % filler loaded

composite. The presence of tactoids is an indication that there

is some form of registry of clay layers within the 5 and 10 wt %

composites, which is detected in XRD as a residual peak of

monolayer LDH-palmitate. The clay platelets appear to be

smaller in size, which may be attributed to mechanical fracture

during melt-blending. LDHs are composed of three atomic

layers as compared to the cationic counterparts with 6–7 layers.

Hence, the former is more susceptible to deformation or break-

age than the latter during processing.

Mechanical properties for the neat PCL and derivative compo-

sites are shown in Table II. Increase in the modulus is observed

indicating the reinforcement property of the LDH-palmitate.

The 10 wt % composite showed the greatest increase in the

modulus this may be related to the higher filler loading. With

regards to this particular composite, a high level of tactoids is

observed in the TEM images and such morphology in combina-

tion with delaminated regions will also result in a high modu-

lus. The 5 wt % has a lower modulus as compared to the other

specimens; this may be explained by a reduction in crystallite

sizes as will be discussed later in the crystal morphology. A

decrease in the tensile strength property is also observed as the

filler content increases. It is evident in the TEM micrographs

that the highly filled specimen (10 wt %) has a lot of tactoids.

Figure 3. FTIR spectra of LDH-CO3, LDH-palmitate, and palmitic acid.

Figure 4. XRD diffractogram of LDH-PCL composites.
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These tactoids may act as stress concentrations resulting in poor

tensile strength. Nanocomposite mechanical performance is

strongly dependent on the degree of delamination; hence, it

may be inferred that the dispersion in the 10 wt % is not opti-

mal.14 The strength of a matrix is dependent on the size and

distribution of defects or flaws in the specimen; which in turn

determines the degree of load it can withstand prior to failure.

Anomalous impact strength is obtained for the 5 wt % compos-

ite, where a 65% increment in strength is observed as compared

to the neat polymer. The LDH-palmitate acts as an impact

strength modifier in this composite system. Polymer toughening

modifiers have been proposed to alter the stress state in the

material around the particles and induce extensive plastic defor-

mation, e.g., multiple crazing, shear banding, crazing with shear

yielding and debonding of the inorganic filler particles.11 These

deformations constitute a range of different energy-absorption

mechanisms such as increase in the internal structure, hence

preventing premature fracture. Figure 7 shows a SEM micro-

graph of the fracture surface of the impact strength specimen.

The matrix is characterized by extensive areas with microcavita-

tion, which may be an indication of the polymer toughening

mechanism. This type of morphology is observed mainly in the

5 wt % composition. In this system the LDH-palmitate can be

considered as a nucleation site for microvoid formation. Figure

7(b,c) shows a particle that seems to have been dislodge from

the matrix and its corresponding energy dispersive X-ray (EDX)

map, respectively. An area with microvoids is left behind. An

analysis of variance was carried out separately for each test that

is modulus, impact, tensile strength. etc. The results are statisti-

cally different with a confidence level greater than 95% across

the sample groupings. The associated p-values in Table II are

Figure 5. Thermotropic behaviour of LDH-palmitate (a) temperature scan XRD and (b) change in d-spacing as compared to thermal event from DSC.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. TEM images for the LDH-PCL composites (a) 5 wt % and (b) 10 wt %.
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statistically highly significant thus suggesting that mechanical

properties are affected by the weight of the LDH-palmitate in

the composite.

The water vapor transmission rate (Table II) decreased for all

the composite specimens as compared to neat specimen, which

is likely due to the presence ordering of filler particles in such a

way that the diffusion path is torturous and impervious to

water molecules. The impervious aspect may also be supported

by the presence of excess fatty acids exuded in the polymer

matrix as demonstrated in Figures 4 and 5. Exuded fatty acid is

likely to increase the hydrophobic characteristics of the polymer

therefore hindering the passage of water molecules. The

improvement in the water vapor barrier properties makes the

filler potentially attractive for use in the food packing applica-

tion. Hydrolysis of the PCL matrix is dependent on the trans-

port of water from the surface to the bulk of the material.

