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Abstract 

This work focuses on the analysis of the poly (L-lactide) nanocomposites based on 

modified MgAl and NiAl layered double hydroxides (LDH) characterized by 

measurements such as size exclusion chromatography (SEC), differential scanning 

calorimetry (DSC), small- and wide-angle X-ray scattering (SAXS and WAXS) and 

broadband dielectric spectroscopy (BDS).   

   The polymer based nanocomposites were prepared by melt blending. Both 

nanocomposites were found degradation enhancements for PLA by the SEC 

measurements. Further, NiAl/LDH-PLA nanocomposites showed a stronger degradation 

than the MgAl/LDH-PLA system. This distinction could be assigned to the different 

properties of Mg and Ni ions. 

   The original and modified structures of MgAl/LDH and NiAl/LDH were characterized 

by SAXS measurements. The size and dispersion of the modified LDHs were shown to be 

different for MgAl/LDH-PLA and NiAl/LDH-PLA nanocomposites. These distinctions 

were considered to be related to the properties of different nanofillers.    

   The degree of crystallization, in dependence on the LDH concentration, investigated by 

DSC, agrees with the WAXS results for both nanocomposites.   

   On the basis of the three-phase model describing semicrystalline polymer, the phase of 

the PLA was divided into crystalline fraction (CF) and non-crystalline fraction. The non-

crystalline fraction was subdivided into the mobile amorphous fraction (MAF) 

contributing and the rigid amorphous fraction (RAF) not contributing to the relaxation 

strength at the glass transition. In addition, according to related literatures, in the PLA 

nanocomposites, the RAF could be composed of the RAF caused by the nanofiller 

(RAFfiller) and the RAF caused by the crystallization (RAFcrystal). For separating the 

different parts of RAF, two steps of experiments were applied. In the first step, the critical 

cooling rate was determined to suppress the crystallization of PLA during the cooling 

process, then to eliminate the production of RAFcrystal. In the second step, with the treated 

sample, the contribution to the relaxation strength at glass transition was calculated by the 

measurements from temperature modulated DSC (TMDSC), then the RAFfiller was 

obtained. Coupling with the measurements of the RAFall, MAF and CF, analysis of both 

RAFs in dependence on LDH concentrations were made. The most noteworthy result for 

the differences between MgAl/LDH and NiAl/LDH systems was the LDH concentration 
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dependence on the ratio of RAFfiller and filler mass. A larger contacting area with PLA 

segments for MgAl/LDH nanocomposites could be deduced.  

Therefore, a partly-exfoliated structure of MgAl/LDH-PLA and an intercalated structure 

of NiAl/LDH-PLA were proposed. 

   The BDS measurements gave the total dielectric relaxation information about the neat 

PLA and the LDH-PLA nanocomposites. Both nanocomposites displayed three additional 

relaxation processes in comparison to the neat PLA. Relaxation region 1 was related to the 

fluctuation of SDBS surfactants in the interfacial region between the LDH layers and the 

PLA matrix, which behaved differently in MgAl/LDH-PLA and/or NiAl/LDH-PLA 

system. This anomolus behavior was due to the different presence situations of SDBS. 

Relaxation region 2 had an saddle-like temperature dependence for both nanocomposites, 

which was found relevant to the fluctuation of remaining water molecules in nanoporous 

structure of LDH-PLA nanocomposites. Relaxation region 3 was observed at temperatures 

higher than the characteristic dynamic glass transition temperature. It was assigned to 

interfacial polarizations effects due to the blocking of charge carriers at the nanofiller. DC 

conductivity (𝜎𝐷𝐶) of MgAl/LDH-PLA was found three orders of magnitude higher than 

that of the NiAl/LDH-PLA nanocomposite. Moreover, Maxwell/Wagner/Sillars 

polarization showed a stronger influence on the real part of complex dielectric function for 

MgAl/LDH-PLA than NiAl/LDH-PLA system. The two behaviors could be interpreted by 

the increasing blockage from more charge carriers and the releasing of more conduction 

ions. Both of them were due to the more exfoliated structure of MgAl/LDH-PLA 

nanocomposites.  
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Zusammenfassung 

Diese Arbeit konzentriet sich auf die vergleichende Analyse von Poly (L-lactid) (PLA) 

Nanokompositen auf Basis von modifizierten MgAl und NiAl geschichteten Doppel-

hydroxiden (LDH). Die Charakterisierung der Materialien erfolgte durch Gel-

Permeations-Chromatographie (GPC), Dynamische Differenzkalorimetrie (DSC), Klein- 

und Weitwinkel-Röntgenstreuung (SAXS und WAXS) und Dielektrische Relaxations 

Spektroskopie (BDS). 

   Die polymerbasierten Nanokomposite wurden durch das Mischen in der Schmelze 

hergestellt. Die GPC-Messungen zeigten für beide Nanokomposite einen beschleunigten 

Abbau von PLA. Wobei die NiAl/LDH-PLA-Nanokomposite einen stärkeren Abbau als 

das MgAl/LDH-PLA-System aufwiesen. Diese Unterschiede konnten den 

unterschiedlichen Eigenschaften von Mg-und Ni-Ionen zugeordnet werden. 

   Die unmodifizierten und modifizierten Strukturen von MgAl/LDH und NiAl/LDH 

wurden durch SAXS-Messungen charakterisiert. Die Größe und die Dispersion der 

modifizierten LDHs (MgAl/LDH-PLA und NiAl/LDH-PLA Nanokomposite) 

unterschieden sich, was durch die Eigenschaften der verschiedenen Nanofüllstoffe erklärt 

wurde. 

   Der Kristallisationsgrad, wurde in Abhängigkeit von der LDH-Konzentration mit DSC 

gemessen und stimmt mit den WAXS Ergebnissen für beide Nanokomposite überein. 

   Auf der Grundlage des Dreiphasen-Modells für semikristalline Polymere, wurde PLA in 

eine kristalline (CF) und in eine amorphe Phase unterteilt. Die amorphe Phase wurde 

wiederum in eine mobile amorphe (MAF) und in eine starre amorphen Phase (RAF) 

geteilt, wobei die MAF am Glasübergang zur Stufe in der Wärmekapazität beiträgt und die 

RAF nicht. Laut Literatur, setzt sich die RAF in semikristallin PLA Nanokompositen zum 

einen aus RAF durch Nanofüllstoff (RAFfiller) und anderen aus RAF durch Kristallisation 

(RAFcrystal) zusammen. Für die Trennung der verschiedenen Teile der RAF wurden zwei 

Experimente durchgeführt. Im ersten Schritt wurde die kritische Abkühlungsrate bestimmt, 

um die Kristallisation von PLA während des Kühlprozesses zu unterdrücken und somit die 

Formierung von RAFcrystal zu verhindern. Im zweiten Schritt wurde mit der 

amorphorisierten Probe der Beitrag zur Stufe in der Wärmekapazität am Glasübergang 

durch die Messung mit Temperatur modulierter DSC (TMDSC) gemesse um so RAFfiller 

zu erhalten. Anhand der Messungen von RAFall, MAF und CF wird die Analyse der 

beiden RAFs in Abhängigkeit von LDH-Konzentrationen vorgenommen und ermittelt. 
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Das bemerkenswerteste Ergebnis waren die Unterschiede zwischen MgAl/LDH und 

NiAl/LDH-Systemen in der LDH-Konzentrationsabhängigkeit von dem Verhältnis von 

RAFfiller und Masse an Nanofüllstoff. Es konnte ein größerer Kontaktbereich des 

Füllstoffes mit PLA-Segmenten für MgAl/LDH-Nanokomposite abgeleitet werden. Daher 

wurde eine teilweise exfolierte Struktur für MgAl/LDH-PLA und eine interkalierte 

Struktur für NiAl/LDH-PLA angenommen. 

   Die BDS-Messungen lieferten die gesamte dielektrische Relaxationsinformation der 

PLA- und LDH-PLA-Nanokomposite. Beide Nanokomposite zeigten drei zusätzliche 

Relaxationsprozesse im Vergleich zu dem reinen PLA. Der Relaxationsbereich 1 wurde 

Fluktuationen von SDBS-Tensiden im Grenzflächenbereich zwischen den LDH-Schichten 

und der PLA-Matrix zugeordnet, die sich in MgAl/LDH-PLA und/order NiAl/LDH-PLA-

System unterschiedlich verhielten. Dieses unterschiedliche Verhalten wurde auf die 

unterschiedlich vorliegende SDBS Struktur zurückgeführt. Der Relaxationsbereich 2 hatte 

eine sattelartige Temperaturabhängigkeit für beide Nanokomposite, was für die 

Fluktuationen von verbleibenden Wassermoleküle in der nanoporösen Struktur von LDH-

PLA-Nanokompositen sprach. Der Relaxationsbereich 3 wurde bei Temperaturen 

beobachtet, die höher waren als die charakteristische dynamische 

Glasübergangstemperatur. Dieses wurde durch Grenzflächenpolarisationseffekte aufgrund 

der Blockierung von Ladungsträgern am Nanofiller erklärt. Die DC-Leitfähigkeit (𝜎𝐷𝐶) 

von MgAl/LDH-PLA war drei Größenordnungen höher als die des NiAl/LDH-PLA-

Nanokomposites. Darüber hinaus zeigte die Maxwell/Wagner/Sillars-Polarisation einen 

stärkeren Einfluss auf den Realteil der komplexen dielektrischen Funktion von 

MgAl/LDH-PLA als das NiAl/LDH-PLA-System. Die beiden Verhaltensweisen wurden 

durch die zunehmende Blockade von mehr Ladungsträgern und der Freisetzung von 

leitenden Ionen erklärt, beides aufgrund der mehr exfolierten Struktur von MgAl/LDH-

PLA-Nanokompositen.   
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Chapter 1    Introduction 

1.1 Polymer Nanocomposites 

The advancement of polymer composites as a distinctive class of materials start since the 

mid-20th century. The main purposes to fabricate polymer composites through 

incorporation of additives is to obtain modification and enhancement of properties, cost 

reduction,  improvement and control of processing
1
. The additives can be continous, like 

long fibers or ribbons, or discontinuous, like short fibers or platelets. The primary 

parameters affecting the properties of polymer composites include, such as the nature of 

additives, the interaction between the different components within the system, the 

distribution of the additives in polymer matrix and also the preparation method. However, 

with incorporation of conventional fillers such as talc, calcium carbonate, fibers, etc, it 

often requires to add a large amount of fillers into the polymer matrix to achieve desirable 

improvements, whereas this ordinarily leads to some other defects such as brittleness and 

opacity
2
. The emergence of nanoscale polymer composites can overcome the above 

difficulty. A nanocomposite is defined as a composite material in which at least one 

dimensions of the matrix or additives is in the nanometer size scale (< 100 nm)
3
. Due to 

the small size of the additives the surface to volume ratio is high, which results in a high 

value of an interfacial area between the polymer matrix and the nanoparticle
4
. The 

interfacial area/volume ratio between the matrix polymer and the nanofiller is crucial for 

the properties of the entire nanocompsoite
5
. Even though the insightful understanding of 

the correlations between the interfacial area/volume ratio and properties of the polymer 

nanocomposites is still lacking. The fact that the polymer nanocomposites possess more 

significant improvement compared to macro- and micro-scale polymer composites is 

indisputable. Some emerging applications of polymer nanocomposites include enhanced 

mechanical properties, barrier properties, electrical conductivity and flame retardancy, 

high-performance materials with improved UV absorption, barrier packaging for reduced 

oxygen degradation, bioactive components for tissue engineering application. The 

employed nanofillers include nanoclays, nanosilicates, carbon nanotubes (CNTs), 

modified graphene, ultrafine TiO2, talc, and hydroxyapatite.   

   Although the conventional polymers nanocomposites will continue to propel the 

promising properties of materials
6
, it is more exciting to envision the synthesized polymer 

nanocomposites materials can be built into a hierarchically ordered nanocomposites, as 



12 
 

found in nature like bone, a composite of collagen and other proteins gluing calcium 

phosphate crystals, or shells of mollusks, that are made fo layers of hard aragonite 

separated by a protein binder. 

1.2 Motivation of this work 

This work focuses on the complementary analysis of layered double hydroxide (LDH) 

based poly (L-lactide) nanocomposites mainly by the combination of small- and wide-

angle X-ray scattering (SAXS and WAXS), conventional and temperature modulated 

differential scanning calorimetry (DSC and TMDSC) and broadband dielectric 

spectroscopy (BDS). The adopted nanofiller LDH is a synthetic clay with a structure 

derived from brucite (Mg(OH)2). One of the features of LDHs material is the ability in a 

wide range to select different metal hydroxide layer and charge-balancing interlayer anion 

via simple synthetic strategies. Meanwhile, it has a high chemical purity and a 

homogenous structure. The disadvantage of LDHs compared to other smectite clay 

materials is its high anion exchange capacity, the typical value reaches 200 mequiv. per 

100g, for montmorillonite (MMT) this value is about 100 mequiv. per 100g.
7
 Therefore, 

LDHs have more obstacles to achieve a fully exfoliated state in the polymer matrix 

compared to smectite clays. Due to the close-packed –OH ions on the lattice plane and 

resultant bound water molecules, LDHs based polymer nanocomposites normally have 

enhanced thermal stability and reinforced flammability properties without halogen. For its 

outstanding dispersion condition
8 , 9 , 10 , 11

 and versatile combinations between metal 

hydroxides and organomodified surfactants, LDHs based polymer nanocomposite is a 

desirable objective to study the structure-property relationships of polymer 

nanocomposites.  

   The BDS has advantages in studying dynamics behavior of polymer materials for its 

convenience, comprehensiveness and universality. The analysis of nanocomposites is 

mainly applied by investigating the influence of LDH nanofillers on polymer dynamics in 

comparison with the neat polymer matrix. In parallel, some minutiae such as the relaxation 

of organomodified surfactants, the conductivity of the nanocomposites system and 

morphology phase structure can also be revealed in detail. Coupling with other 

characterization techniques, an insightful landscape of intrinsic mechnism of polymer 

nanocomposites can be obtained.  

 



13 
 

1.3 Structure of the thesis  

This thesis is divided into seven chapters. Chapter 1 gives the introduction of polymer 

nanocomposites and the motivation of the work. The simple concepts of polymer 

nanocomposites and the significance to investigate this topic are supplied.    

   Chapter 2 focuses on the fundamental principles of adopted materials in this thesis. 

Which provide the detailed introduction of the layered double hydroxide (LDH) and the 

progress of LDH based polymer nanocomposites. For an explicit comprehension of the 

relationship between the polymer molecular mobility and the nanofiller dispersion, some 

knowledge about the polymer dynamics is explicated. In addition the relevant three phase 

model describing polymer morphology of semicrystalline polymers is introduced.          

   Chapter 3 gives the principles of applied characterization techniques. Three short 

paragraphs about differential scanning calorimetry (DSC), small- and wide-angle X-ray 

scattering and broadband dielectric spectroscopy are presented.  

   Chapter 4 is the experimental section where the source and preparation information of 

materials are given, in addition the experimental details are described here. 

   Chapter 5 and Chapter 6 mainly depict the analysis of the polylactide nanocomposites 

based on MgAl/LDH and NiAl/LDH from various aspects. Specially a comparison 

between the two polymer nanocomposites is made based on the observed intrinsic 

structure information.  

   The final chapter gives the conclusion about the investigation results, in parallel an 

outlook of this research field is presented.  
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Chapter 2   Scientific Background 

2.1 Layered Double Hydroxide 

   Layered double hydroxides (LDHs) are a class of ionic lamellar compounds consist of 

positive charged brucite-like layers and an interlayer region containing charge 

compensating anions molecules
12

. The metal part structure of LDHs is analogous with the 

mineral brucite
13

. The schematic analogy between the brucite and the LDH structure is 

shown in Figure 2.1. The brucite is of the CdI2 type structure, which consists of 

magnesium ions compassed octahedrally by hydroxide ions. These octahedral units of 

hydroxide ions form infinite layers by edge-sharing
14

. 

   The metal hydroxide sheets in brucite crystal are neutral charged and stacked one 

another by Van der Waals interaction, the space between the layers is about 0.48 nm. In 

LDH, some of the divalent cations in brucite sheets are isomorphously substituted by a 

trivalent cation. The metal hydroxide layer formula transforms from Mg(OH)2 into [M
II

1-

xM
III

x(OH)2]
x+

. Instead of the charge neutrality of neat brucite, the metal hydroxide sheet 

of LDHs is positive charged. The extra charge on the metal hydroxide layers is neutralized 

by the anions located between the positive charged layers. The interlayer region in LDHs 

also contains some water molecules for the stabilization of the crystal structure. So the 

general chemical formula of LDHs is written as [M
II

1-xM
III

x(OH)2]
x+

(A
n-

)x/nyH2O, where 

M
II
 is a divalent metal ion, such as Mg

2+
, Ca

2+
,Zn

2+
, etc.; M

III
 is a trivalent metal ion, such 

as Al
3+

, Cr
3+

, Fe
3+

, Co
3+

, etc.; the x is the molar portion of trivalent cations to the total 

cation content should be between 0.2 and 0.4, and A
n-

 is an anion, such as Cl
-
, CO3

2-
, NO3

-
, 

etc
8
. The presence of anions and water molecules leads to an expansion of interlayer space 

from 0.48 nm in brucite to about 0.77 nm in MgAl/LDH (see the Figure 2.1).   

In contrast to other layered silicate clay materials, which retains negative charged layers 

and cationic interlayer species (also called cationic clay), the possession of anionic 

interlayer species in LDHs opens a door for compositional variation with a wide range of 

organic anionic molecules. On the basis of different application purposes, manifold 

molecules tailed with anionic group are adopted including organic surfactants 

(carboxylates and sulfonates
15

), pharmaceuticals (diclofenac, ibuprofen and naproxen) and 

biomolecules (DNA, nucleotieds and β-cyclodextrins)
16

. The variations of the anion in 

LDHs can be done by the direct synthesis or by post-synthetic anion exchange
17

. 
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Figure 2.1. The scheme of LDH structure: (A) brucite crystals; (B) LDH. The figure is taken from Ref. 8.  

    

   Due to the anion exchange property, the LDHs layers can be delaminated by 

modification with various functional anionic molecules. And the delaminated LDHs (LDH 

nanosheets) can be used for preparations of core-shell multifunctional materials, self-

assembling monolayers (SAM) and LDHs polymer nanocomposites
7
.                 

Besides their compositional flexibility and delamination ability, the distribution of 

divalent and trivalent cations within the LDH nanoshet is verified to be extremely 

homogeneous, which can be one of the advantages for applications as catalysts and 

catalyst precursors
10

. Another advantage is the pillaring property. LDHs can form the 

pillared-layered structure (PLS)
18

 in the course of immobilizing large molecules between 

the LDH nanosheets. The PLS can introduce micropores into the LDHs, which presents 

LDHs with specific surface areas up to ca. 400 m
2
g

-1
.  

Furthermore, through thermal treatment (calcination) at the temperature above about 

200 °C, the LDH materials can be converted into an amorphous mixed metal oxides 

(MMOs). The chemical composition of the MMOs is predetermined by the composition of 

the cationic layers in the LDH structure. Through multistep thermal treatments the 

formation of the MMOs is completed at ca. 580 °C by decomposing interlayer anions. It is 

noteworthy that after thermal treatment if heated to a certain temperature (usually from 

200 to 500 °C) the LDH structure will re-establish because of exposure to water steams. 

The LDHs can be transformed into the original structure by the dissolution in a aqueous 

solution of certain lost interlayer anions also. This feature is called ‘‘memory effect’’ of 

LDHs. This effect seems to be especially pronounced in Mg/Al LDHs and can facilitate 

the modification of the morphological and catalytic properties of the LDHs
19

.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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2.2 Polymer nanocomposites based on LDH  

   The pretreatment of LDHs can be made through the direct synthesis or anionic 

exchange
3, 20

. The degree of compatibilization of the nanocomposites is dependent on the 

interaction between the polymer matrix and the layers
21

. Most of the strategies can be 

classified into in situ polymerization, melt-mixing, and solution blending. The in situ 

polymerization provides a solution of the monomer and interlayer gallery is intercalated 

by these monomer molecules. After that, a catalyst is added to the solution and monomers 

start to polymerize in situ. The polymerization occurs in the interlayer gallery and ruptures 

the structure of layered crystalline then produces an exfoliated dispersion of the LDHs 

layers. This method can promote a high exfoliated state of the layered particles.  

   The melt-mixing method are more environment compatible than other methods due to 

the avoidance of organic solvents. The melt-mixing method incoporates LDH nanofiller in 

polymer matrix at rather high temperatures and imposes high local shear stresses in a melt-

mixer, such as twin-screw extruders. In this process, the structure of nanocomposites 

strongly depends on the degree of intercalation of the polymer segments in the interlayer 

gallery and presents intercalated or exfoliated state. The solution blending method is 

carried out with polymer and fully dispersed LDHs dissolved in a good solvent. The 

solvent is evaporated followed by the precipitation of the polymer incorporated between 

the interlayer galleries. The difficult point of this method is to find a suitable solvent to 

dissolve both the polymer and the LDH. The use of this method is for facilitating the 

preparation of thin films with low polar polymers and highly orientated LDHs.  

   The dispersion and alignment morphology of the LDH based polymer nanocomposites 

can be determined by X-ray diffraction (XRD) and by transmission electron microscope 

(TEM). In general, the three typical achieved morphologies are displayed in Figure 2.2
3
. 

For example, the part (a) of Figure 2.2 represents the dispersion state of nanofillers in the 

immiscible nanocomposite, actually the XRD pattern of mixed nanofillers is no different 

with the initial unmixed LDH, in the TEM image an agglomerate morphology is observed 

due to the tendency for nanoscale particle to coalesce. The part (b) depicts an intercalated 

structure in the nanocomposite, the peak shifts to the lower angles as a consequence of an 

enhanced LDH interlayer distance due to the incorporation of the polymer chains into the 

galleries. The corresponding TEM image gives isotropic dispersion morphology of 

integral LDH stacks. The exfoliated LDH structure is indicated by part (c), no obvious 

Bragg peaks can be found, because the periodic ordering of nanofiller is destroyed. The 
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(a) (b) (c)
) 

TEM image shows the exfoliated structure, even single LDH layers dispersed 

homogeneously in the polymer matrix.    

 

Figure 2.2 The possible structures of LDH based polymer nanocomposites are confirmed by XRD spectra. 

The figure is taken from Ref. 3.  

    

   Several factors influence the exfoliation extent of LDH fillers, like the nature of 

interlayer, for example the density charge capacity and the type of cations, the type of the 

incorporated interlayer anion and size, the nature of polymer matrix and preparation 

method adopted. Even the concentration of the particles in the polymer matrix play a role.       

   The incorporation of LDH exerts reinforcement influence on mechanical property of 

polymer matrix. For the large surface area of LDH, in some case reaches 800 m
2
/g, there 

are large potential interactions with the polymer molecules, the significant improvement of 

mechanical modulus are expected even for a small amount of nanofillers. Typically, the 

low amount of LDH incorporation leads to an increase of Young’s modulus and the tensile 

strength. But the higher concentration of LDH induces the regression of the mechanical 

properties because with increasing concentration the particle aggregation takes place and 

hinder the better dispersion in polymer matrix as for the low LDH contents. Sorrentino et 

al.
22

 reported with 2.8 wt% LDH particle in poly(ε-caprolactone) based nanocomposite 
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both Young’s modulus and yield stress increased about 100%. However, up to 6 wt% the 

mechanical properties were decreasing. The similar behavior was observed in PU/DS-

LDH nanocomposites
23

, the maximum enhancement of tensile strength and elongation at 

break were found at a concentration of 3 wt% DS-LDH. Except the concentration factor, 

the nature of the polymer matrix, the modification by the interlayered organic anion and 

the adoption of compatibilizer also play important roles on mechanical reinforcement. 

   The thermal stability of the polymer matrix also can be also enhanced by incorporating 

LDH nanofiller
24

. The enhancement in thermal stability can be attributed to the prevention 

of LDH layers from diffusion of oxygen and volatile products in the polymer matrix, and 

to the formation of a char layer after the organic matter decomposition. Moreover, the host 

metal hydroxide layer gives an additional cooling effect during its endothermic 

decomposition, which could retard the combustion process. Although there are rare 

literatues
25, 26

 claimed a decreasing decomposition temperature compared to pure polymer 

matrix, the reinforcement effect of LDH on polymer matrix thermal stability is generally 

accepted. 

    Recently, with increasing interest in LDH based polymer nanocomposites, several 

promising applications are reported. Lu et al.
27

 fabricated a novel thin film nanocomposite 

membrane for forward osmosis based on LDH nanoparticles and polysulfone. The 

incorporation of LDH endowed the ultrafiltration substrate with high water permeability 

as compared to the pristine FO membrane. Kapusetti et al.
28

 found poly(methyl 

methacrylate)-based LDH nanocomposites bone cement performed better growth of 

human osteoblast cells as compared with pure bone cement and could be a potential 

biomaterial for implants surgery. Mahkam et al.
29

 introduced a nanocomposite in 

combination with LDH and a pH-sensitive polymer which is able to act as a drug delivery 

system controlling the release of insulin effectively.      

   In conclusion, the great versatility of LDHs and the abundant selectivity of polymer 

matrix support LDH-polymer nanocomposite to be a promising multifunctional material. 

 

2.3 Relaxation phenomena in polymers 

2.3.1 Four dynamics regions of the polymer system in dependence on temperature    

   A polymer is composed of high weight molecules and the simple phase definition is not 

suitable to describe it. The basic phase states for low molecular weight compounds are 

crystalline, liquid and gaseous. But before vaporizing to a gaseous state, the polymer will 
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① 

② 

③ 

④ 

start to  decompose. Many kinds of polymer do not crystallize at all but form a glassy state 

at low temperature. At higher temperatures they convert into a viscoelastic melt. The 

corresponding transition from glassy state to the viscoelastic state is called glass-rubber 

transition.  

 

Figure 2.3. The four regions of visoelastic behavior for a linear, amorphous polymer. This figure is taken 

from Ref. 30. 

 

Depending on the dynamics behavior of the linear amorphous polymer with increasing 

temperature, there are four different regions (as shown in Figure 2.3) being observed.      

   Represented by the shear modulus, the curve of polymer in region 1 (below glass 

transition temperature) displays a plateau and the molecular motions are largely restricted 

to the vibration and short-range rotational motions. The polymer behaves like a glassy 

solid and the shear modulus is in the order of magnitude of 10
9
 Pa. And this regions is 

indicated as the glassy region. With rising temperature, the polymer comes to the region 2 

which depicts the glass transition region, typically the modulus can drop three orders of 

magnitude within a temperature range of 20 to 30 K. The glass transition is one of the 

most important feature for polymer based materials, it can be interpreted as the onset of 

the segmental motion. Below the glass transition temperature Tg only 1 to 4 atoms in a 

chain participate in motions, while 10 to 50 segments can move in a coordinated manner 

in the glass transition region
31,  32,  33, 34

. The glass transition temperature (Tg) can be taken 

for instance at the maximum rate of turndown of the modulus at the elbow. Often the Tg is 
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defined as the temperature where the thermal expansion coefficient experiences a change 

in its temperature dependence. For the crystalline polymer, because of the crystallization 

restraint the amount of polymer participating in the glass transition is much smaller than 

the amorphous one. Therefore, the significant reduction of shear modulus will be observed 

after the melting of crystalline polymers. 

   For temperatures higher than Tg, the system becomes viscoelastic and rubberlike, this is 

region 3 the rubbery plateau region. The value of shear modulus of polymer in this region 

keep constant again with a typical value around 2 × 10
6
 Pa. The plateau is due to 

entanglements in the flexible polymer whose molecular weight is higher than a critical 

molecular weight MC. For most flexible polymers the value of MC is about 10
4
 g/mol. A 

higher molecular weight leads to a longer pletaeu. The special case in region 3 is 

crosslinked polymers for the creep portion in higher temperature range is suppressed due 

to the covalent bonding between polymer chains.  

   Up to the temperature range of regions 4, the polymer behaves like an ordinary fluid. At 

such high temperature the polymer chains obtain a further more increased mobility and 

permit them to reptate out through entanglements so that the shear modulus tends to a 

lower value.     

 

 

2.3.2 The glass transition   

   Although the dynamics behaviors of polymer exist in all above four regions. The actual 

analysis of our as prepared polymer nanocomposites primarily focus on glass transition 

region. To describe glass transition, some thermodynamic quantities are involved such as 

volume V and enthalpy H (as shown in Figure 2.4(a)). At a definite cooling rate, the glass-

forming material presents a well-defined change in the slopes of the temperature 

dependence of the volume or enthalpy  
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Figure 2.4. (a) At two different cooling rates R1 > R2, the glass transition temperature range performs 

differently Tg, 1 and Tg, 2 on thermodynamic quantities like volume, enthalpy, or entropy in dependence on 

temperature. Tm indicates hypothetical melting temperature for semicrystalline polymers, TK denotes 

Kautzmann temperature. (b) The steplike changes of temperature dependences during the glass transition 

process. The figures are taken from Ref.35. 

 

occurs. And the temperature dependence of the corresponding first derivatives such as the 

specific heat capacity 𝑐p = (𝜕𝐻 𝜕𝑇⁄ )p  and the thermal expansion coefficient 𝛼 =

(1 𝑉⁄ )(𝜕𝑉 𝜕𝑇⁄ )p  are observed (see Figure 2.4(b)). This phenomenon is called thermal 

glass tansition. For the state of the polymer above Tg it can be considered as ‘‘supercooled’’ 

whereas below Tg the state of polymer is the glassy state. Due to the steplike changes in 

the polymer properties ( 𝑐p  and 𝛼 ), the glass transition is analogous to second-order 

thermodynamic phase transitions. However, the formal classification cannot be made 

because: (1) the Keesom-Ehrenfest relationships
36, 37

 which is fulfilled for a second-order 

phase transitions but is not valid for the glass transition
38,

 
39, 40

, and (2) the value of Tg is a 

convention and depends on both the timescale of the experiment and the applied method, 

moreover the supercooled state is a thermodynamically metastable equilibrium state while 
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f 

the glass is a nonequilibrium state. The latter means below Tg the properties of glass 

depend on time. This phenomenon is called physical aging.
41

  

 

Figure 2.5. Scheme of the dynamics taking place in amorphous polymer systems. (a) Imaginary part 𝜖′′ of 

the complex dielectric function vs. frequency for two temepratures 𝑇1 and 𝑇2. (b) Relaxation map (relaxation 

rate vs. inverse temperature) for different processes. (c) Thermal glass transition where the specific heat 

capacity vs. inverse temperature is plotted. The picture is taken from Ref. 36.  

   It is worth noting if the curve of temperature dependence of entropy below Tg is 

extrapolated to zero value, at a certain temperature TK, the extrapolated entropy will be 

lower than the corresponding  (hypothetic) crystal (see Figure 2.4(a)). This is the well-

known Kauzmann paradox
42

. To resolve the Kauzmann paradox, several theories are 

proposed such as Adam-Gibbs theory
43

 and random first order transition theory
44

 (RFOT) 

through different aspects. 

   The changes in the thermodynamic quantities or their first derivatives are only one 

landscape concerning the complex process of glass formation. A second important point 

focuses on the molecular dynamics in glass-forming systems such as amorphous polymers. 

This behavior can be observed by a variety of methods like mechanical-dynamical 
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spectroscopy
26

, ultrasonic sepctroscopy45, 46, light spectroscopy47, 48 and neutron scattering49, 

nuclear magnetic resonance spectroscopy (NMR)50, 51, specific heat spectroscopy (SHS)52, 

53 , 54  and broadband dielectric spectroscopy (BDS) 55 . (Note there is a huge body of 

literatures in this field. The given references are only examples.) Figure 2.5(a) gives a 

schematic overview about the dynamical processes at different time scales, the 

corresponding relaxation map of above dynamical processes is shown in Figure 2.5(b), 

where relaxation rate f characterizes dynamical processes and equals 1/ 𝜏. The onset part 

of α-relaxation are in agreement with the data characterizing thermal glass transition with 

specific heat capacity in Figure 2.5(c). The α-relaxation is also called dynamic glass 

transition which is due to segmental fluctuations related to conformational changes in 

polymer systems. With decreasing temperature, the relaxation time increases substantially 

the temperature dependence of relaxation rate can be approximated by the emprirical 

Vogel-Fulcher-Tammann (VFT) equation
56, 57, 58 

 

𝑓𝑝(𝑇) = 𝑓∞𝑒𝑥𝑝 (−
𝐷𝑇0

𝑇 − 𝑇0
) (2.1) 

 

where 𝑇0 is called Vogel or ideal glass transition temperature which is found 30-70 K 

below Tg. It is worth noting the values of 𝑇0 is found to be close to that of the Kauzmann 

temperature TK. The prefactor 𝑓∞ (𝑓∞ ≈10
10

-10
12 

Hz) and D are constants. D is so-called 

fragility parameter and can be used to classify glass-forming systems
59, 60

.  

   Another analogous representation of the VFT equation to describe the α-relaxation of 

amorphous polymers is the Williams-Landel-Ferry (WLF) relation.
61

   

𝛼𝑇 = 𝑙𝑜𝑔
𝑓(𝑇)

𝑓(𝑇Ref)
= −

𝐶1(𝑇 − 𝑇Ref)

𝐶2 + 𝑇 − 𝑇Ref
 (2.2) 

 

Equation 2.1 and 2.2 are mathematically euqivalent. TRef  is a reference temperature and 

𝑓(𝑇𝑅𝑒𝑓) is the value of the relaxation rate at this temperature. C1 and C2 =𝑇𝑅𝑒𝑓– T0 are so-

called WLF parameters. 𝛼𝑇 is the shift factor which is obtained by the ratio of viscosity 


𝑇

/
𝑅𝑒𝑓

. It was argued that these parameters should have universal values which are 

independent of materials if  𝑇𝑔 = 𝑇𝑅𝑒𝑓 is chosen. However, these estimates are found to be 

only rough approximations. Nevertheless, the WLF equation is quite often used in 
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mechanical spectroscopy to analyze relaxation data in the frame of a master curve 

construction. 

    Most amorphous polymers show, in addition to the dynamic glass transition, a slow β-

relaxation. The temperature dependence of its relaxation rate follows an Arrhenius-type 

equation   

𝑓𝑝(𝑇) = 𝑓∞exp (−
𝐸A

𝑘B𝑇
) (2.3) 

 

where EA is the activation energy, kB the Boltzmann constant, and 𝑓∞ the relaxation rate in 

the high temperature limit. In history, the β-relaxation of amorphous polymers was 

considered as the relaxation behaviors from rotational fluctuations of side groups or other 

localized parts of the main chain. However, in some special cases such as main chain 

polymers 1,4-polybutadiene
62

, poly(ethylene terephthalate)
63

, or poly(propylene glycol)
64

 

this explanation is unconvincing apparently. Another approach is proposed by Johari and 

Goldstein
65, 66

, it argued that the β-relaxation is a generic feature of glass transition and 

amorphous state, and can be regarded as a precursor of the glass transition. The β-

relaxation process can be observed also for various low molecular mass glass-forming 

liquids.    

   A further molecular process takes place in the THz region. It means an excess 

contribution to Debye vibrational density of states (VDOS) and is called Boson peak
67

. 

Even the relationship between the Boson peak and fluctuations of elastic constants was 

discussed, its molecular interpretation is still controversial. 

 

2.3.3 The theories describing glassy dynamics of polymers 

   To describe the glass transition problem, several theories are proposed through different 

aspects. Too elaborate elucidations of those difficult approaches are beyond the scope of 

this chapter, here only two classical theories will be introduced ---the free volume theory 

and the cooperativity approach.  

   The postulation of free volume related to glass transition was first developed by Fox and 

Flory
68

. And the theoritical improvement was actualized by Doolittle
69

 and Cohen
70,

 
71

. 

The fundamental assumptions of the free volume theory are: (i) For each molecule there is 

a molecular scale volume 𝑉; (ii) when 𝑉 exceeds the critical value 𝑉c, the excess part can 

be considered as free volume 𝑉𝑓; (iii) the molecular mobility occurs only the 𝑉𝑓   is larger 
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than a critical value 𝑉∗ which approximate the molecular volume 𝑉m, and (iv) there is no 

expense of free energy is required for the redistribution of 𝑉𝑓.  

   In the statistcs of free volume, the jump rate 1/𝜏 is expressed by 

1

𝜏
~ ∫ 𝑒𝑥𝑝 [−

𝑉𝑓

𝑉�̅�

]

∞

𝑉∗

𝑑𝑉𝑓~𝑒𝑥𝑝 [−
𝑉∗

𝑉�̅�

] (2.4) 

 

where 𝑉�̅� is the averaged free volume. Assuming that the relative averaged free volume 

𝑓̅ = 𝑉�̅�/𝑉 (𝑉: total volume) has a linear dependence on temperature. 

𝑓̅ = 𝑓𝑔 + 𝛼𝑓(𝑇 − 𝑇𝑔) (2.5) 

 

while 𝑓∗ = 𝑉∗/𝑉 is temperature independent results in a VFT-equation. 𝛼𝑓 is the thermal 

expansion coefficient of the free volume and 𝑓𝑔 the relative free volume at 𝑇𝑔. Compared 

to Equation 2.1, 

 𝐷𝑇0 =
𝑓∗

𝛼𝑓
                      𝑇0 = 𝑇𝑔 −

𝑓𝑔

𝛼𝑓
  (2.6) 

 

where 𝑇0 is the temperature at which 𝑉�̅�  vanishes in the framework of the free volume 

concept.  

   There are several techniques to measure the free volume of polymers experimentally, 

such as positron annihilation lifetime spectroscopy (PALS)
72 , 73 , 74

, inverse gas 

chromatography (IGC)
75,

 
76

 and Xe NMR spectroscopy
77

. However, the data provided by 

different methods do not agree with each other if their absolute values are compared. The 

free volume theory remains qualitative. Also no characteristic length is involved, the jump 

between holes is the only transport mechanism, therefore it is hard to understand complex 

phenomena for example the decoupling of segmental and chain dynamics by this model. 

   The cooperatively rearranging regions (CRRs) were introduced by Adam and Gibbs
78

 as 

an essential concept in cooperativity approach. A CRR can be considered as the smallest 

volume which can vary its configuration unrelatedly to the neighboring regions. If per 

CRR has an average  number of segments 𝑧(𝑇), then the relaxation rate is expressed as   



27 
 

1

𝜏
~𝑓𝑝 = exp (−

𝑧(𝑇)∆𝐸

𝑘B𝑇
) (2.7) 

 

where ∆𝐸 is a free energy barrier for a conformational change of a segment. 𝑧(𝑇) is given 

by 𝑧(𝑇) = 𝑆𝐶(𝑇) (𝑁𝑘Bln2)⁄  where 𝑆𝐶(𝑇)  is the total configurational entropy, 𝑁  is the 

total number of segments and 𝑘Bln2 is the minimum of entropy of CCR assuming a two-

state model.  

   Donth
76

 extended the CRR theory with the use of fluctuation approach of glass transition. 

If consider 𝜉 as the radius of a CRR sphere, this leads to the correlation length at 𝑇𝑔 is 

given directly with experimental thermal parameters: 

𝜉3 =
3

4𝜋

𝑘𝐵𝑇𝑔
2(𝛥𝑐𝑝

−1)

𝜌𝛿𝑇2
 (2.8) 

 

where 𝜌 is the density of bulk material and 𝛥𝑐𝑝
−1 is the step height of reciprocal specific 

heat capacity at the glass transition where 𝑐𝑣 = 𝑐𝑝 was assumed, 𝛿𝑇 can be extracted from 

the width of the glass transition
57, 79

, kB is the Boltzmann constant. Recently, the 

correlation length of CRR was measured by DSC
80

 and SHS
81, 82

, it was estimated in the 

range of 1-3 nm and corresponds to 10-200 segments based on several polymers.  