Hence, a reduction in water vapor transmittance rate (WVTR)

is an added benefit for modifying degradation rates.25

Dynamic mechanical properties are shown in Figure 8. The

reinforcement ability of LDHs is further demonstrated by a

higher storage modulus (E0) for the composites as compared to

the neat polymer in the glassy region [Figure 8(a)]. It is notable

that the 5 wt % composite is higher than all the other composi-

tions in the rubbery region, which may be attributed to a favor-

able dispersion and interaction with the matrix. This

observation may also be explained as continued reinforcement

or extended intercalation at higher temperatures. It is evident

from the loss modulus data [Figure 8(b)] that motion of poly-

mer chain segments begins at a lower glass transition tempera-

ture. This is an indication of a plasticizing effect of the LDH-

palmitate. As the filler content increases the fluidity of the

matrix also increases. This could be related to the excess fatty

acids exuded into the matrix during processing; in this instance

the amount of free fatty acid available in the composite will be

proportional to the filler added hence a greater shift to left is

observed in the higher filler loaded specimens. Lowering of the

glass transition temperature suggests increased polymer chain

mobility or flexibility and possible increase in free volume.

These thermomechanical changes are typical of an impact

strength resilient material, as demonstrated by the 5 wt %

composite.

Table III presents DSC data of melting and crystallization of

PCL and respective composites. The data discussed pertain to

those obtained from the second heating and first cooling. The

onset of melting and Tm remain unchanged in all specimen

with the exception of the enthalpy of fusion. The enthalpy of

fusion increased slightly for the 10 wt % LDH-palmitate

Table II. Mechanical Properties and Water Vapor Transmission of Neat PCL and Respective Composites

LDH-palmitate
wt %

Modulus
(MPa)

Tensile strength
(MPa)

Impact resistance
(kJ/m22)

Water transmission
rate (g/[m2/day])a

Permeation rate
(g/mm/[m2/day]a

0 410 6 24 67 6 9 192 6 45 26 6 1 102 6 3

1 438 6 25 61 6 11 172 6 17 15 6 5 64 6 21

5 425 6 28 55 6 1 316 6 80 13 6 3 52 6 12

10 458 6 23 43 6 3 170 6 22 20 6 3 78 6 10

p value 0.051 0.0003 0.0006 0.0005 0.0009

a Temperature 37.8�C, 13.9% relative humidity.

Figure 7. Microcavitation observed throughout the Charpy impact

strength specimen (5 wt % LDH-PCL). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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loading. Increase in the heat of fusion is generally an indication

of larger crystallites forming. The onset of crystallization and

crystallization peak shifts to higher temperature for the filled

composites and is more evident in higher composition of filler

i.e., 5 and 10 wt % (Figure 9). This may be attributed to the

LDH-palmitate particles acting as heterogeneous nucleation sites

in the polymer matrix.

Crystallite morphology of semicrystalline polymers is normally

affected by the presence of particulate filler. To further study

the morphology of the LDH-palmitate composites, AFM was

employed. Figure 10 shows AFM 30 3 30 mm2 height and

amplitude micrograph of the neat PCL and composite systems.

The AFM micrographs of the neat PCL had large asymmetric

crystals with an average diameter of 18 6 2 mm [Figure 10(a)].