 

2.4 Three phase model of the semicrystalline polymer 

Due to the influence from the long chain molecule, the maximal degree of polymer 

crystallization ranges between 10 and 80%, therefore the crystallized polymers are often 

called ‘‘semicrystalline polymer’’. The basic building unit in polymer crystals is lamellar 

crystals, which are in a length scale above the crystal unit cell. It is surprising to find that, 

a broad range of crystalline polymers form lamellar crystals through chain folding.
83

 The 

lamellar crystals aggregates to form a larger length scale of morphology, after 

crystallization from melt, a common observation of this morphology is spherulites
84, 85, 86

 

(see Figure 2.6). The degree of polymer crystallization can be measured by wide angle X-

ray diffraction, density, and DSC experiments. Among these methods, thermal analysis 

techniques are the most essential for equilibrium melting data determination.  
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Figure 2.6. The spherulitic morphology in a semicrystalline polymer. This figure is taken from Ref. 87. 

 

   Resembling amorphous polymers, the non-crystalline part of semicrystalline polymers 

contributes to the glass transition relaxation strength. In history, the entire morphology of 

semicrystalline polymers is described by the so-called “two-phase model”
88

 which 

consists of the crystalline and the non-crystalline fraction. Nevertheless, the observed 

experimental evidences by DSC technique
69

, dielectric spectroscopy
89 , 90 , 91

, shear 

spectroscopy
92

 and NMR
93

 indicate the non-crystalline fraction obtained from the 

relaxation strength at glass transition is smaller than the one calculated by eliminating the 

crystallnity. Thus, the amorphous fraction is considered to be composed of two 

components. The one causing the glass transition is called the mobile amorphous fraction 

(MAF). The additional fraction no contribution to the glass transition is called rigid 

amorphous fraction (RAF). For the reason of the production of RAF, the scale of polymer 

chains must be taken into account. The thickness of the lamella is in the order of several 

decade nanometers, folded by the polymer chains possessing a typical length of 1-100 

μm
94

, the frequent crossing on the interfaces of crystallite and amorphous phases is 

inevitable. These crossings produce a strong coupling between both interfaces, and results 

in a broadening of the glass transition to higher temperature. The first recognition of the 

existence of RAF was made by Wunderlich, et al.
95

, which was considered as a deficiency 

in Δcp at Tg and then confirmed quantitatively as an RAF for polyoxymethylene
96

.  
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Figure 2.7. The scheme of the arrangement of crystalline, rigid amorphous and mobile amorphous fractions 

in a lamella stack. This figure is taken from Ref. 90. 

 

   The new “three-phase model” including RAF was built by Schick, et al.
97

 However, for 

the       

determination of RAF, which still needs to get the value of crystalline fraction (CF) and 

MAF firstly and substract the two known values from the unity. 
98, 99

 

   The RAF is not only found in pure semicrystalline polymer systems, Sargsyan
100

 et al. 

discovered in a amorphous polymer nanocomposites system of poly(methyl methacrylate) 

(PMMA)/SiO2 there were the RAF caused by the SiO2 nanofillers. The RAF is 

demonstrated as a 2 nm think immobilized layer on the surface of nanofillers. Compared 

to the concomitant disappearance of the RAF in semicrystalline polymers as the 

crystallization fuses, the nanofiller seems to be a stable carrier for the RAF. There is no 

signal for the RAF to devitricate before degradation of the PMMA. Depending on such 

character, the RAF due to nanofiller can be regarded as a constant value in polymer 

nanocomposites systems.   

   For a more complex system like semicrystalline polymer nanocomposites, on the basis 

of reported literatures, the RAF can be separated into the RAF caused by the 

crystallization and the RAF resulted from the nanofiller. To give a complete description of 

the morphology of polymer nanocomposites, the determinations of different RAFs is 

necessary. An attempt to calculate the value of different RAFs in PLA based 

nanocomposites system was made in our recent work
101

.   
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Chapter 3    Principles of characterization techniques 

3.1 Differential Scanning Calorimetry 

3.1.1 Conventional differential scanning calorimetry 

   Differential scanning calorimetry (DSC)
102, 103, 104, 105

 is an effective analytical tool to 

investigate the physical properties of materials via measuring the corresponding thermal 

responses. Commonly, the DSC locates two sample positions, one for the sample under 

investigation and the other for a reference sample. The original measurement signal is a 

temperature difference ∆𝑇  between the sample and the reference which is given as a 

voltage
103

. On the basis of the analysis of the heat flow rate 𝛷  assigned to ∆𝑇, DSC 

enables determination of melting, crystallization, and glass transition temperature, and the 

corresponding enthalpy and entropy changes. The relationships of the measured Φ and 

derived values such as heat capacity 𝐶 , enthalpy 𝐻  and entropy 𝑆  are given in what 

follows: 

𝛷 =
𝑑𝑄

𝑑𝑡
= 𝐶𝑝 ∙

𝑑𝑇

𝑑𝑡
= 𝑐𝑝 ∙ 𝑚 ∙ 𝛽 

𝐻 = ∫ 𝐶𝑝𝑑𝑇
𝑇

0

 

𝑆 = ∫
𝐶𝑝

𝑇
𝑑𝑇

𝑇

0

 

(3.1)  

(3.2) 

(3.3) 

 

where 𝑑𝑄 is the heat exchanged, 𝐶𝑝 is the heat capacity at constant pressure, 𝑐𝑝 = 𝐶𝑝 𝑚⁄  

is the corresponding specific heat capacity, 𝑚 is the sample mass, and 𝛽 is the scan rate 

(heating or cooling).  

   There are at least two types of DSC: the heat flux DSC and the power compensation 

DSC for the conventional DSC measurement
106

. For the power compensation DSC, the 

temperature difference between the sample and reference is maintained constant as the 

sample is scanned, the heat flow is determined by the compensating power. Whereas in a 

heat flux DSC, the temperature difference is allowed to vary, with the equation 𝛷 = 𝑑𝑇/𝑅 

the signal is converted to heat flow, where 𝑅 is the thermal resistance of thermoelectric 

disk. Regarding precision, the two-dimensional and the three-dimensional measurement 

systems are involved
107

.(as shown in Figure 3.1) In a two-dimensional measurement 
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system, the sample may exchange heat directly with the surrounding oven which is not 

measured by the heat flow sensor, this leads to a loss of 50% of the total heat flow rate 

exchanged
108

. The three-dimensional measurement systems avoids this problem through 

the sensing element. To a very good approximation, 94% of the exchanged heat is 

measured which is realized by the Tian-Calvet type heat flux DSC. Another quasi three-

dimensional measurement system with very short response time was introduced by 

Watson and O’Neill
109, 110

, the accuracy of heat capacity of such power compensating 

DSC may reach 0.5% under perfect experimental conditions.  

 

Figure 3.1. The schemes of different types of differential scanning calorimeters (DSC). (a) two-dimensional 

plate like; (b) three-dimensional cylindrical (Tian-Calvet); (c) three-dimensional with power compensation. 

The figure is taken from Ref. 107.  

 

3.1.2 Temperature modulated differential scanning calorimetry 

   The technique of temperature modulated differential scanning calorimetry (TMDSC) 

was first proposed by Reading
111 , 112  

and co-workers. The TMDSC applies a low-

frequency sinusoidal or nonsinusoidal (e.g. sawtooth) perturbation ranging from 

approximately 0.001 to 0.1 Hz on the baseline temperature profile (as shown in Figure 

3.2).  



33 
 

 

For the mathematical analysis a Fourier-transform analysis measuring the amplitude of the 

response to the temperature modulation is needed. As a typical modulated temperature 

profile,  

the 𝑇(𝑡) can be described as
114

                     

𝑇(𝑡) = 𝑇0 + 𝛽𝑡 + 𝐴𝑇𝑠𝑖𝑛(𝜔𝑡) (3.4) 

  

where 𝑇0 is the initial temperature, 𝛽 is underlying heating or cooling rate, 𝐴T is amplitude 

of temperature perturbation and 𝜔  is angular frequency with 𝜔 = 2𝜋/𝑡𝑝 , 𝑡𝑝  is the 

modulation period. If give the first order derivative of Equation 3.4 with respect to 𝑡 into 

Equation 3.1 

𝑑𝑄

𝑑𝑡
= 𝐶𝑝(𝛽 + 𝜔𝐴𝑇𝑐𝑜𝑠𝜔𝑡) (3.5) 

 

For the special case where 𝛽 is zero, then 𝑑𝑄 𝑑𝑡⁄ = 𝐶𝑝𝜔𝐴𝑇𝑐𝑜𝑠𝜔𝑡. Also the resultant heat 

flow rate can be indicated as 𝑑𝑄 𝑑𝑡⁄ = 𝐴𝐻𝐹𝑐𝑜𝑠𝜔𝑡, where 𝐴𝐻𝐹 is the amplitude of the heat 

flow modulation. So the reversing heat capacity is  

𝐶𝑝 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 =
𝐴𝐻𝐹

𝜔𝐴𝑇
 (3.6) 

 

 

Figure 3.2. Typical modulated temperature profile vs. time in TMDSC. The dashed line shows the 

underlying heating rate. The figure is taken from Ref. 113.     
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where  𝜔𝐴𝑇  can be regarded as the amplitude of the modulation in the heating rate 

oscillation. The total heat capacity equals the average total heat flow is divieded by the 

underlying heat rate 𝛽. Thus, 

𝐶𝑝 𝑡𝑜𝑡𝑎𝑙 =
〈𝑑𝑄/𝑑𝑡〉

𝛽
 (3.7) 

 

Then the non-reversing heat capacity is calculated by 

𝐶𝑝 𝑛𝑜𝑛−𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 = 𝐶𝑝 𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑝 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 (3.8) 

 

This analysis procedure can be regarded as the simple deconvolution (see Figure 3.3), 

because it doesn’t take the phase lag 𝜑 between the modulation in the heat flow and the 

heating rate into account. In a more complex deconvolution,
115,

 
116,

 
117

 the phase lag is 

used to calculate the in- and out-of-phase components of the reversing heat capacity   

 𝐶𝑝 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔𝑐𝑜𝑠𝜑 = 𝐶𝑝
′ = 𝑝ℎ𝑎𝑠𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦  

𝐶𝑝 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔𝑠𝑖𝑛𝜑 = 𝐶𝑝
′′ = 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

𝐶𝑝 𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 =
𝐴𝐻𝐹𝑒−𝑖𝜑

𝜔𝐴𝑇
= 𝐶𝑝

′ − 𝑖𝐶𝑝
′′ 

(3.9)  

(3.10) 

(3.11) 

 

Which processes contributing to the reversing heat capacity depends strongly on the 

measuring conditions.
118

 For example, the non-reversing latent heats on melting contribute 

to the reversing heat capacity depending on the ratio of heating rate amplitude and 

underlying heating rate.  

   However, the use of sinusoidal wave in TMDSC imposes a short time cooling of each 

period on the sample during the measurement, which complicates the analysis. 

Additionally, the input of time-temperature sinusoidal wave cannot ensure a steady 

sinusoidal heat flow response from the sample. The resultant sinusoidal heat flow wave 

can be distorted and this  
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Figure 3.3. The total, reversing and nonreversing signals of simulated TMDSC for deconvolution 

procedure. The figure is taken from Ref. 114. 

 

cannot handled by the TMDSC analysis software
119

. The above problems would not 

appear in the stepscan mode, which was introduced by Perkin-Elmer Instruments for 

power-compensated DSCs. It can be regarded as a variant of TMDSC, after raising the 

sample temperature, for example, by 0.5 K at a high heating rate (step-like, as shown in 

Figure 3.4) the temperature will be held again. Due to the very short duration for each step, 

the measurement of the thermodynamic heat capacity with stepscan DSC is not sensitive 

to baseline drifts, even at the highest accessible temperatures. Also the data treatment is 

straightforward, no Fourier transformation is needed
120, 121

.  

 

Figure 3.4. A stepscan temperature-modulated modes. The figure is taken from Ref. 122. 
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3.2 Small- and Wide- angle X-ray Scattering 

   The fundamental principle of X-ray scattering follows Bragg’s law (as shown in 

Equation 3.12),  

𝑛 = 2𝑑𝑠𝑖𝑛 (3.12) 

 

where  is the wavelength of the radiation used, 𝑑 is the inter-planar spacing involved and 

 is the angle between the incident ray and the scattering crystal planes; 𝑛 is a positive 

integer. The 2𝑑𝑠𝑖𝑛 is the path difference of the X-ray scattering, the path difference is 

the light scattering from one plane of atom lattice subtracts that scatters from the last 

upper plane of atom lattice inside a sample. If the path difference equals an integer number 

of wavelengths,  

 

the intensity of X-ray will be reinforced, this is the basic idea of Bragg’s law. Figure 3.5 

gives the geometry of X-ray scattering experiment, when a sample is illuminated by a 

plane wave of wavevector 𝒌 with a modulus 2𝜋/ , in an elastic scattering phenomena the 

modulus of the scattering vavevector 𝒌′ is unchanged with respect to the incident one and 

the scattering vector 𝒒 = 𝒌 − 𝒌′, its modulus can be indicated by 

𝑞 = 4𝜋𝑠𝑖𝑛 ⁄  (3.13) 

 

   The scattering techniques using X-rays are extremely useful to study the structure, size 

and shape of large molecules such as polymers in solids, liquids and solutions with 

dimensions from micrometers to angstroms
124

. The wide-angle X-ray scattering (WAXS) 

is particularly used to identify the nature of crystalline phases on an atomic scale. Small-

angle X-ray scattering (SAXS) is normally used to analyze the structure of materials on a 

 

Figure 3.5. The scheme of X-ray scattering. The incident beam with wavevector k is scattered at the angle 

2 by two scattering centers with distance of r and the resultant beam has a wavevector k’ with the same 

modulus but different direction. The figure is taken from Ref.123. 
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scale of about 1-200 nm.
125

  For both types of measurement, the sample is illuminated by a 

narrow beam of well-collimated monochromatic X-rays as a radiation source. The main 

difference between SAXS and WAXS on the instrument is the distance of detector to the 

sample. The scattering angle 2 > 1° refers to as WAXS, those with 1° > 2 > 0.3° are 

medium-angle X-ray scattering (MAXS), and those with 2 < 0.3° can be called SAXS. 

The crystallinity of polymers can be easily determined by calculating the area under 

crystalline peaks to the total scattered intensity in a WAXS scan
126

. The degree of 

crystallinity 𝑥c is given: 

𝑥c =
Crystalline scattering area

Total scattering area
=

𝐴𝑐

𝐴𝑐 + 𝐴𝑎
 (3.14) 

 

where 𝐴𝑎 is the area of the amorphous halo, 𝐴𝑐 is the total area under Bragg peaks in a 

WAXS profile, after appropriate background corrections, this equation can be applied.  

 

Figure 3.6. An example for the splitting of WAXS pattern to determine the crystallinity of polymer nano-

composites. The figure is taken from Ref. 127. 

 

   The estimation of the size (at submicron level) of crystallite is related to the broadening 

of scattering peaks and described by Scherrer equation as   

𝜏 =
𝐾

𝛽1/2 𝑐𝑜𝑠𝜃
 (3.15) 
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where 𝜏  is the mean size of  the crystallite, 𝛽1/2  is the full-width at half-maximum 

(FWHM) of the scattering peak, 𝐾 is the Scherrer constant (the value of which depends on 

the shape of the crystallite), and 𝜃 is the angular position of the scattering plane.  

   According to Bragg’s law, a scattering peak locating at 𝑞  values of x-axis can be 

interpreted by the equation 𝑑 = 2𝜋 𝑞𝑝𝑒𝑎𝑘⁄ , where 𝑑 indicates the distance of separation 

between scattering planes. Important morphological parameters such as long period (L), 

crystal thickness (𝑙𝑐), and amorphous layer thickness (𝑙𝑎) of semicrystalline polymer can 

be calculated with the finite lamellar stacks model. For semicrystalline polymers these 

SAXS profiles can be analyzed via a combination of the correlation function 𝛾(𝑟) and the 

interface distribution function 𝑔(𝑟)128, 129, 130
. For the LDH based polymer nanocomposites, 

the dispersion state of LDH nanofillers is mainly determined by SAXS. The repeat 

distance between interlayers of LDH can be interpreted by 𝑞  values of the primary 

scattering peak due to the LDH nanofiller platelet. Assuming the lattice distortions can be 

neglected
131

, the Bragg’s law is applied directly to derive the LDH platelet’s repeat 

distance 𝑑𝐿𝐷𝐻 = 2𝜋 𝑞𝑝𝑒𝑎𝑘⁄ . The Scherrer equation for quantifying finite size effects
132

 in 

X-ray scattering is employed in assessing the thickness of LDH platelet stacks by its 

simplified mode 𝑙c = 2𝜋 𝑤⁄ , where 𝑤 is the full-width at half-maximum, 𝑙c is the mean 

size of the platelet’s thickness, this equation is actually the transformation of Eqn. 3.15 

without Scherrer constant 𝐾. 
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3.3 Broadband Dielectric Spectroscopy 

   Broadband dielectric spectroscopy (BDS) is deals with the interaction of 

electromagnetic radiation with molecular systems. Normally, BDS describes two main 

phenomena occur under the applied electromagnetic radiation in the frequency range from 

10
-6 

to 10
12

 Hz: (i) dipole relaxation resulting from the reorientational motions of 

molecular dipoles, (ii) electrical conduction resulting from the translational motions of 

electric charges (ions, electrons)
47

. For its extraordinary extended frequency range, the 

BDS technique provides us a wealth of information on the dynamics of dipoles and mobile 

charge carriers based on the details of molecular system. The objectives can be analyzed 

by BDS cover polymers, glass-forming liquids, liquid crystals, electrolytes, organic and 

inorganic semi-conductors.  

3.3.1 The principle of BDS 

   Here, basic principle of the dielectric spectroscopy will be provided. Firstly, for a small 

electric field E, the interaction between the electric field and the matter can be described 

by the displacement D: 

𝑫 = 휀∗휀0𝑬 (3.16) 

 

where 휀0 is the dielectric permittivity of vacuum (휀0 = 8.854 ∗ 10−12AsV−1m−1), 휀∗ is 

the complex dielectric function or dielectric permittivity. 휀∗  is time or frequency 

dependent and can be used to describe time dependent processes in the sample. In the 

dielectric scope, these time dependent processes mean relaxation phenomena from 

molecular fluctuations of dipoles and drift motion of mobile charge carriers. In general, 

these time dependent processes cause a phase shift of the time dependence between the 

outer electrical field 𝑬(𝑡) and the resulting dielectric displacement 𝑫(𝑡). For a periodic 

electrical field 𝑬(𝑡) = 𝑬0exp (−𝑖𝜔𝑡), the corresponding 휀∗ can be defined by  

휀∗(𝜔) = 휀′(𝜔) − 𝑖휀′′(𝜔) (3.17) 

 

where 휀′(𝜔)  is the real part, 휀′′(𝜔)  is the imaginary part of the complex dielectric 

function and 𝑖 is the imaginary unit. 
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Electrostatic state 

   The macroscopic polarization 𝑷 can be related to microscopic dipole moments 𝒑i of the 

molecule or other units in a definite volume 𝑉. 

𝑷 =
1

𝑉
∑ 𝒑i (3.18) 

 

where i counts all dipole moments in the system. For the dipole moment that can be 

defined as the electric centers of gravity of positive and negative charges do not match. 

For example a positive charge +𝑞 and a negative charge −𝑞 are separated by a distance 𝑑 

will cause the dipole moment 𝒑 = 𝑞𝒅. The microscopic dipole moments can be separated 

into permanent and induced dipoles. Electronic polarization is the typical induced 

polarization form where negative electron cloud is shifted with regard to the nucleus. The 

electronic polarization occurs  within 10
-12

 s, and similar atomic polarization takes place 

on a slightly longer time scale. For the sake of simplicity the above induced polarizaitons 

denote as 𝑷∞. For permanent dipoles if only one kind of dipole moment 𝝁 of molecules is 

considered in a system, then Equation 3.18 becomes  

𝑷 =
1

𝑉
∑ 𝝁𝑖 + 𝑷∞ =

𝑁

𝑉
〈𝝁〉 + 𝑷∞ (3.19) 

 

where N denotes the whole number of dipoles in the system and 〈𝝁〉 is the mean dipole 

moment. The molecular permanent dipole moment 𝝁 can be oriented by an outer electrical 

field. Assuming the main factors are the interaction between permanent dipoles and the 

electric field strength. For the sake of simplicity two assumptions are made first that 

dipoles do not interact with each other and second that the local elctrical field 𝑬𝐿𝑜𝑐 of 

dipoles is equal to the outer electrical field. If 〈𝝁〉  is calculated by considering the 

counterbalance of thermal energy and the interaction energy 𝑊 between a dipole and the 

electric field is given as 𝑊 = −𝝁 ∙ 𝑬. So according to Boltzmann statistics
133,

 
134

, 

〈𝝁〉 =
∫ 𝝁exp (

𝝁∙𝑬

𝑘𝐵𝑇
)dΩ

4𝜋

∫ exp (
𝝁∙𝑬

𝑘𝐵𝑇
)

4𝜋
dΩ

 (3.20) 
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where T is temperature, kB is Boltzmann constant and 𝑑Ω the differential space angle. The 

factor exp (
𝝁∙𝑬

𝑘𝐵𝑇
)dΩ gives the probability that the dipole moment vector has an orientation 

from Ω to Ω + dΩ. Only the dipole moment component parallel to the direction of outer 

electric field is taken into account for the polarization. So the interaction energy 

transforms into 𝑊 = −𝜇𝐸𝑐𝑜𝑠𝜃  where 𝜃  is the angle of orientation between the dipole 

moment and the electrical field (see inset of Figure 3.7). Then the Equation 3.20 becomes  

〈𝜇〉 =
∫ 𝜇𝑐𝑜𝑠𝜃exp (

𝜇𝐸𝑐𝑜𝑠𝜃

𝑘𝐵𝑇
)

1

2
𝑠𝑖𝑛𝜃d𝜃

𝜋

0

∫ exp (
𝜇𝐸𝑐𝑜𝑠𝜃

𝑘𝐵𝑇
)

𝜋

0

1

2
𝑠𝑖𝑛𝜃d𝜃

 (3.21) 

 

The part 
1

2
𝑠𝑖𝑛𝜃  indicate the component of space angle with 𝜃  direction. Substituting 

𝑥 = (𝜇𝐸𝑐𝑜𝑠𝜃)/(𝑘𝐵𝑇) and 𝑎 = (𝜇𝐸)/(𝑘𝐵𝑇). One obtains 

〈𝑐𝑜𝑠𝜃〉 =
1

𝑎

∫ 𝑥exp (𝑥)d𝑥
𝑎

−𝑎

∫ exp (𝑥)
𝑎

−𝑎
d𝑥

=
exp(𝑎) − exp(−𝑎)

exp(𝑎) − exp (−𝑎)
−

1

𝑎
= 𝛬(𝑎) (3.22) 

 

where 𝛬(𝑎) is the Langevin function. Because of the small value of the interaction energy 

of a dipole compared to the thermal energy 𝛬(𝑎) ≈ 𝑎/3  holds. Then Equation 3.20 

simplifies to  

〈𝝁〉 =
𝜇2

3𝑘𝐵𝑇
𝑬 (3.23) 

 

Substituting to Equation 3.19 yields 

𝑷 =
𝜇2

3𝑘𝐵𝑇

𝑁

𝑉
𝑬 (3.24) 

 

So in the form of dielectric function, the orientational polarization component is given as 

휀𝑠 − 휀∞ =
𝜇2

3휀0𝑘𝐵𝑇

𝑁

𝑉
 (3.25) 

 



42 
 

where 휀𝑠 = lim𝜔→0 휀′(𝜔). 휀∞ = lim𝜔→∞ 휀′(𝜔)  covers all contributions from electronic 

and atomic polarization 𝑷∞  to the dielectric function. Keeping in mind that the two 

assumptions have been made one is the local electrical field is equal to outer electrical 

field, and the other is no interaction between permanent dipoles with each other. From the 

actual point of view both effects should be considered. The local electrical field 𝑬𝐿𝑜𝑐 can 

be described by Lorentz sphere model 𝑬𝐿𝑜𝑐 = 𝑬 + 𝑎𝐿𝑜𝑟(𝑷/휀0) and for the Lorentz sphere 

the coefficient 𝑎𝐿𝑜𝑟 is 1/3. The enhancement of the dipole moment by the polarization of 

the evironment is given by Onsager by the reaction field theory. The resulting molecular 

dipole moment can be 𝒎 = 𝝁 + 𝛼𝑬𝐿𝑜𝑐 where 𝛼 is the polarizability. An Onsager factor is 

added to Equation 3.17: 

  

휀𝑠 − 휀∞ =
1

3휀0
𝐹

𝜇2

𝑘𝐵𝑇

𝑁

𝑉
 (3.26) 

 

with 𝐹 =
𝜀𝑠(𝜀∞+2)2

3(2𝜀𝑠+𝜀∞)
.  

   The interaction between permanent dipoles is considered with correlation factor g which 

is introduced by Kirkwood and Fröhlich
135, 136, 137, 138.

 The Kirkwood/ Fröhlich correlation 

factor is defined by 

𝑔 =
〈∑ 𝝁𝑖𝑖 ∑ 𝝁𝑗𝑗 〉

𝑁𝜇2
= 1 +

〈∑ ∑ 𝝁𝑖𝝁𝑗𝑖<𝑗𝑖 〉

𝑁𝜇2
=

𝜇𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡
2

𝜇2
 (3.27) 

 

where 𝜇2 is the mean square dipole moment for non-interacting isolated dipoles. Equation 

3.18 modifies to  

휀𝑠 − 휀∞ =
1

3휀0
𝐹𝑔

𝜇2

𝑘𝐵𝑇

𝑁

𝑉
 (3.28) 
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Dielectric relaxation    

   The process of dipole reorientation due to time dependent external electrical field can be 

regarded as a special case of linear response theory. In dielectrics the disturbance is the 

time dependent external electrical field  𝑥(𝑡) = 𝐸(𝑡), the response is the polarization 

𝑦(𝑡) = 𝑃(𝑡). With linear response theory the following can be obtained 

𝑷(𝑡) = 𝑷∞ + 휀0 ∫ 휀(𝑡 − 𝑡′)
𝑡

−∞

𝑑𝐸(𝑡′)

𝑑𝑡′
𝑑𝑡′ (3.29) 

 

where 휀(𝑡) is the time dependent dielectric funciton and 𝑷∞ covers all contributions from 

induced polarization. The corresponding relationship between 𝐸(𝑡) and 휀(𝑡) is depicted in 

Figure 3.8. 

 

Figure 3.7. Dependence of the langevin funciton Λ(a)  The scheme of the time dependence of electric field 

ΔE and corresponding time dependent relaxation function ε(t). The figure is taken from Ref. 55. 
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Figure 3.8. The scheme of the time dependence of electric field ΔE and corresponding time dependent 

relaxation function ε(t). The figure is taken from Ref. 55. 

   

   If a stationary periodic disturbance 𝑬(𝑡) = 𝑬0exp (−𝑖𝜔𝑡) is applied to the system and ω 

is the angular frequency. So Equation 3.29 is transformed to  

𝑷(𝑡) = 휀0(휀∗(𝜔) − 1)𝑬(𝑡)  (3.30) 

 

where 휀∗(𝜔) is the complex dielectric function. Thus the real part 휀′(𝜔) is proportional to 

the energy stored reversibly in the system per period and the imaginary part 휀′′(𝜔) is 

proportional to the energy which is dissipated per period. The relationship between 

frequency domain form and time domain form of the dielectric function is given by  

휀∗(𝜔) = 휀′(𝜔) − 𝑖휀′′(𝜔) = 휀∞ − ∫
𝑑휀(𝑡)

𝑑𝑡

∞

0

exp (−𝑖𝜔𝑡)𝑑𝑡 (3.31) 

 

Equation 3.31 is a one-sided Fourier or full imaginary Laplace transformation
139

. And the 

real part 휀′(𝜔) are related to the imaginary part 휀′′(𝜔) by Kramers/Kronig relations
69, 140

.  

ΔE 

Δε=ε S – ε ∞ 
orientational polarization 

ε S 

ε ∞ 

induced polarization 



45 
 

휀′(𝜔) − 휀∞ = 𝐻[휀′′(𝜔)] =
1

𝜋
∮

휀′′(𝜉)

𝜉 − 𝜔
𝑑𝜉 (3.32) 

 

The function H [ ] denotes the Hilbert transformation. This means from experimental point 

of view 휀′(𝜔) and 휀′′(𝜔) carry the same information. Furthermore the dielectric strength 

Δ휀 can be derived by intergrating the imaginary part 

휀𝑠 − 휀∞ = Δ휀 =
2

𝜋
∫ 휀′′(𝜔)d ln𝜔

∞

0

 (3.33) 

 

For 휀(𝑡) and 휀∗(𝜔) are generalized compliances, there is a corresponding modulus called 

electric modulus 𝑀(𝑡)  in the time domain and 𝑀∗(𝜔)  in the frequency domain. The 

relationship between the compliance and the modulus is  

∫ 𝑀(𝑡 − 𝜏)휀(𝜏)
∞

−∞
d𝜏 = −𝛿(𝑡) and 

𝑀∗(𝜔)휀∗(𝜔) = 1 
(3.34) 

 

where 𝛿(𝑡) is the Dirac function.  

 

3.3.2 Analysis of dielectric spectra 

     In the simplest case, the change of orientational polarization can be calculated by its 

actual value:  

𝑷(𝑡)

𝑑𝑡
= −

1

𝜏D
𝑷(𝑡) (3.35) 

 

where 𝜏D is a characteristic relaxation time. This function leads to an exponential decay 

for the correlation function Φ(𝜏) = exp [−
𝑡

𝜏D
]. These relations can be used to derive the 

Debye relaxation function 

휀∗(𝜔) = 휀∞ +
Δ휀

1 + 𝑖𝜔𝜏D
 (3.36) 

 

   With Debye relaxation function the relaxation processes due to rotational fluctuations of 

molecular dipoles can be described. Normally they are related to the characteristic 

molecular structure (functional groups etc.) or to the whole molecules. If the frequency 

𝑓 = 𝜔 2𝜋⁄  of the applied outer electrical field is in agreement with the reorientation time 𝜏 
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of molecular dipoles the value of imaginary part 휀′′(𝜔) will be the maximal point. The 

Figure 3.9 gives the typical dielectric pattern with increasing 𝜔  the real part 휀′(𝜔) 

decreases like a step whereas the imaginary part 휀′′(𝜔) displays a extrema. The frequency 

of the maximal loss 𝑓p is related  

 

Figure 3.9. The scheme of real and imaginary part of the complex dielectric function vs. normalized frequency 

for a Debye relaxation process. The figure is taken from Ref. 55. 

 

to the mean relaxation time 𝜏p = 1 2𝜋𝑓p⁄  of the fluctuation dipoles.  

   From the shape of the loss peak the distribution of relaxation times can be deduced. 

From either the step in 휀′(𝜔) or the area under the loss peak of 휀′′(𝜔) the dielectric 

strength Δ휀 can be determined. Because the fact mentioned they are interrelated with each 

other by the Kramers/Kronig relations. 

   In many real cases the half width of measured loss peaks is broader than predicted by 

Debye model and the pattern shape is asymmetric with a high frequency tail. This is called 

non-Debye relaxation behavior. There are several empirical model functions modified 

based on the Debye function which have been developed to describe the broadened and 

asymmetric loss peaks. The Cole/Cole-function
141

 describes a broadening case 

휀CC
∗ (𝜔) = 휀∞ +

Δ휀

1 + (𝑖𝜔𝜏CC)𝛽
 (3.37) 

 

2πfp 
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where 0 < 𝛽 ≤ 1 which gives a symmetrical broadening for the relaxation function. When 

𝛽 = 1 the Debye-function is obtained. The Cole/Cole-relaxation time 𝜏CC can be derived 

by 𝜔CC = 1 𝜏CC⁄ . 

   The relaxation behaviors in liquids or low molecular glass-forming materials show a 

more complex asymmetric broadening dielectric function which can be described by the 

Cole/Davidson-function
142, 143

 

휀CD
∗ (𝜔) = 휀∞ +

Δ휀

(1 + 𝑖𝜔𝜏CD)𝛾
 (3.38) 

 

where 0 < 𝛾 ≤ 1  describes an asymmetric broadening of the relaxation function for 

frequencies 𝜔 > 1 𝜏CD⁄  where 𝜏CD  is the Cole/Davidson relaxation time. For 𝛾 = 1  the 

Debye-function is obtained again.  

   Havriliak and Negami introduce a more general model function
144, 145

 (HN-function) 

which is a combination of the Cole/Cole and Cole/Davidson-function: 

휀HN
∗ (𝜔) = 휀∞ +

Δ휀

(1 + (𝑖𝜔𝜏HN)𝛽)𝛾
 (3.39) 

 

The shape parameters 𝛽 and 𝛾 describe the symmetric and asymmetric broadening of the 

complex dielectric function with 0 < 𝛽, 𝛽𝛾 ≤ 1. Figure 3.10 gives the examples of the 

HN-function with selected shape parameters.  
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log(𝑓𝑝[Hz]) 

휀′′ = 𝜎/(2𝜋𝑓휀0) 

 

Figure 3.10. The scheme of variations of real and imaginary part of complex dielectric permittivity for the 

Havriliak/Negami-function with fixed (a) γ=1; (b) β=1 (τHN=1 s, Δε=1, 휀∞=1). The figure is taken from Ref. 55. 

 

   Figure 3.11 gives the dielectric loss of poly(chloro styrene) for the α-relaxation at 428.6 

K. The different models Cole/Davidson-, Cole/Cole- and HN-function are fitted to the data. 

Only  

 

Figure 3.11. Dielectric loss versus frequency for poly(chloro styrene) at T=428.6 K. The slope at lower 

frequency is the conductivity contribution. The relaxation part is described by three different models: dashed 

Cole/Cole-function, dotted-dotted-dashed Cole/Davidson-function, dotted-dashed HN-function. The figure is 

taken from Ref. 55. 
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the fit of HN-function covers all range of frequency. From this aspect for an isolated 

relaxaton process a set of four parameters is necessary to describe completely. 

  According to linear response theory the dielectric function has a corresponding complex 

electric modulus 𝑀∗(𝜔)    

𝑀∗(𝜔) = 𝑀′(𝜔) + 𝑖𝑀′′(𝜔) (3.40) 

  

 The corresponding modulus is given below if 휀∗(𝜔) is described by the Debye-function. 

𝑀∗(𝜔) = 𝑀∞ +
Δ𝑀

1 + 𝑖𝜔𝜏D−M
 (3.41) 

 

where Δ𝑀 = 𝑀s − 𝑀∞ , 𝑀S = 1 휀𝑠⁄  and 𝑀∞ = 1 휀∞⁄ . This means the corresponding 

modulus is Debye-like as well. The electric relaxation time 𝜏D−M = (휀∞ 휀𝑠⁄ )𝜏D is given, 

apparently 휀∞ < 휀𝑠  so 𝜏D−M < 𝜏D  holds. For the same relaxation process the 

representation in the modulus pattern has a higher relaxation rate than the one in the 

dielectric function pattern. Figure 3.12 depicts a Debye relaxation process represented by 

both the dielectric function and the electric modulus. It is worth noting that the dielectric 

properties for a electronic conduction can also be expressed in the modulus representation. 

Like in the imaginary part   

𝑀′′(𝜔) = 𝑀∞

𝜔𝜏Cond

1 + (𝜔𝜏Cond)2
 (3.42) 

 

is obtained. For the peak of maximal loss gives 𝜔𝑀𝜏Cond = 1 with 𝜏Cond = 휀0휀∞/𝜎0. And 

in the corresponding real part 𝑀′(𝜔) increases from zero to 𝑀∞ = 1 휀∞⁄ . 

   In some cases, the charge carriers are blocked at inner dielectric boundary layers 

(Maxwell/Wagner/Sillars polarization
146,

 
147

) on the mesoscopic scale or at the external 

electrodes contacting the sample (electrode polarization) on the macroscopic scale. Both 

of 
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Figure 3.12. Scheme of the real and imaginary parts of frequency dependent dielectric function and the 

corresponding complex electric modulus which are describing a Debye process. The figure is taken from Ref. 

148. 

   

   them give rise to a separation of charges which will contribute to the polarization, and 

the resulting dielectric loss can be by orders of magnitude larger than the dielectric 

responses from molecular fluctuation. The Maxwell/Wagner/Sillars polarization is 

observed in inhomogeneous systems such as suspensions or colloids
149

, biological 

materials
150

, phase separated polymers, blends, crystalline or liquid crystalline polymers. 

The mesoscopic origin of the effect can be due to a nanophase separated structure, at the 

internal phase boundaries charges are blocked and causes a strong increase in 휀′(𝜔) with 

dereasing frequency. The electrode polarization can mask the dielectric response of the 

sample. Recently, Samet et al.
151

 give an approach to discriminate the difference between 

Maxwell/Wagner/Sillars and electrode polarizations by analyzing the inter-relation 

governing their characteristic frequencies. However, validity of the approach has to be 

checked in different systems furtherly.  
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Chapter 4   Experimental section 

4.1 Materials 

4.1.1 Organic modified Layered double hydroxides 

     The organomodified MgAl/LDH (O-MgAl/LDH; O-LDH) was synthesized by a one-

step procedure
152

. Firstly, magnesium and aluminum metal salt solution (Mg
2+

:Al
3+

 ratio 

equal to 2:1; the whole metal ion concentration was kept at 0.3 M) was dropped in a 

SDBS solution under continuous stirring at 50 °C. The pH value of the solution is 

stabilized at 10 ± 0.2 by dropping the needed amount of 1 M NaOH in. The slurry solution 

was continuously stirred for 0.5 h, heated up to 75 °C and kept at this temperature for 18 

h. The final product was filtered and washed with distilled water several times until the pH 

of the obtained liquid was about 7. Then the organomodified MgAl/LDH was dried in an 

oven at 80 °C until the weight was constant. The unmodified MgAl/LDH (U-MgAl/LDH; 

U-LDH) was also synthesized for comparison by a similar procedure. Although the LDH 

materials were dried in vacuum before mixing with the polymer matrix, some bound water 

might be still present in the interlayers of the LDH.  

   For the O-NiAl-LDH the same procedure is applied, except substituting magnesium 

component by nickel. Also the unmodified NiAl-LDH (U-NiAl-LDH) was synthesized for 

comparison.  

 

4.1.2 Poly(L-lactide)  

Polylactide was purchased as Biomer
®
 L9000 from Biomer (Krailling, Germany). It is a 

predominantly L-type polylactide and was used without further purification. The melt flow 

index was 3.0-6.0 g/10min. In a differential scanning calorimetry (DSC) measurement at 

10 K/min scan rate, the observed glass transition temperature Tg is 57.5 °C, cold 

crystallization temperature Tc is 131.0 °C, melting temperature Tm is 167.2 °C, cold 

crystallization enthalpy is 6.76 J/g and melting enthalpy is 8.18 J/g.   

 

4.2 Preparation of nanocomposites 

The nanocomposites were prepared by melt mixing in a one step process. Before 

compounding, all the materials (polymer, LDH) were dried under vacuum at 323 K for 24 

h. PLA contains a polar group in the main chain which can interact with the LDH for 

intercalation. Therefore no compatibilizer is needed like for corresponding polyolefin 
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based nanocomposites
153, 154

. The LDH was mixed in different concentrations with pure 

PLA to obtain the various nanocomposites. Melt mixing was carried out in a co-rotating 

twin-screw microextruder (15-mL microcompounder, DSM Xplore, Geleen, The 

Netherlands) at 463 K with 200 rpm screw speed for 10 min. The concentrations of O-

LDH in the nanocomposites were determined based on an approximate metal hydroxide 

content of the filler. The extruded samples were melt pressed (above the melting 

temperature) to platelets (40 mm *40 mm) and thickness of ca. 0.4 mm for several minutes. 