In the 5 wt % composite the crystals appear smaller in size and

measured 25% less in diameter as compared to the neat poly-

mer [Figure 10(b)]. The lamellae of the crystals in the 5 wt %

appear to be thinner as compared to the neat and 10 wt %

composite. Shah et al.39 found that incorporation of nanoclay

resulted in increase in toughness attributed to reduction in

spherulite size and formation of more mobile crystallites. In

their study they found a dramatic increase up to 700% higher

than the neat polymer in toughness and 70% higher in elonga-

tion at break for polyvinylidene fluoride nanocomposite with 5

wt % organo-clay based on the area under the tensile

stress–strain curve. The enhanced toughness was attributed to a

transition from a-spherulites to thin fiber-like b-crystallites,

which reoriented in the strain field. This could help explain the

anomalous toughness observed in the 5 wt % composite, the

composite exhibits a reduction in crystallite size and a more

“fluid” matrix is observed [Figure 8(b) and 10]. Chen et al.40

corroborate that the formation of more ductile crystallite phases

leads to improved toughness. Additionally, Gersappe41 proposed

that improved mechanical properties result more from the

mobility of particles during deformation than from the stiffen-

ing effect of the matrix by the reinforcement. The 10 wt %

LDH-palmitate polymer composite exhibited areas with large

irregular lozenge-shaped crystallites as seen in Figure 10(c0).

These large crystallites and high level of tactoids within the

matrix presumably act as stress concentrations within the

matrix when an external load is applied; hence the material

undergoes premature failure. It is clear from the 10 wt % com-

posite images that the LDH-palmitate is mostly segregated to

the areas where the spherulites impinge. This may also works to

the detriment of mechanical properties.

Although the LDH-palmitate appears to influence some attrac-

tive properties, it is not as rigid as layered silicates, hence mod-

est increases in modulus are observed. Moreover, the LDHs

platelets are fragile and are prone to fracture during processing

resulting in sheets with a smaller aspect ratio. Organo-LDHs

Figure 8. Dynamic mechanical properties of neat PCL and LDH-PCL composites (1 Hz).

Table III. DSC Data of Melting and Crystallisation of PCL and Respective Derivatives

LDH-palmitate
(wt %)

Onset of
melting (�C) Tm (�C) DHm (J/g)

Onset of
crystallization (�C) Tc (�C) DHc (J/g)

0 54 56 6 0.1 58 6 1.3 35 6 0.1 33 6 0.1 57 6 2.4

1 54 56 6 0.1 58 6 1.1 35 33 6 0.1 55 6 0.3

5 54 56 6 0.1 59 36 34 56 6 1. 5

10 54 56 6 0.1 63 6 7.3 34 34 6 0.1 57 6 5.6
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that do not show thermotropic behavior at typical polymer

processing temperature may be studied so as to minimize the

effects of the exuded surfactants on the matrix. Further study

on the reduction of the water vapor transmission rate would be

worthwhile to further reduce vapor transmission particularly for

food packaging applications.

CONCLUSION

Results from the present study suggest that palpitate ions and

molecules cointercalate to achieve a tightly packed bilayer

within the LDHs interlayer. Melt blending of the bilayer LDHs

precursor with the polymer resulted in a composite system with

residual monolayer peaks observed in the 5 and 10 wt % com-

posites, respectively. The internal structure of the composite sys-

tems prepared was predominately in the nanoscale range as

determined through XRD and TEM characterization. However,

at higher filler loadings tactoids were observed, particularly in

the 10 wt % composite. Improvement in impact strength for

the 5 wt % composite is attributed to the combination of

microcavitation, crystallite size changes as well as a more flexi-

ble polymer matrix. These properties work together as energy

dissipation mechanisms preventing premature fracture. It is evi-

dent that the LDH-palmitate plays a pivotal role in redirecting

morphology and introducing new energy-dissipation mecha-

nisms for polymer toughening. A reduction in the water vapor

transmission rate is also observed. The filler shows promising

Figure 9. DSC cooling run of PCL and derivative LDH-PCL composites.

Figure 10. AFM height and amplitude micrographs of (a) neat polymer and (b) 5 wt %, and (c) 10 wt % LDH-PCL composite and amplitude micro-

graphs for a0, b0, and c0, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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use as a multifunctional additive in polymeric matrices able to

achieve stiffness whilst retaining/improving impact strength.
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