After that the samples were slowly cooled down in the press (as prepared samples). 

 

Figure 4.1. The photograph of as prepared samples MgAl/LDH-PLA 6wt% (a) and NiAl/LDH-PLA 9wt% (b) 

nanocomposites, the scalar bar represents a length of  1 cm. The exhibiting colors correspond to the Magnesium 

or Nickel hydrates, respectively.  

 

4.3 Experimental tecchniques 

4.3.1 X-ray scattering 

The X-ray scattering investigations were carried out in two places because of the long 

waiting time for the experiments. The characterization of MgAl/LDH-PLA 

nanocomposites was made at the synchrotron micro focus beamline µSpot (BESSY II of 

the Helmholtz Centre Berlin for Materials and Energy). A more detailed description of the 

beamline can be found elsewhere
155

. The beamline provides a beam with a diameter of 

100 m at a photon flux of 1
 
×

 
10

9
 s

-1
 at a ring current of 100 mA. The divergence is less 

than 1 mrad (horizontally and vertically). The experiments were carried out employing a 

wavelength of 1.03358 Å using a double crystal monochromator (Si 111). The data were 

collected by a two-dimensional X-ray detector (MarMosaic, CCD 3072
 
×

 
3072 pixel with 

a point spread function width of about 100 μm) 820 mm behind the sample position. The 

obtained scattering images were converted into diagrams of scattered intensities versus 

scattering vector q (q is defined in terms of the scattering angle and the wavelength  of 

(a) (b) 
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the radiation, thus q = 4/(sin) employing an algorithm of the computer program 

FIT2D
156

. 

   X-ray measurements of NiAl/LDH-PLA nanocomposites were performed in a sample 

holder for solid-state samples with a SAXSpace instrument (Anton Paar, Austria) in line 

geometry at a temerature of 298 ± 1 K. Each sample was measured for 360 s (60 

measurements of 6 s each). The measured intensity was corrected by subtracting the 

intensity of the empty sample holder. The wavelength  of the radiation is 0.154 nm. 

Deconvolution (slit length desmearing) of the SAXS curves was performed with the 

SAXS-Quant software (Anton Paar, Austria).  

 

4.3.2 Size Exclusion Chromatography (SEC) 

   SEC was carried out using a refractive index detector ERC 7510 and the following 

columns: “1 x PL gel mixed C, 10 µm, 300 x 8 mm” and “1 x PSS gel 1000 Å, 3µm, 300 x 

8 mm”. As eluent Chloroform was used at a flow rate of 1.0 mL/min and a temperature of 

25°C. The samples were prepared by dissolving 9 to 16 mg of the sample in 1 mL 

Chloroform. 100 L of the filtered solution (0.2 µm millipore filter) was injected. 

Calibration was performed by polystyrene standards (PSS Mainz).  

 

4.3.3 Thermal analysis 

    The thermal experiments have to be separated into two parts. One is the normal 

measurements for glass transition temperature and melting enthalpy which was carried out 

by differential scanning calorimeter (DSC, Seiko instruments, DSC 220C). The samples 

(ca. 10 mg) were characterized from 248 K to 523 K with a heating and cooling rate of 10 

K/min using nitrogen as protection gas. For the pure polylactide, the cold crystallization 

and melting temperatures are 403 K and 440 K, whereas the corresponding enthalpies are 

6 J/g and 8 J/g respectively. A glass transition temperature of 333 K and ∆𝑐𝑝 of 0.51 

J/g*K was also estimated from the thermogram. 

   For the further analysis of phase fractions of the polymer nanocomposites, the thermal 

data were measured by a PerkinElmer PYRIS Diamond DSC. The sample mass was about 

10 mg. The instrument was calibrated as recommended by GEFTA
157

 by indium and zinc 

at zero heating rate for temperature and by sapphire for heat capacity. 

   For determining the different phase fractions a special temperature program is designed. 

Two different sets of experiments were carried out. In the first set of experiments, the 
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samples were heated to 200 °C to erase the thermal history. After this treatment the 

sample was cooled down with a rate which varied in the range from 2 K/min to 300 K/min. 

In contrast to the most semicrystalline polymers, polylactide has a relative long 

crystallization half time
158,  159,

 
160

. Therefore, it is possible to estimate a critical cooling 

rate at which the crystallization and the RAF caused by crystallization can be suppressed 

for the LDH-PLA nanocomposites with different concentrations of the nanofillers. After 

the cooling process, the enthalpies for cold crystallization and melting were measured 

during a subsequent heating run from 0 °C to 200 °C at a rate of 10 K/min. These 

experiments result in a critical cooling rate 𝛽𝑐𝑟𝑦𝑠  of 25 K/min (see below) for the 

crystallization of PLA.  

   In the second set of experiments both the melting enthalpy H and the increment of the 

specific heat capacity at the glass transition cp was determined precisely for all samples 

which were crystallized under well-defined conditions by conventional and StepScan 

calorimetry (SSDSC), respectively for each concentration of the nanofiller.  

Conventional calorimetry: In the first part of the experiment the sample was heated to 

200 °C and kept there for 2 min to melt it completely and to erase the thermal history. 

Then the sample was cooled to Tcrys=100 °C with a rate of 100 K/min to avoid any 

crystallization. At this temperature the sample was isothermally crystallized for 30 min 

under defined conditions from the melt. Afterwards, the sample was cooled to -50 °C with 

a programmed rate of 100 K/min. This procedure leads to a sample with a well-defined 

crystallinity. Then the sample was heated with a rate of 10 K/min. No cold crystallization 

was detected during this heating run yielding to the conclusion that the isothermal 

crystallization at 100 °C for 30 min leads to a fully crystallized samples. The melting 

enthalpy H was estimated for the given concentration of the nanofiller. 

StepScan calorimetry: SSDSC a special variant of temperature modulated DSC and was 

carried out by employing 1 K steps at heating rate 12 K/min and isotherms of about 1.5 

min.  For these measurements the samples were again crystallized under defined 

conditions as described above (see also Figure 4.2) and cooled down to 0 °C with 100 

K/min and kept there for 7 min for equilibration. Then the StepScan experiment was 

carried out from 0 °C to 100 °C under the conditions given above. These measurements 

allow a precise estimation of the increment of the specific heat capacity at the glass 

transition for the crystallized sample cp for a given concentration of the nanofiller. After 

this step of the experiment, the sample was again cooled down to 0 °C for experimental 
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reasons and heated up with 10 K/min to 200 °C and kept there for 2 min to melt it 

completely and erase the thermal history again. After this procedure the sample was 

cooled down with programmed cooling rate of 100 K/min to 0 °C to avoid any 

crystallization. After a waiting time of 7 min SSDSC measurement was carried out from 

0 °C to 100 °C to estimate the increment of the specific  

 

Figure 4.2. Temperature programs for the estimation of the phase factions. 

 

heat capacity at the glass transition for the amorphous sample cp,amorphous for the same 

concentration of the nanofiller. 

4.3.4 Broadband dielectric spectroscopy (BDS) 

   A high-resolution ALPHA analyzer together with an active sample holder head 

(Novocontrol, Montabaur, Germany) is used, to measure the complex dielectric function 

 (´-real part, ´´-loss part and i = √-1) as function of frequency f 

(10
-1

 Hz to 10
6
 Hz) and temperature T (160 K to 400 K). Samples were prepared in 

parallel plate geometry. Therefore, gold electrodes with a diameter of 20 mm were 

evaporated on both sides of the samples. The samples were mounted between two gold-

plated electrodes (20 mm) of the sample holder. Isothermal frequency scans were carried 

out where the temperature is controlled by a Quatro Novocontrol cryo-system with a 

temperature stability of 0.1 K. Details can be found elsewhere
161

. 

)f´´(i)f´()f(* 
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Chapter 5   Investigation of nanocomposites based on 

polylactide and MgAl/LDH  

5.1 The SAXS analysis for the modified LDH and the dispersion of the 

nanofiller within the nanocomposites 

   In the first step the successful modification of LDH by SDBS was proven by SAXS 

measurements. Figure 5.1 compares the SAXS pattern for O-MgAl/LDH and U-

MgAl/LDH. The SAXS data for unmodified LDH shows two equidistant reflections at 7.1 

nm
-1 

and 14.11 nm
-1

. This is characteristic for a layered compound corresponding to a 

lamellar repeat distance (d = 2π/qpeak) of d = 0.88 nm. Subtracting the thickness of the 

hydrotalcite brucite-like LDH of 0.49 nm 
162

 this results in an effective interlayer distance 

to be 0.39 nm. By fitting two Gaussians to the data, the peak widths were determined to w 

= 0.69 nm
-1

. Form the width a mean correlation length perpendicular to the lamella normal 

can be calculated to lc = 2π/w = 9.23 nm. Assuming that lattice distortions can be 

neglected in a first approximation the crystallite thickness in the direction normal to the 

(001) plane can be estimated. This calculation results that the average number of layers in 

a stack of the unmodified LDH is approximately 10.  

   As expected, the lamellar reflections for modified LDH shift to lower q-values. Four 

equidistant reflections are visible. The lack of reflections in the diagram of O-LDH at a q 

value of 7.1 nm
-1

 proves the absence of significant amounts of U-MgAl/LDH. A similar 

analysis as discussed above can be also carried for O-MgAl/LDH. After the subtraction of 

the thickness of the brucite sheet the effective layer distance is 2.54 nm. As expected the 

introduction of the SDBS provokes an essential widening of the distance between the 

layers. The width of the peak for the O-MgAl/LDH is estimated to 0.36 nm
-1

. This is 

essentially smaller than for U-MgAl/LDH. Therefore the number of layers in a stack of the 

modified LDH is lower than for U-MgAl/LDH and is calculated to ca. 6. On the one side, 

likely the SDBS hinders the formation of large stacks and reduces the number of layers in 

O-MgAl/LDH. On the other side, the existence of small stacks with only few layers will 

lead to nanocomposites. 

 

 

*Similar content was presented in: J. Leng; P. J. Purohit; N.-J. Kang; D.-Y. Wang*; J. Falkenhagen; F. 

Emmerling; A. F. Thünemann; A. Schönhals*, Eur. Polym. J. 2015, 68, 338-354. 
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Figure 5.1. SAXS pattern of unmodified (a) and organically modified (b) LDH. 

 

   The homogenous, spatial distribution of the nanofiller across the sample on a 

macroscopic scale is one of the key parameters which determine the structure property 

relationships of nanocomposites. To study this in more detail space resolved X-ray 

experiments were employed with a microfocus using synchrotron radiation at the 

SpotBeamline of BESSY
153

. The measurements were carried out at three different 

positions of the as prepared samples having a diameter of more than 30 mm where the spot 

diameter of the X-ray beam was 0.1 mm. The result is depicted in Figure 5.2 for 

MgAl/LDH-PLA 9 wt% as one example. All the individual SAXS pattern nearly collapse 

into one chart (solid, dotted and dashed-dotted curves, positions of measurements at the 

sample are shown in the inset). This proves a homogeneous dispersion of O-LDH in the 

polymer matrix on macroscopic length scales (> 1 mm). 

   Figure 5.1 gives further that in the SAXS region reflections at quite similar positions are 

observed for O-MgAl/LDH and for the nanocomposite. The reflections are a bit weaker 

and also broader this evidences that stack-like structure similar to that O-MgAl/LDH are 

also present in the nanocomposites. This result points to a partly exfoliated morphology 

with mixed nanostacks. After fitting Gaussians, the lamellar repeat unit d was found out 

no much difference with O-LDH. This result is similar to results obtained for previously 

studied nanocomposites based on polyolefines. The stack size was determined from the 

widths of the peaks and the lc was calculated to be 25.6 nm which is equivalent to around 
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6 layers like for O-MgAl/LDH. Because of the fact that the stacks are so small even a 

homogenous mixing of these nanostacks in the polymer matrix will lead to 

nanocomposites. 

 

Figure 5.2. Overlay of three synchrotron SAXS curves measured for a disc sample of MgAl/LDH-PLA 9wt% 

with a diameter of 30 mm (solid, dotted and dashed-dotted lines). The dashed line shows the X-ray curve for 

organically modified LDH. The reflections in the q-range from 10 to 20 nm
-1

 are due to the crystal structure of 

the semicrystalline PLA. 

 

5.2 SEC analysis for the degradation stability of the nanocomposites 

   The LDH materials contain Al and Mg ions which may cause a catalytic degradation of 

the PLA matrix. For a similar system an enhanced thermal degradation behavior is 

reported
163

. Therefore, here Size Exclusion Chromatography was employed to study the 

quasi isothermal degradation. The investigations were carried out for samples which were 

stored for more than 3 years at room temperature. Figure 5.3 gives the elugram for neat 

PLA. Two elution regions having different intensities can be identified. The first one at 

shorter elution times corresponds to high molecular weights where the second one is due 

to lower molecular weights. The inset of Figure 5.3 gives the molecular weight 

distribution for the high molecular weight elution peak for the different LDH 

concentrations. With increasing concentration of LDH the peak maximum shifts slightly 

to lower molecular weight. This means with increasing concentration of LDH the 

molecular weight of the matrix decreases slightly due to catalytic degradation. 

2 3 4 5 6 7 8 9 1010 20

100

1000

In
te

n
s
it
y
 [

a
.u

.]

q [nm
-1
]

PLA9

O-MgAl-LDH

 



60 
 

4 5 6

0

20

40

60

80

100

10 12 14 16 18 20 22

0.00

0.01

0.02

 

 

N
o

rm
a
lz

ie
d

 l
o

g
(M

W
) 

D
is

tr
ib

u
ti
o

n

log(M
W

 [g/mol])

C
LDH

R
e
fr

a
c
ti
o
n
 I

n
d
e
x
 S

ig
n
a
l 
[m

V
]

Elution Volume [ml]

 

Figure 5.3. Signal of the refractive index detector versus the elution volume for pure PLA. The inset shows the 

normalized molecular weight distribution versus the molecular weight: solid line – pure PLA, dashed line – 

MgAl-1 wt%, dotted line – MgAl-3 wt%, short dash line – MgAl-6 wt%, short dotted line – MgAl-9 wt%, short 

dashed dotted line – MgAl-12 wt%. 

 

   This becomes clearer in Figure 5.4 where weight averaged molecular weight MW is 

plotted versus CLDH. With increasing concentration of LDH MW decreases from about 190 

kg/mol to about 130 kg/mol. This evidences that the nanoparticles influences slightly the 

degradation of the polymeric matrix likely by catalytic processes. Besides the catalytic 

activity also the remaining water in the intergalleries might contribute to the degradation 

process. The change of the molecular weight is small. This slightly decreased molecular 

weight will not have a significant effect on the properties studied during the course of this 

paper. 

   The inset of Figure 5.4 gives the molecular weight distribution of the molecular weight 

for the release at longer elution times. Obviously, the distribution is bimodal indicating 

two different molecular species. To compare the different samples, the distribution was 

normalized by the maximum value of the peak at lower molecular weights. Probably, this 

low molecular weight compounds are degradations products. These degradation products 

are also found for neat PLA. But nevertheless the relative amount of both degradation 

species changes with increasing concentration of LDH. It was tried to identify the both 

degradation products on a molecular level by mass spectrometry. But up to now only a 

limited success was made. Therefore, further experimental work is necessary to 

investigate this problem in more detail. 
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Figure 5.4. Change of the weight averaged molecular weight MW with the concentration of LDH. The inset 

shows the normalized molecular weight distribution versus the molecular weight for the low molecular weight 

degradation products: solid line – pure PLA, dotted line – MgAl-3 wt%, short dotted line – MgAl-9 wt%, short 

dashed dotted line – MgAl-12 wt%. In the inset the other concentrations are omitted for sake of clearness. 

 

5.3 Crystallinity of the nanocomposites investigated by DSC and WAXS 

   Figure 5.5 compares the DSC curves of the as prepared samples (first heating) run for 

pure PLA, MgAl-1 wt% and MgAl-12 wt%. All measurements discussed here were 

carried at heating rate of 10 K/min. A glass transition region as well as crystallization and 

melting is observed for each concentration of the nanofiller. The glass transition 

temperature does not change significantly with the concentration of the nanofiller. This 

concerns also the width of the glass transition. 

   Interestingly, compared to the pure PLA the melting enthalpy of MgAl-1 wt% is much 

larger. Moreover, a pronounced cold crystallization peak is observed for MgAl-1 wt%. 

This suggests that the LDH acts as a nucleation agent. A similar effect was also discussed 

in the literature. For instance Pilla et al. showed that the addition of recycled wood fibers 

leads to an increase of the crystallinity of PLA
164

. This will be discussed in more detail 

below. 
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Figure 5.5. Comparison of DSC thermograms (as prepared samples, first heating, heating rate of 10 K/min) for 

pure PLA and selected nanocomposites: solid line - pure PLA, dashed line - MgAl-1 wt%, dashed dotted line – 

MgAl-12 wt%. The curves are shifted along the y-scale for sake of clearness. 

 

   Table 5.1 shows that for concentrations higher than 1 wt% the melting enthalpies (first 

heating) decrease with increasing concentration of LDH because the amount of polymer 

decreases with increasing content of LDH. From the melting enthalpy Hm the degree of 

crystallization can be calculated. In a first step, the enthalpy values have to be normalized 

to the amount of polymer. The degree of crystallization is given 

1001 100 *H/H)C( %,mmLDH   where Hm,100% is the melting enthalpy of a complete 

crystalline PLA sample. The value of Hm,100%=93 J/g is taken from references 
168, 165

. In 

Figure 5.6,  increases for CLDH=1 wt% compared to the bulk value. This means for a 

small amount of LDH the degree of crystallinity increases. This gives further evidence that 

the nanofiller acts as a nucleating agent and the crystallinity of the nanocomposites 

increases for low concentrations of LDH compared to the pure PLA. For higher values of 

CLDH the degree of crystallization decreases approximately linearly with increasing 

concentration of LDH.  

   The extrapolation of  to zero value results in a critical concentration of LDH CCri of ca. 

21 wt%. From the DSC measurements (first heating run) it is therefore concluded that for 

concentrations higher than this value, the cold crystallization of PLA is completely 

suppressed at 21 wt% LDH for the as prepared samples. This behavior is similar to that 

observed for nanocomposites based on olefins and LDH. 
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   Absolute values of the crystallinity  can be also calculated with the wide angle X-ray 

scattering pattern (WAXS). For that analysis the q range from 1.5 nm
-1

 to 40 nm
-1

 is 

chosen and 60 counts were subtracted from the spectra as detector background. Moreover, 

the Kratky representation is used because q
2
I(q) is approximately proportional to the real 

number of scattered photons and more importantly to have equal condition in the whole q 

range. The integral 
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totaltotal dq)q(IqA  is the total scattered intensity due to both the 

amorphous and crystalline regions. From the q
2
Itotal(q) curves the amorphous contribution 

is subtracted by hand yielding to q
2
Icrys(q) due to the scattering of the crystalline regions 

including possible mesomorphic contributions
166,167

. The integral 
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cryscrys dq)q(IqA  is 

the total scattered intensity due to the crystalline regions. The degree of crystallization is 

then given by totalcrys A/A . In Figure 5.6 the degree of crystallization estimated from the 

WAXS data are also included to compare with the DSC data. The dependence of  versus 

the concentration of LDH resembles estimated from the WAXS measurements is similar 

to the dependence extracted from the DSC (see Fig. 5.6) was also the absolute values 

agree in the frame of the experimental error. For pure PLA a crystallization degree about 

10 % is obtained which is in agreement with literature data (see for instance [168]). Both 

data sets can be described by the same linear regression leading to a similar critical 

concentration of ca. 21 wt% LDH were the cold crystallization of PLA is completely 

suppressed. The agreement of the degree of crystallization estimated from the WAXS 

investigation and the DSC data for the first heating run is expected because in both cases 

the samples have the same thermal history (as prepared samples). 
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Figure 5.6. Degree of crystallization  vs. concentration of LDH squares – DSC measurements (first heating 

run), circles – WAXS data. The solid line is a linear regression using both data sets. The inset compares the 

concentration dependence of the degree of crystallization estimated from DSC measurements: squares – first 

heating run, stares – second heating run. The lines are linear regressions to the corresponding data. 

 

   The inset of Figure 5.6 compares the degree of crystallization estimated from the first 

and the second heating run of the DSC measurements versus the concentration of LDH. 

For the second heating the degree of crystallization measured by DSC is essentially lower 

than the values obtained by the first heating run. Moreover, in the case of the second 

heating run the dependence of  on the concentration is stronger than for the first one 

which gives rise to a lower value for the critical concentration of ca. 14 wt% where  

becomes zero (see inset Figure 5.6). This is different to the behavior found for 

polypropylene and polyethylene filled with LDH. Compared to polypropylene and 

polyethylene the crystallization rate of PLA is essentially lower. In the case of the first 

heating run, the samples were cooled down slowly in the press. For the second heating 

run, the samples were crystallized inside the DSC pan by cold crystallization at a heating 

rate of 10 K/min. Within the experimental error the different behavior observed for the 

different thermal histories can be understood by assuming that the main influence of the 

nanofiller on the cold crystallization behavior is a reduction of the crystallization rate. A 

detailed DSC study where the cooling rate is varied in a broad range is in progress to 

investigate this further. 
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5.4 The further analysis of the rigid amorphous phase of MgAl/LDH-

PLA nanocomposites 

   For the following calculations it is important to note that all estimated thermodynamic 

quantities like crystallization and melting enthalpies as well as the specific heat capacities 

were normalized to the amount of polymer inside the sample. Under this assumption, the 

phase fractions of a nanocomposisite based on a semicrystalline polymer are defined by
169

 

𝑀𝐴𝐹 + 𝐶𝐹 + 𝑅𝐴𝐹 = 1 (5.1) 

where MAF is the mobile amorphous fraction, CF the crystalline fraction, and RAF the 

rigid amorphous farction. CF+RAF can be also considered as the solid fraction SF. For a 

nanocomposite with a semicrystalline matrix the rigid amorphous fraction can be due to 

both the crystallites and the nanofiller. Therefore, it holds 

𝑅𝐴𝐹𝑎𝑙𝑙 = 𝑅𝐴𝐹𝑐𝑟𝑦𝑠𝑡𝑎𝑙 + 𝑅𝐴𝐹𝑓𝑖𝑙𝑙𝑒𝑟 (5.2) 

RAFcrystal and RAFfiller are the fractions of the rigid amorphous phase due to the crystallites 

and due to the filler, respectively. Classically, the crystalline fraction CF can be estimated 

by the melting enthalpy H via  

𝐶𝐹 = ∆𝐻 ∆𝐻0⁄  (5.3) 

ΔH0 is the melting enthalpy for a sample with 100% crystallinity which can be for 

instance taken from data given in the ATHAS database
170

. The mobile amorphous fraction 

is defined by the amount of segments which vitrify and devitrify during the glass 

transition and contributes to the heat capacity step at the glass transition temperature. 

Therefore, the mobile amorphous fraction MAF is estimated from the step height of 

cp,crystal of a semicrystalline or cp,amorphous for an amorphous nanocomposite by 

𝑀𝐴𝐹 = ∆ 𝑐𝑝,𝑖 ∆𝑐𝑝,𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝𝑢𝑟𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟⁄  (5.4) 

where cp,amorphous pure polymer is the increment of the specific heat capacity at the glass 

transition of totally amorphous unfilled PLA (cp,i=cp,crystal – semicrystalline 

nanocomposite; (cp,i=cp,amorphous – amorphous nanocomposite). Under the condition that 

crystallization can be completely avoided, cp,amorphous can be estimated by StepScan 

calorimetry and RAFall is only due to the nanoparticles (RAFcrystal=0 and 

MAF+RAFfiller=1). By measuring a semicrystalline and an amorphous nanocomposite all 
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phase fractions can be estimated without any further assumption and the restricted 

amorphous phase due to the crystals can be calculated by RAFcrystal=RAFall - RAFfiller (see 

also Figure 4.2). The definition of MAF from Eq. 5.4 assumes that no devitrification of 

RAF takes place in the temperature range where cp is estimated. Generally, whether the 

RAF can devitrify before melting is an open question even for semicrystalline polymers 

because it is expected that its devitrification and the overall melting take place in the same 

temperature range. There are some evidences for poly(ethylene terephthalate) by dielectric 

spectroscopy that with increasing temperature the amount of RAF decreases
171

. But 

according to Sargsyan
12

 no devitrification is observed for RAFfiller between SiO2 and 

PMMA before the degradation of the polymer. It is supposed that there is also a strong 

interaction between LDH and PLA, and RAFfiller will be stable up to temperatures where 

cold crystallization sets in. 

   As discussed above compared to other semicrystalline polymers PLA has long 

crystallization half time
41, 42

. This means for a high enough cooling rate crystallization can 

be suppressed as discussed above. Figure 5.7 depicts DSC heating runs at a rate of 10 

K/min after cooling with different rates for the sample MgAl-3 wt%. With increasing 

cooling rate the enthalpy due to cold crystallization increases which indicates that 

crystallization was partially suppressed during the cooling run and then takes place during 

the subsequent heating run by cold crystallization. In parallel, the step height at the glass 

transition increases which evidences that the amount of the amorphous material inside the 

sample increases and the crystalline fraction decreases. 
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Figure 5.7. DSC heating curves at a heating rate of 10 K/min for the sample MgAl-3 wt% which was 

previously cooled down with the indicating rates. The curves were shifted along the y-scale for sake of 

clearness. 

 

   In the case that the enthalpy due to cold crystallization is equal to the enthalpy of 

melting this means the whole crystallization process takes place during cold crystallization 

and not during the cooling process. To characterize this quantitatively the parameter ΔHhot 

crys is calculated by  

∆𝐻ℎ𝑜𝑡 𝑐𝑟𝑦𝑠 =  ∆𝐻𝑚𝑒𝑙𝑡𝑖𝑛𝑔 + ∆𝐻𝑐𝑜𝑙𝑑 𝑐𝑟𝑦𝑠, (5.5) 

where Hmelting and Hcold crys are the enthalpies of melting and cold crystallization. (Note 

that in used notation Hcold crys is negative.) In fact this quantity gives the value of the 

enthalpy due to the crystallization during cooling cycle. On the one hand, this parameter 

should be equal to the melting enthalpy if crystallization takes completely place during the 

cooling process and not during the cold crystallization (Hcold crys=0). On the other hand, 

ΔHhot crys should be (ideally) zero if crystallization is completely suppressed during the 

cooling run (Hmelting = -Hcold crys). Both Hmelting and Hcold crys were obtained by 

integrating the heat flows due to melting and cold crystallization employing a single peak 

baseline from above the melting peak down to above the glass transition
172

. Figure 5.8 

ΔHhot crys is plotted versus the cooling rate for selected concentrations of the nanofiller. 

(The inset of Figure 5.8 gives the data for the nanofiller concentrations which have been 

omitted in the main figure for the sake of clearness). For the pure PLA, ΔHhot crys decreases 
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with increasing cooling rate. For high cooling rates (𝛽 > 10 𝐾/𝑚𝑖𝑛) ΔHhot crys becomes 

approximately zero which indicates that crystallization was completely suppressed during 

the cooling process. For the sample with 1 wt% of the nanofiller (MgAl-1 wt%) for a low 

cooling rate ΔHhot crys is much higher than for pure PLA. This result indicates a higher 

degree of crystallinity for MgAl-1 wt% than for pure PLA. This was already discussed in 

detail in Ref. [173], that for low concentrations of MgAl the nanofiller acts as nucleating 

agent. With increasing cooling rate ΔHhot crys decrease and becomes approximately zero for 

higher cooling rates like for pure PLA. For the samples MgAl-3 wt% to MgAl-9 wt% a 

similar dependence of ΔHhot crys on the cooling rate is observed where the absolute value of 

ΔHhot crys decreases with increasing concentration of the nanofiller (see Figure 5.8 and 

inset of Figure 5.8). The decrease of ΔHhot crys with increasing concentration of the 

nanofiller evidences that crystallization is more and more suppressed by the presence of 

the nanofiller (see also Ref. [168]). For the sample MgAl-12 wt% ΔHhot crys is 

approximately zero and independent on the cooling rate, indicating that crystallization 

during  
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Figure 5.8. Hhot crys versus cooling rate: squares – pure PLA, circles – MgAl-1 wt%; down sited triangles - 

MgAl-6 wt%, left sited triangles - MgAl-12 wt%. Lines are guides to the eye. The inset gives Hhot crys versus 

cooling rate for concentrations of the nanofiller which was omitted in the main figure for sake of clearness: 

triangles - MgAl-3 wt%, down sited triangles - MgAl-6 wt%, diamonds - MgAl-9 wt%. Lines are guides to the 

eye.  

 

cooling is completely suppressed for the selected conditions and this concentration of the 

nanofiller. It should be noted that for some samples ΔHhot crys is not ideal zero as expected. 
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This is due to uncertainties in the estimation of ΔHcold crys and ΔHmelting which is in the 

range of ca. 5 J/g. Some typical error bars are also given in Figure 5.8. 

   For cooling rates higher than 25 K/min ΔHhot crys is zero for all concentrations of the 

nanofiller in the limit of the experimental uncertainties. This evidences that crystallization 

is suppressed for cooling rates higher than 25 K/min. Therefore, 100 K/min was selected 

as cooling rate to prepare completely amorphous nanocomposites for the following 

StepScan DSC investigations to estimate the different phase fractions in dependence on 

the concentration of the nanofiller (see Figure 4.2). It should be noted that recently a 

comparable approach to suppress the crystallization of a series of polypropylenes was 

developed by Schawe
174

 employing Fast Scanning Calorimetry where a different method 

was used to estimate the critical cooling rate. 

   The crystalline fraction was estimated by conventional DSC (see Figure 4.2).  
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Figure 5.9. Heat flow versus temperature for the melting of PLA for selected nanocomposites: solid line – pure 

PLA, dashed line – MgAl-1 wt%; dotted line – MgAl-3 wt%, dashed dotted line – MgAl-12 wt%. 

 

Figure 5.9 gives the heat flow in the temperature range of the melting of PLA for selected 

concentrations of the nanofiller. As discused above, firstly the melting enthalpy increases 

for low concentrations of LDH compared to pure PLA as the nanofiller acts as nucleating 

agent. With increasing concentration of the nanofiller H decreases as crystallization is 

suppressed by the presence of the nanofiller (see Table 5.1). The reduced ability to 

crystallize might be related to a reduced mobility in the interface between nanoparticle and 

polymer matrix and therefore to the formation of RAFfiller. The melting enthalpy was 
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estimated by integrating the corresponding peak in the heat flow and the crystalline 

fraction CF was calculated according to Eq. 5.3 and given in Table 5.1. Here, for ΔH0 a 

value of 93.7 J/g is used
175, 176

. 

   Figure 5.10a compares the temperature dependence of the specific heat capacity at 

thermal glass transition temperature for a crystallized nanocomposite with 6 wt% of 

MgAl-LDH with that of pure amorphous PLA as one example. Due to the CF and RAFall 

the increment of the specific heat at the glass transition temperature is much smaller for 

the crystallized nanocomposites compared to the pure amorphous PLA. Because the CF is 

known, the mobile amorphous fraction can be estimated by Eq. 5.4 and RAFall can be 

calculated using Eq. 5.1 for each concentration of the nanofiller. Further, Figure 5.10b 

depicts the specific heat capacity of the amorphous nanocomposite MgAl-6 wt% in 

comparison to pure amorphous PLA. In that case the missing part in the increment of cp 

compared to cp,amorphous is only due to RAFfiller which can be calculated as described. 

Because RAFall is known RAFcrystal can be estimated by RAFcrystal=RAFall-RAFfiller. A 

similar behavior is observed for all other concentrations of the filler and the different mass 

fractions are summarized in Table 5.1. 
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Figure 5.10. (A) Specific heat capacity for the semicrystalline nanocomposite MgAl-6 wt% (dashed line) and 

for pure amorphous PLA (solid line). (B) Specific heat capacity for the amorphous nanocomposite MgAl-6 

wt% (dashed line) and for pure amorphous PLA (solid line). 

 

   Although the MAF and CF are derived straightforward from the DSC measurement, 

there are some sources of errors. Besides the uncertainties which result from the 

integration of enthalpy peaks and the estimations of heat capacity increments there can be 

possible contributions of excess heat capacity
177 - 180

 which can contributed to Δcp. 

Furthermore latent heat contributions due to polymorphic phase transition
181-182

 during 

crystallization and melting process could not be excluded completely. A detailed 

discussion of these effects is beyond the scope of this work. 

Table 5.1. Sample codes, glass transition temperatures, thermodynamic quantities normalized to the weight 

of the polymer, and phase fractions calculated by Eqs 5.1-5.4.  

 Pure PLA 
MgAl-1 

wt% 

MgAl-3 

wt% 

MgAl-6 

wt% 

MgAl-9 

wt% 

MgAl-12 

wt% 

Tg (°C) 57.3 61.5 60.4 61.7 59.9 59.7 

ΔHmelting 

(J/gPolymer) 
23.0 31.6 27.5 17.8 17.7 13.0 

Δcp 

(J/gPolymer*K) 
0.27 0.16 0.15 0.14 0.11 0.11 

Δcp,amorphousm 

(J/gPolymer*K) 
0.49 0.46 0.43 0.36 0.32 0.25 

MAF 0.56 0.33 0.31 0.29 0.24 0.25 

CF 0.25 0.34 0.30 0.20 0.21 0.16 
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RAFfiller 0 0.07 0.10 0.23 0.30 0.42 

RAFcrystal 0.20 0.26 0.29 0.27 0.26 0.17 

 

 

   MAF and CF are plotted versus concentrations in Figure 5.11. As it is already clear from 

the raw data, CF increases for 1 wt% of LDH compared to pure PLA under the given 

crystallization conditions. With further increase of the concentration of LDH the 

crystalline fraction decreases. The MgAl LDH nanofiller inhibit the crystallization process 

of PLA. For pure PLLA 30 min at 100 °C exceeds the crystallization time necessary to 

obtain a full crystallized sample
183

. So the obtained CFs represent the maximal possible 

degree of crystallization of the PLA based nanocomposite for the given concentration of 

LDH.  

   For pure PLA the mobile amorphous fraction is maximal (see Figure 5.11). With 

increasing content of the LDH nanofiller the MAF decreases drastically for 1 wt% of LDH. 

This strong drop down of MAF is at the one hand side due to the formation the rigid 

amorphous phase from the filler particles. On the other hand for 1 wt% of LDH both the 

degree of crystallization and the RAFcrystal related to this increased CF is also increased. 

With further increase of the concentration of the filler particles the MAF decreases further 

 

Figure 5.11. Mobile amorphous fraction (circles) and crystalline fraction (squares) for PLA after 

crystallization at 100 °C for 30 minutes versus LDH concentrations. The lines are guides to the eye. The 

inset gives the ratio RAFcrystal/CF versus the concentration of the nanofiller. The line is a guide for the eye. 
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but with a decreased rate. It is worth noting that the decrease of MAF with CLDH is much 

weaker than that of CF (CLDH).  

    

   Figure 5.12 gives the estimated fractions of RAF versus the concentration of the filler 

particles. RAFfiller increases with increasing content of the LDH filler as expected. The 

increase of RAFall with the concentration of LDH is thus due to an almost linear increase 

of RAFfiller with CLDH. This means that in the considered concentration range each filler 

particle produces the same amount of RAF.  

   RAFcrystal seems to be more or less constant and in the frame of the errors independent of 

the concentration of the nanoparticles. For the highest concentration of LDH there might 

be a small decrease of RAFcrystal. To estimate the relationship between the crystal fraction 

and RAFcrystal the ratio RAFcrystal/CF is calculated and plotted versus the concentration of 

the nanofiller in the inset of Figure 5.11. The ratio RAFcrystal/CF seems to increase with the 

concentration of the nanofiller and is not a constant as expected. For approximately 6 wt% 

of LDH a constant value of ca. 1.1 is reached. According to Righetti et al.
17

 RAFcrystal 

depends on the chain mobility at the crystallization temperature. Here the samples are 

crystallized isothermally at 100 °C. Probably, the chain mobility and crystal growth are 

restricted by the nanofiller. This can lead to a higher amount of RAFcrystal for LDH-PLA 

nanocomposites with higher nanofiller concentrations compared to the pure PLA. 

 

Figure 5.12. Rigid amorphous fraction RAFall (asterisks), rigid amorphous fraction caused by the crystallites 

RAFcrytals (diamonds) and rigid amorphous fraction caused by the filler RAFfiller (triangles) versus the LDH 

concentrations. Lines are guides to the eye. 
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5.5 Dielectric spectroscopy analysis for the MgAl/LDH-PLA 

nanocomposites 

The dielectric measurements were carried out for the as prepared samples. Figure 5.13 

displays the dielectric loss ´´ of pure PLA versus frequency and temperature in a 3D 

representation. The dielectric response of a material is related to the fluctuation of dipole 

moments which is related to the molecular mobility of groups or segments
87

. As known in 

the literature bulk polylactide shows at least two relaxation processes indicated by peaks 

in the dielectric loss ´´ (see for instance [184, 185, 186]). The -relaxation at low 

temperatures is assigned to localized fluctuations. At temperatures higher than the -

process,  
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Figure 5.13. Dielectric loss for pure PLA versus frequency and temperature and a 3D representation. 

the -relaxation (dynamic glass transition, segmental dynamics) takes place. 

   To discuss the dielectric behavior in more detail the dielectric loss for pure PLA is 

plotted versus temperature at fixed frequency of 10
3
 Hz (see Figure 5.14). The - and the 

-relaxations are seen as prominent peak in the dielectric loss at high and low 

temperatures respectively. A closer inspection of the dielectric spectra reveals that there 

seems to be an additional process in between the - and the -relaxation. The molecular 

origin of this relaxation process is not clear till now. Therefore a second heating run 

carried out. In the second heating cycle this intermediate process seems to disappear. But 
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also the -relaxation shifts to higher temperatures and broadens (see Figure 5.14). In 

parallel the intensity of the -relaxation drops down and the peak shifts slightly to higher 

temperatures. This behavior points to an increased degree of crystallinity. To avoid such 

effects in the analysis of the nanocomposites here only the pure PLA samples are 

considered. 

   The model function introduced by Havriliak/Negami
187

 (HN-function) is used to analyze 

the dielectric measurements quantitatively. The detail was already introduced by Equation 

3.39 in Section 3.3.2. 
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Figure 5.14. Dielectric loss versus temperature at a fixed frequency of 10
3
 Hz for pure PLA: Circles – first 

heating; squares – second heating. The inset gives an example for the fitting of the HN function to the data of 

pure PLA: circles – T=339.1 K; squares – T= 351.1 K. Lines are fits of the HN equation to the corresponding 

data including conductivity contribution. 

 

Figure 5.15 depicts the temperature dependence of the relaxation rate of the -relaxation 

for pure PLA in the relaxation map. As expected for segmental (glassy) dynamics the 

temperature dependence of fp, is curved when plotted versus 1/T which can be described 

by the Vogel/Fulcher/Tammann (VFT-) equation
188-190

, the temperature dependence of the 

relaxation rate of the -relaxation follows the Arrhenius equation (see inset of Figure 5.15). 

Both equations were already introduced as Equation 2.1 and 2.3 in Section 2.3.2, no need 

to give repeated descriptions here.  
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Figure 5.15. Relaxation rate of the -relaxation (fp,) vs. 1000/T for pure PLA. The solid line is a fit of the VFT 

equation to the data. The inset gives the relaxation rate of the -relaxation (fp,) vs. 1000/T for pure PLA. The 

solid line is a fit of the Arrhenius equation to the data. 

 

Figure 5.16 compares the dielectric loss in the temperature domain for pure PLA and 

different nanocomposites. Compared to pure PLA besides the - and the -relaxation 

which were also observed for the nanocomposites three additional features are found: (1) 

In the temperature range around 260 K an additional peak is observed which increases in 

intensity with increasing concentration of LDH (relaxation region 1). (2) A further process 

is also observed in the temperature around 310 K (relaxation region 2). (3) At temperature 

above the -relaxation a thrird relaxation process appears which increases strongly in its 

intensity with increasing LDH concentration (relaxation region 3). These features will be 

discussed in detail in the following. 

Relaxation region 1: Because of the fact that the intensity of this relaxation region 

increases with increasing concentration of LDH it is obvious that this process is related to 

the nanoparticles. The only polar component in the system which increases with the 

concentration of LDH is the bulky anion dodecyl benzene sulfonate (SDBS). Therefore it 

is concluded that relaxation region 1 is related in some manner to molecular fluctuations 

of SDBS. There are only few investigations which consider the dynamics of the alkyl 

chains inside the galleries of a pure layered material [191,192]. In the case of neat 

montmorillonite a disordered hydrocarbon trilayer formed by the surfactant molecules is 

evidenced by simulation [193]. For the nanocomposites the SAXS measurements show 

that they have a partly exfoliated morphology. In the presence of polymer segments the 
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alkyl tails of the surfactant (here SDBS) are desorbed further from the surface of the 

nanoparticles and form a phase mixed with the polymer segments. This means the 

polymer segments close to the layers will fluctuate together with the CH2 groups of the 

alkyl chains of the surfactant. Relaxation region 1 is therefore assigned to common 

fluctuations of polymer segments and tail groups of the surfactant or in other words 

fluctuations of PLA segments promoted by the presence of SDBS and the nanofiller. Its 

analysis will provide information about the dynamics close to the layers. 
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Figure 5.16. Dielectric loss versus temperature at a frequency of 10
3
 Hz for pure PLA and different 

nanocomposites: Squares – pure PLA, circle – MgAl-1 wt%, diamonds – MgAl-3 wt%. 

 

Figure 5.17 give the temperature dependence of the relaxation rate of the relaxation region 

1 in the relaxation map. For all concentrations of the nanofiller the relaxation rates for 

relaxation region 1 collapse into one chart. Its temperature dependence is curved when 

plotted versus 1/T. This result indicates that the underlying molecular fluctuations show a 

glassy dynamics. For all concentrations the temperature dependence of the relaxation rate 

can be described by a common fit of the VFT equation to the data. 

   The inset A of Figure 5.17 compares the temperature dependence of relaxation of 

relaxation region 1 for MgAl-6 wt% with the temperature dependence of a similar process 

found for a nanocomposite based on MgAl/LDH and polyethylene also for ca. 6 wt-% of 

the filler (PE6). The relaxation processes found for the two different systems show a close 

similarity. They are observed in the same temperature range and seem to have the same 

temperature dependence. To analyze the temperature dependence in more detail a 
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derivative technique is employed
194

. This method is sensitive to the functional form of 

fp(T) irrespective of the prefactor. For a dependency according to the VFT-equation one 

gets 

[
𝑑𝑙𝑜𝑔𝑓𝑝

𝑑𝑇
]

−1/2

= 𝑇 − 𝑇0 (5.9) 

 

In a plot of   2/1
p Td/flogd


 versus T a VFT-behavior shows up as a straight line. This 

technique is applied to the data given in the inset A of Figure 5.17 and plotted in inset B of 

the same Figure. Firstly, both data sets follow a straight line confirming the VFT 

temperature dependence of the relaxation rates. Secondly, the data for ZnAl/LDH-PE-6 

wt% and MgAl/LDH-PLA-6 wt% collapse into one chart. This result gives some evidence 

that the both processes for the different systems have a similar molecular origin. The 

common structural features present in both systems are the SDBS molecules. The 

similarities in the both processes are suggested that both relaxation modes are closely 

related to the fluctuations of the polar SDBS surfactant molecules modified by polymer 

segments. These, molecules are located close to the surface of the exfoliated layers or to 

the surface of the nano-stacks. 

   The VFT temperature dependence of the relaxation rate of relaxation region 1 indicated 

glassy dynamics in the interfacial region between the nanofiller and the PLA matrix. To 

have a signature as a glass transition the spatial extent of these regions should be in the 

order of 1 to 3 nm
195-200

. 
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Figure 5.17. Relaxation rates of the relaxation region 1 versus 1/T for different nanocomposites:, circle – PLA 

1 wt%, diamonds – PLA 3 wt%, triangles – PLA 6 wt%, hexagons – PLA 9 wt%, stars – PLA 12 wt%. The line 

is a fit common of the VFT equation to all data. Inset A gives the relaxation rate for PLA 6 wt% (triangles) and 

PE-6 wt% (hexagons) versus 1/T. The lines are fits of the VFT equation to the corresponding data. Inset B 

gives   21 /
p Td/flogd


 versus T for PLA-6 wt% (triangles) and PE-6 wt% (hexagons). The line is a linear 

regression using both data sets. 

 

Relaxation region 2: The relaxation region 3 can be observed for all concentrations of 

LDH. But CLHD=1 wt% is quite weak (see Figure 5.16) and for LDH concentrations higher 

than 3 wt% it is strongly overlaid by relaxation region 3 and conductivity effects. 

Therefore it can be analyzed unambiguously only for MgAl-3 wt%. Figure 5.18 gives the 

dielectric loss for the nanocomposite MgAl-3 wt% versus frequency and temperature in a 

3D representation. The different relaxation region are evidenced by peaks in the dielectric 

loss and indicated by arrows. The relaxation region 2 is located between relaxation region 

1 and the -relaxation. The temperature dependence of the relaxation rate of relaxation 

region 2 seems to be quite 
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Figure 5.18. Dielectric loss for MgAl-3 wt% versus frequency and temperature and a 3D representation. 

 

unusual. The temperature dependence of this relaxation process seems to have a saddle-

like shape. At low temperatures the relaxation rates increases with increasing temperatures 

as expected. Than the relaxation rates have maximum before they seems to decrease again. 

A similar behavior was observed for nanocomposite systems bases on a maleic anhydride 

grafted polypropylene and organophilic modified montmorillonite clay.  

   To analyze this behavior in more detail Figure 5.19 depicts the temperature dependence 

of the relaxation rate of the relaxation region 2 for MgAl-3 wt% that is curved when 

plotted versus 1/T. At the first glance the data seems to follow a VFT temperature 

dependence. But however a fit of the VFT equation to the data results in a prefactor log (f 

[Hz])  6 that is much too small for a true relaxation process. The inset of Figure 5.19 

gives   2/1
p Td/flogd


 versus T for this process. The data can be described neither by an 

Arrhenius law nor by the VFT equation. This gives evidence that the temperature 

dependence of relaxation region 2 have a saddle-like temperature dependence. Such a 

saddle-like behavior is found besides the nanocomposite system discussed above also for 

pure LDH materials
201

. This saddle-like pattern of the relaxation rate seems to be 

characteristic for systems which contains some amount of water in the presence of a 

nanoporous structure
202, 203

. In a model of Rybaov et al. it is assumes that the saddle-like 
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temperature dependence of the relaxation rate must be due to the counterbalance of two 

competing processes
204

. Firstly, the rotational fluctuation should have an activated 

temperature according to the Arrhenius equation. Secondly, the nanoporous structure will 

give rise to some free volume defects which will have a different temperature dependence. 

The combination of both effects will lead to a saddle-like temperature dependence. In the 

systems considered here some water is present in the intergalleries of the LDH although 

the filler is carefully dried in vacuum. Moreover the layered structure gives rise to given 

porosity. Therefore, it is concluded that relaxation region 2 is related to rotational 

fluctuations of water molecules in the presence of defects. 
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Figure 5.19. Relaxation rates of the relaxation region 2 versus 1/T for MgAl-3 wt% (diamonds). This line is a 

fit of the VFT equation to the data. Relaxation rates of the -relaxation versus 1/T for PLA and different 

nanocomposites obtained from the modulus representation: asterisks – neat PLA; circles – MgAl-1 wt%; 

diamonds – MgAl-3 wt%. The dashed line is a common fit of the VFT equation to all given data for the -

relaxation. The inset gives   21 /
p Td/flogd


 versus T for MgAl-3 wt% (diamonds). The line is a guide to 

the eyes. 

 

-Relaxation: For the analysis of the -relaxation the modulus representation is used 

where the complex electrical modulus M* is related to complex dielectric function by 

M*()*()=1
205

. Figure 5.20 gives the modulus data for neat PLA and two 

nanocomposites with the lowest concentration of LDH for T=363.1 K. Like for the 

complex dielectric function the -relaxation is characterized by a peak also in the modulus 

representation. Also the HN-function can be used to analyze the data. Besides the data for 

relaxation region 2, Figure 5.19 gives also the relaxation rates for the -relaxation. For all 
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given concentrations the relaxation rates collapse nearly into one chart together with data 

for neat PLA. This indicates that this process is due to the -relaxation of the polymeric 

matrix which is not influenced by the nanofiller. This is in agreement with the results 

obtained by DSC that Tg does not dependent on the filler concentrations (see Figure 5..5). 

It is also in agreement with literature studies for other polymer based nanocomposites (see 

for instance [206,207] but also for other nanostructured systems like ultrathin films (see 

for instance [208-212]). A closer inspection of the temperature dependence shows that the 

data for the nanocomposite seems to have some kink-like change towards higher 

temperatures at ca. 375 K (see also Figure 5.20). Probably this effect is due to the onset of 

the cold crystallization which is shifted to lower temperatures by the presence of the 

nanoparticles (see Figure 5..5) the lower heating rate in the dielectric compared to the 

DSC experiments. 

   The only influence of the nanoparticles to the -relaxation is an almost symmetrical 

broadening of the relaxation peak with increases with increasing concentration of LDH 

(see Figure 5.20). For higher concentrations of LDH the -relaxation is strongly overlaid  

 

by process 3 and conductivity phenomena and cannot be analyzed quantitatively. 

Relaxation region 3: Figure 5.21 gives the imaginary part of the complex electrical 

modulus for the nanocomposites MgAl-6 wt% and MgAl-9 wt%. The spectra show two 

pronounced peaks. At the first glance the peak at higher frequencies might be assigned to 
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Figure 5.20. Imaginary part of the complex dielectric modulus M´´ versus frequency at T=363.1 K: asterisk – 

neat PLA; circles – MgAl-1 wt%; diamonds – MgAl-3 wt%. Lines are guides for the eyes. 
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the -relaxation in these composites because of some similarities in the frequency 

position. But a more careful consideration reveals that the intensity of theses peaks is 

much too high for the -relaxation (compare Figure 5.21 and 5.20). Also the extracted 

temperature dependence of the relaxation rate of that peak is completely different from 

that of the -relaxation. In parallel to the peaks observed in the imaginary part of the 

modulus M´´ a giant increase of the real part of the complex function ´ with decreasing is 

observed (see inset of Figure 5.21). Such a strong increase of ´ with decreasing frequency 

cannot be explained by a molecular dipole moment present in the system and is considered 

to be typical for interfacial polarization effects. Generally such an interfacial polarization 

process is caused by (partial) blocking of charge carriers at internal surfaces or interfaces 

of different phases having different values of the dielectric permittivity and/or 

conductivity at a mesoscopic length scale or at electrodes. 
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Figure 5.21. Imaginary part of the complex dielectric modulus M´´ versus frequency at T=363.1 K: triangles – 

MgAl-6 wt%; hexagons – MgAl-9 wt%. Lines are guides for the eyes. The inset gives the real part of the 

complex dielectric function for MgAl-9 wt% at T=361.1K. 

    

   In the considered system the Maxwell / Wager / Sillars polarization effects can have two 

different origins: The blocking of the charge carriers at the crystallites and/or the blocking 

of the charge carriers at the LDH nanofiller (LDH nanostacks and exfoliated layers). 

Because of the facts that the dielectric data of neat PLA does not show interfacial 

polarization effects and that the strongest Maxwell/Wagner/Sillars signal were observed 
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for the highest concentration of the nanofiller the high frequency peak in the modulus 

spectrum is assigned to interfacial polarization effects caused by the nanofiller. 

   In the modulus representation a conductivity contribution is transformed into a peak. 

Therefore the peak observed at lower frequency in the modulus representation is assigned 

to the conductivity (see Figure 5.21). From the maximum position of that peak a rate for 

the conductivity fCond can be extracted. 

   Again the sum of two HN-functions can be employed to analyze the data. Figure 5.22 

gives the temperature dependence of the rate of the conductivity for two concentrations of 

LDH. Generally for both concentrations of LDH is quite complex and cannot be described 

neither by an Arrhenius nor by the VFT equation. The reason for that is unclear up to now 

and further investigations are needed. A possible explanation is the cold crystallization 

process above the glass transition temperature. 

   Compared to MgAl-6 wt% the rate for the conductivity is much shorter for MgAl-12 

wt% (see Figure 5.22). Because of the fact that fCond is proportional to the DC conductivity 

that means that for MgAl-12 wt% the conductivity is more than one order of magnitude 

higher than for MgAl-6 wt%. With increasing LDH also the concentration of SDBS is 

increased. Compared to apolar polyolefines for the more polar PLA the SDBS molecules 

may desorb from the LDH into the polymeric matrix and cat a ionic charge carriers which 

enhance conductivity. 
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Figure 5.22. Rates of the conductivity versus inverse temperature: triangles – MgAl-6 wt%; stars – MgAl-12 

wt%. The temperature dependence of fcon for MgAl-9 wt% is similar to that of MgAl-12 wt%. The inset gives 

the rates for the Maxwell / Wagner / Sillars polarization fMWS versus 1/T: triangles – MgAl-6 wt%; stars – 

MgAl-12 wt%. 
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   This is interesting to note that for MgAl-12 wt% a considerable conductivity is observed 

even below the thermal glass transition. As discussed above the interfacial regions 

between the polymeric matrix and the nanofiller have a high molecular mobility (see 

discussion relaxation region 1). For high concentrations of LDH the amount of this 

interfacial area is high which can lead to a percolating network of high mobility regions. 

Charge transport can take place within this percolating network even at temperature below 

Tg.  

   To be complete in the inset of Figure 5.22 the temperature dependence of the rate for the 

Maxwell/Wagner/Sillars polarization fMWS is given for the same two concentrations of 

LDH. Due to the overlapping of the both processes the data have a considerable scatter. 

Also these temperature dependencies are complex and resemble similarities to that of the 

conductivity.  

 

 

 



86 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 
 

Chapter 6   Investigation of PLA nanocomposites based on 

NiAl-LDH and a comparison with its MgAl-LDH counterpart 

6.1 Characterization of modified LDH and the PLA nanocomposites by 

SAXS 

  Figure 6.1 depicts the SAXS patterns for O-NiAl/LDH and U-NiAl/LDH. For 

unmodified LDH SAXS data shows a reflection at 8.3 nm
-1

. This is a characteristic for a 

layered compound corresponding to a lamellar repeat distance (d = 2π/qpeak) of d = 0.76 

nm. An effective interlayer distance of 0.27 nm was obtained by subtracting the thickness 

of the hydrotalcite brucite-like LDH of ca. 0.49 nm. By fitting Gaussians to the data, the 

peak width is determined as w = 1.54 nm
-1

. From the width, a mean correlation length 

perpendicular to the lamella normal can be calculated to be lc = 2π/w = 4 nm. Assuming 

that lattice distortions can be neglected in a first approximation the crystallite thickness in 

the direction normal to the (001) plane can be estimated. This calculation gives that the 

average number of layers in a stack of the unmodified LDH is approximately 5.6. For the 

modified LDH, the lamellar reflections shift to lower q-values. Three equidistant 

reflections are visible. No reflection at q=8.3 nm
-1

 characteristic for of O-LDH is observed 

that proves the absence of significant amounts of U-NiAl/LDH. A similar analysis as 

discussed above can also be carried out for O-NiAl/LDH. After the subtraction of the 

thickness of the brucite sheet, the layer distance is estimated to be 2.44 nm which is 

slightly smaller than observed for MgAl/LDH-PLA. The introduction of SDBS leads to an 

essential widening of the distance between the layers as expected. The width of the peak 

for the O-NiAl/LDH is estimated to be 0.68 nm
-1

. If this value is compared with the data 

of U-NiAl/LDH, the number of layers in a stack of the modified LDH is calculated to be 

ca. 4 that is smaller than the value obtained for U-NiAl/LDH. The estimated values for 

NiAl/LDH are also a bit smaller that the values obtained for MgAl/LDH (layer distance 

2.54 nm; number of layers in the stack 6; see reference [5]). 
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Figure 6.1. SAXS pattern of (a) unmodified and (b) organically modified NiAl/LDH. 

 

Figure 6.2 depicts the SAXS pattern for NiAl 9 wt% as one example. For the 

nanocomposite the main peak shifts slightly to lower q-values (qmax=2.05 nm
-1

) indicating 

a widening of the layer distance to 2.57 nm compared to O-NiAl/LDH. This is a first hint 

for an intercalated structure of the NiAl/LDH-PLA nanocomposite. The stack size was 

determined to be 8.9 nm, which is equivalent to ca. 3.76 layers. The lc value for the 

nanocomposites is slightly smaller than the value of O-NiAl/LDH.  
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Figure 6.2. SAXS curves for NiAl/LDH-PLA for 9 wt% of the nonofiller. The dashed line shows the SAXS 

curve for SDBS modified LDH. The vertical lines indicate the position of the peak maxima. 

 

Figure 6.3 compares the SAXS pattern for NiAl/LDH-PLA with that for MgAl/LDH-PLA 

for a concentration of 9 wt%. For the nanocomposite with the NiAl/LDH nanofiller, the 

peak at ca. 2 nm
-1

 has a pronounced broadening for lower q-values. This behavior 

indicates that the NiAl/LDH based nanocomposite have a broader distribution of interlayer 

distances, which is shifted to larger values of the interlayer distances. These results further 

points to a more intercalated structure of the NiAl/LDH-PLA nanocomposites in 

comparison to material based on MgAl/LDH, which is partly exfoliated as discussed in 

reference [5]. This interpretation is further supported by the observation that also the 

higher order reflection of the stack-like structures are shifted to lower q-values for 

NiAl/LDH-PLA. Similar results were found for the other concentrations of LDH, too. 

Therefore, it is concluded that the structure of the NiAl/LDH based nanocomposites is 

predominantly intercalated.  
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Figure 6.3. SAXS pattern for NiAl-LDH and MgAl-LDH based nanocomposites as indicated. 

 

6.2 Characterization of Degradation stability of the nanocomposites by 

SEC 

  The metal ions consist in the LDH materials may cause a catalytic degradation effect for 

the PLA matrix. One reference
213

 already reported a lower thermal stability of a similar 

PLA/LDH nanocomposites system. Therefore, Size Exclusion Chromatography was 

employed to investigate the degradation under ambient conditions at room temperature 

after 3 years. As discussed in reference [5] the elugrams show two signals. The main one 

at shorter elution times (higher molecular weights) corresponds to macromolecules of the 

matrix where the (lower molecular weights) is due to degradation products. The inset of 

Figure 6.4 gives the molecular weight distribution for the high molecular weight elution 

peak for the different NiAl/LDH concentrations. With increasing concentration of LDH, 

the peak maximum shifts slightly to lower molecular weight. This means with increasing 

concentration of LDH the molecular weight of the matrix decreases due to catalytic 

degradation. 
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Figure 6.4. The dependences of the weight averaged molecular weight Mw versus concentration LDH for the 

NiAl-LDH (squares) and MgAl-LDH (circles) nanocomposites. Lines are guides to the eyes. The inset shows 

the normalized molecular weight distribution versus the molecular weight: solid line – pure PLA, dashed line – 

NiAl 1%, dotted line – NiAl 3%, dashed dotted line – NiAl 6%, short dashed line – NiAl 9%, short dotted line 

– NiAl 12%. 

 

   Figure 6.4 compares the weight averaged molecular weight MW versus the concentration 

of LDH for MgAl and NiAl/LDH-PLA nanocomposites. For MgAl/LDH-PLA 

nanocomposites, the MW decreases from 190 kg/mol of neat PLA to about 130 kg/mol for 

12 wt% of the nanofiller, while the MW of NiAl/LDH-PLA nanocomposites decreases to 

about 97 kg/mol. This means the NiAl/LDH filler causes a somewhat stronger degradation 

than MgAl/LDH. This behavior might be attributed to the different properties of the Ni 

and Mg ions. Reference [59] shows that the thermal degradation of a different LDH/PLA 

nanocomposite system is controlled by the unzipping depolymerization catalyzed by metal 

components in LDH. It might be that combination of Ni and Al is more effective for the 

degradation reaction than the combination of Mg and Al. Moreover, except the catalysis of 

metal ions, the residual water molecule between the interlayers of LDH may also 

contribute to the degradation process
214

. Nevertheless, the change of the polymer 

molecular weight is not strong enough to significantly influence the properties 

investigated here. 
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6.3 Crystallization analysis of the nanocomposites investigated by DSC 

and WAXS 

Table 6.1.  Crystallization Temperature (Tc), Melting Temperature (Tm), normalized crystallization enthalpy 

(ΔHc,nor) and normalized melting enthalpy (ΔHm,nor) obtained from the first heating, the first cooling and the 

second heating processes in the DSC measurement.  

 

First Heating Cooling 

Tc [K] ΔHc,nor [J/g] Tm [K] ΔHm,nor [J/g]  [%] Tc [K] 

ΔHc,nor 

[J/g)] 

Pure 383.8 -15.8 441.7 18.4 18.7 _ _ 

1% _ _ 448.9 53.9 58 373.8 -9.8 

3% _ _ 446.5 58.1 62.5 378.9 -12.4 

6% _ _ 447.7 62.1 66.8 375.2 -21.3 

9% _ _ 441.5 40 43 _ _ 

12% 354.8 -17.2 439.8 35.2 37.9 _ _ 

 

Second Heating 

Tc [K] ΔHc,nor [J/g] Tm [K] ΔHm,nor [J/g]  [%] 

Pure 404.2 -6.76 434.2 8.2 8.8 

1% 376.9 -22.4 442.5 35.7 37.6 

3% 377.1 -19.3 440.2 35.6 36.0 

6% 374.8 -13.1 439.7 36.7 39.5 

9% 389.1 -27.4 434.6 30.0 36.7 

12% 392.1 -25.2 433.2 27.7 23.0 

 

  The thermal properties of NiAl/LDH-PLA nanocomposites were investigated by DSC 

measurements. The results are given in Table 6.1. The obtained enthalpy values are 

normalized by the content of the polymer. Considering the preparation procedure of 

NiAl/LDH-PLA nanocomposites, the as prepared samples were slowly cooled down from 

melted state. From the melting enthalpies the degree of crystallization can be calculated 

according to χ = (1- CLDH)ΔHm/ΔHm,100% * 100, where ΔHm,100% is the melting enthalpy of a 
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complete crystalline unfilled PLA sample. A value of ΔHm,100% = 93 J/g is taken from 

reference [215]. The degree of crystallization is plotted versus the concentration of LDH 

in Figure 6.5. First, the as prepared samples (first heating run) are discussed.  increases 

for CLDH=1 wt% compared to the bulk value. This means for a small amount of the 

nanofiller the LDH acts as the nucleating agent. A similar behavior is also observed for 

other PLA composite systems like completely exfoliated PLA/MMT nanocomposites
216

, 

PLA/MWNT composites
217

, PLLA/PDLA stereocomplexes
218

 and PLA/PEG 

complexes
219

. With increasing concentration of LDH the degree of crystallinity increases 

further up to a LDH concentration of 6 wt% (see Figure 6.5.). For concentrations higher 

than CLDH=6 wt%,  decreases sharply.  

 

   In the simplest case this dependence can be linearly extrapolated to =0 resulting in a 

limiting concentration of ca. 18 wt% where the crystallization behavior of the polymer 

matrix is completely suppressed by the nanofiller. 

   Prior to the second heating run, the samples were cooled after the first heating cycle 

within the DSC (from the melted to the glassy state at a cooling rate of 10 K/min). In 

principle, the dependence of the degree of crystallization estimated from the second 
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Figure 6.5. Degree of crystallization χ versus concentration of NiAl/LDH nanofiller estimated from DSC 

measurements: squares - first heating run, circle - second heating run. The solid lines are guides to the eyes. 

The dashed lines are linear extrapolations to =0. The inset displays the degree of crystallization versus CLDH 

for MgAl-PLA nanocomposites. The data are taken from reference [5]: squares - first heating run, circles - 

second heating run. The lines are linear regressions to the corresponding data. For details, see reference [5]. 
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heating shows a similar dependence on the concentration of LDH to that of the first 

heating cycle (see Figure 6.5.). However, the absolute values of  taken from the second 

heating are lower than the data estimated from the first heating cycles. This is different for 

polyolefins filled with LDH
225,226

, where no difference between the first and second 

heating was observed. For PLA the crystallization rate is substantially lower than 

polyethylene or polypropylene. In the case of the as prepared samples (first heating run), 

the samples were slowly cooled down in the press. For the second heating run, the samples 

were crystallized inside the DSC pan by cold crystallization at a heating rate of 10 K/min. 

One approach to understand the different behavior observed for the different thermal 

histories is to assume that the main influence of the nanofiller on the cold crystallization 

behavior is a reduction of the crystallization rate. To verify this assumption a detailed 

DSC study is in preparation where the cooling rate is varied in a broad range. 

   The inset of Figure 6.5 depicts the degree of crystallization versus the concentration of 

LDH for MgAl-PLA nanocomposites. In general, a related behavior as observed for the 

NiAl/LDH-PLA system is found. The observed difference is due to the fact that for 

NiAl/LDH-PLA,  increases further with CLDH up to 6 wt% while for the MgAl-PLA 

nanocomposites  starts to decrease for LDH concentrations higher than 1 wt%. This 

effect is likely related to a different crystallization kinetics for the both systems caused by 

different sample morphologies. Moreover, it is also discussed in the literature that the 

amount of dispersion influences the crystallization kinetics in different PLA 

nanocomposite systems (see references [62-65]). 

  Figure 6.6 gives the X-ray pattern in the q value range of the crystalline reflections of 

PLA. The increase of the crystallinity up to a LDH concentration of 6 wt% can be also 

deduced from the X-ray measurements. Up to CLDH=6 wt%, the intensity of the main 

refection at ca. q12 nm
-1

 increases with increasing concentration of LDH followed by a 

decrease for higher values of CLDH. The reflections are also the sharpest for CLDH=6 wt%.  
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  Unfortunately, absolute values of the degree of crystallinity cannot be estimated from the 

X-ray data because of the fact that the separation of the scattering contributions from 

crystalline and amorphous regions of the materials is ambiguous. The reason for this effect 

is not clear and needs further investigations. 

  By the analysis of the width of the reflections, the crystal size L and the dc spacing within 

a crystal can be estimated. The crystal size is plotted as a function of the concentration of 

LDH in Figure 6.7. Compared to pure PLA the crystal size decreases for CLDH=1 wt%. 

Parallel, the dc spacing increases (see inset of Figure 6.7). This results points to a less 

ordered structure of the crystals for low concentrations of the nanofiller. Because of the 

fact that the overall degree of crystallinity strongly increases, this means that for CLDH=1 

wt%, many imperfect crystals are formed compared to pure PLA. With increasing 

concentration of LDH, the crystal size increases and dc decreases for concentrations of up 

to CLDH=6 wt%. The high value of the degree of crystallinity observed for a concentration 

of 6 wt% of LDH is due to larger crystals with a higher order than in pure PLA. With a 

further increase of the LDH concentration, the crystal size decreases and the dc increase 

indicates a loss of order. 
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Figure 6.6. X-ray pattern in the q value range of the crystalline reflections of PLA for the different 

nanocomposites at the indicated concentrations of LDH. The curves are shifted along the y-scale for sake of 

clearness. 
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Figure 6.7. Size of the crystallite L as a function of the LDH concentration. The line is a guide to the eyes. The 

inset gives dc as a function of the LDH concentration.  

 

6.4 The phase fraction analysis between NiAl/LDH-PLA and 

MgAl/LDH-PLA nanocomposites 

  The determination of the critical cooling rate follows the same procedure we applied on 

the investigation of MgAl/LDH-PLA nanocomposites (see Chapter 5). Therefore, here we 

do not give the detailed explainations again. Figure 6.8 shows the ΔHhot crys versus cooling 

rate for the selected concentrations of LDH nanofillers. (The inset of Figure 6.8 gives the 

data for the nanofiller concentrations which is omitted in the main figure for the sake of 

clearness). For pure PLA the ΔHhot crys data keeps accordance with the MgAl/LDH-PLA 

case. Compare to the similar plot from MgAl/LDH-PLA nanocomposites (see Figure 5.8), 

with the same concentrations, the value of ΔHhot crys of NiAl/LDH-PLA at higher cooling 

rates are apparently larger than that of the corresponding samples with MgAl/LDH. This 

indicates a higher degree of crystallization, in other words, the NiAl/LDH nanofiller has a 

stronger nucleating ability than the MgAl/LDH nanofiller. Through comparing the 

absolute value of ΔHhot crys with different NiAl/LDH concentrations at lower cooling rates 

(see Figure 6.8 and inset of Figure 6.8). The NiAl-1 wt% has the highest value of ΔHhot crys, 

and with the rise of NiAl/LDH concentration the ΔHhot crys decreases. This evidences the 

accumulation of content of NiAl/LDH nanofiller gives rise to a suppression effect to the 

degree of crystallization. Up to the cooling rate of 100 K/min, all ΔHhot crys of different 

concentrations approximates zero, indicating that crystallization during cooling is 
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suppressed completely. It should be noted that for some samples ΔHhot crys is not ideal zero 

as expected. This is due to uncertainties in the estimation of ΔHcold crys and ΔHmelting which 

is in the range of ca. 5 J/g.    
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Figure 6.8. Hhot crys versus cooling rate: squares – pure PLA, circles – NiAl-1 wt%; diamonds - NiAl-9 wt%, 

stars - NiAl-12 wt%. Lines are guides to the eye. The inset gives Hhot crys versus cooling rate for concentrations 

of the nanofiller which was omitted in the main figure for sake of clearness: up sited triangles - NiAl-3 wt%, 

down sited triangles - NiAl-6 wt%, squares – pure PLA. Lines are guides to the eye. 

 

   The 100 K/min was selected as the cooling rate to produce totally amorphous 

nanocomposite for the determination of RAFfiller via StepScan DSC techniques.  



98 
 

120 140 160 180 200

Endo

T [°C]

 
H

e
a

t 
F

lo
w

 [
a

.u
.]

 

 

Figure 6.9. Heat flow versus temperature for the melting of PLA for selected nanocomposites: solid line – pure 

PLA, dashed line – NiAl-1 wt%; dotted line – NiAl-6 wt%, dashed dotted line – NiAl-12 wt%. 

 

   The crystalline fraction of NiAl/LDH-PLA nanocomposites was estimated by 

conventional DSC. The heat flow data during the melting of PLA for selected 

concentrations of NiAl/LDH nanofiller is given in Figure 6.9. The melting enthalpy 

increases more largely for lower concentrations of LDH compares to the pure PLA. As 

discussed above, the NiAl/LDH nanofiller act as a nucleating agent at low concentrations 

of LDH, with increasing content the degree of crystallization is suppressed (see Table 6.2). 

The melting enthalpy was estimated by integrating the corresponding peak in the heat flow 

and the crystalline fraction CF was obtained. For the measurement of MAF, RAFfiller and 

RAFcrystal the calculation procedure is as presented in Chapter 5. Here, Table 6.2 gives the 

resultant data directly, for the ΔH0 a value of 93.7 J/g is taken
220, 221

.  

 

Table 6.2. Sample codes, glass transition temperatures, thermodynamic quantities normalized to the weight 

of the polymer, and phase fractions calculated by Eqs 5.1-5.4  

 Pure PLA NiAl-1 wt% NiAl-3 wt% NiAl-6 wt% NiAl-9 wt% NiAl-12 wt% 

Tg (°C) 57.3 59.4 58.5 57.7 58.2 57.5 

ΔHmelting 

(J/gPolymer) 
23.0 39.5 39.3 38.9 33.8 22.0 

Δcp 

(J/gPolymer*K) 
0.27 0.23 0.18 0.18 0.18 0.23 
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Δcp,amorphousm 

(J/gPolymer*K) 
0.49 0.49 0.47 0.47 0.46 0.41 

MAF 0.56 0.46 0.36 0.37 0.36 0.46 

CF 0.25 0.43 0.43 0.42 0.37 0.26 

RAFfiller 0 -0.014 0.032 0.037 0.066 0.17 

RAFcrystal 0.20 0.12 0.17 0.18 0.20 0.11 

 

   MAF and CF are plotted versus concentrations of NiAl/LDH in Figure 6.10. As 

mentioned in Chapter 5, for the pure PLLA the 30 min for crystallization at 100 °C 

exceeds the necessary crystallization time to obtain a full crystallized sample. Considering 

the accelerating crystallization rate of NiAl/LDH-PLA nanocomposites compared to pure 

PLLA, the resultant CFs can represent the maximal degree of crystallization in as prepared 

nanocomposites. 
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Figure 6.10. Mobile amorphous fraction (circles) and crystalline fraction (squares) for PLA after crystallization 

at 100 °C for 30 minutes versus LDH concentrations. The lines are guides to the eye.  

 

   The dependence of CFs with increasing concentrations has the maximal value at the 

concentration of 6 wt%, this is in accordance with the trends of crystallinity measured in 

the second heating run. At higher concentrations the degree of crystallization is retarded 

by the increase of NiAl/LDH content furtherly. In parallel, MAF drops sharply on one 

hand due to the formation of rigid amorphous phase from nanofiller. On the other hand 

due to the increase of degree of crystallization and the emergence of corresponding 
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RAFcrystal. Beyond the inflection concentration of 6 wt%, MAF increases again with the 

CLDH for the fall of CF partly.   
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Figure 6.11. Rigid amorphous fraction RAFall (asterisks), rigid amorphous fraction caused by the crystallites 

RAFcrytals (diamonds) and rigid amorphous fraction caused by the filler RAFfiller (triangles) versus the LDH 

concentrations. Lines are guides to the eye. 

 

   Figure 6.11 gives the trend of RAF versus the concentration of NiAl/LDH particles. 

Combining the RAF due to the nanofiller and the RAF resulted from the crystallization, 

the RAFall increases constantly with CLDH. The value of RAFfiller due to NiAl/LDH is not 

comparable with the one of MgAl/LDH, for a more precise comparison, a dependence of 

ratio between the calculated mass of RAF and nanofiller with CLDH is made in Figure 6.12. 

Besides the intolerant error at the concentration of 1 wt%, the ratio from MgAl/LDH is 

around 3.5, and the ratio from NiAl/LDH indicates 0.8 approximately. This can be 

interpreted as the more contacting areas between polymer chains and nanofiller platelets 

for MgAl/LDH than NiAl/LDH. Relating the SAXS patterns and conductivity data to the 

different RAFfiller/Filler ratios, it seems an another evidence for confirming the partly-

exfoliated structure for MgAl/LDH-PLA nanocomposites, whereas the intercalated 

structure for NiAl/LDH-PLA nanocomposites. Another ratio related to RAF, the 

RAFcrystal/CF is made in dependence on the increasing LDH content. A higher value of the 

ratio of MgAl/LDH-PLA is observed it is assumed for the more interference to 
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crystallization process because of the more fragments within nanocomposites due to the 

partly-exfoliated structure of MgAl/LDH-PLA. 
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Figure 6.12. The mass ratio of RAFfiller/filler between MgAl/LDH (stars) and NiAl/LDH (pentagons) PLA 

nanocomposites in dependence on concentrations of LDH. The lines are guides to the eye. The inset gives the 

ratio RAFcrystal/CF versus LDH concentrations. The line is a guide to the eye.  

 

6.5 Dielectric Spectroscopy analysis for the NiAl/LDH-PLA 

nanocomposites 

  Besides literature studies (see for instance references [222-224] the dielectric response of 

pure PLA is discussed in reference [5]. The dielectric response of polymer materials is 

related to the fluctuations of dipole moments that correspond to the functional groups and 

chain segments.
87

 According to the literature, for bulk polylactide at least two main 

relaxation processes are observed as peaks of dielectric loss ´´ (see inset Figure 6.13).
 

The α-relaxation at temperatures above the thermal glass transition temperature Tg is 

attributed to the dynamic glass transition resulting from segmental fluctuations. The β-

relaxation at lower temperature and higher frequency than the -relaxation is related to 

localized fluctuation.
5
  

  Figure 6.13 compares the dielectric loss in the temperature domain at a fixed frequency 

for pure PLA and different nanocomposites. Besides the - and the -relaxation 

characteristic for bulk PLA three additional processes are observed for the 
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nanocomposites: (1) In the temperature range around 237 K an additional peak is observed 

(relaxation region 1). (2) A further process is also observed in the temperature around 310 

K (relaxation region 2). (3) The -relaxation seems to broaden into a new peak (relaxation 

region 3). These features will be discussed below in the following sections. 
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Figure 6.13. Dielectric loss versus temperature at a frequency of 10
3
 Hz for pure PLA and different 

nanocomposites: Squares – pure PLA, circles – NiAl 1 wt%, triangles – NiAl 3 wt%. The inset depicts the 

dielectric for pure PLA versus temperature at a frequency of 1 kHz. 

 

Relaxation region 1: For the MgAl/LDH-PLA nanocomposite system in the same 

temperature range also a relaxation process is observed, which increases in its intensity 

with increasing concentration of LDH.
5
 Therefore, for this system, relaxation region 1 is 

assigned to SDBS molecules that form a mixed phase with the polymer segments in the 

interfacial region between the LDH layers and the polymeric matrix. This was also found 

for other nanocomposites based on different LDH fillers.
45, 225, 226

. Figure 6.14 compares 

the dielectric loss for a MgAl and a NiAl/LDH-PLA nanocomposite with a concentration 

of 3 wt% of LDH. At the first glance, the observed behavior for the NiAl/LDH-PLA 

nanocomposites seems to be similar to that of the MgAl case. 
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Figure 6.14. Dielectric loss versus temperature at a frequency of 10
3
 Hz for NiAl/LDH-PLA (circles) and 

MgAl/LDH-PLA (squares) with 3 wt% of the nanofiller. The lines are guides for the eyes. For the sake of 

clearness, the curves were shifted along the y-scale. 

 

   Because of the fact that relaxation region 1 for the NiAl/LDH based nanocomposites is 

observed in a comparable temperature range as for the MgAl/LDH based materials, it is 

concluded that relaxation region 1 is also related to the fluctuations of the tails the SDBS 

together with PLA segments close to the filler for the NiAl/LDH based nanocomposites. 

However, a closer inspection of Figure 6.14 reveals pronounced differences with regard to 

the relaxation region 1 for both nanocomposite systems. For the NiAl/LDH based 

nanocomposite relaxation processes is shifted by more than 20 K to lower temperatures 

compared to the MgAl/LDH based nanocomposite and overlaps partly with the -

relaxation. 

   Before a detailed discussion, the data have to be analyzed in a quantitative manner. 

Hence, the model function of Havriliak/Negami (HN-function) is fitted to the data
227

, 

which was already depicted by Equation 3.39 in Section 3.3.2. From the fit of the HN-

function to the data the relaxation rate fp and the dielectric strength are determined and 

further discussed. If more as one relaxation process is observed in the covered frequency 

window a sum of HN-functions is fitted to the data. The method is described in detail in 

references [228,229]. An example for the fitting process is depicted in Figure 6.15.  
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Figure 6.15. Dielectric loss versus frequency at a temperature of 203.7 K for NiAl/LDH-PLA with 3 wt% 

LDH. The solid line is a fit of two HN-functions to the data. The dashed line is the contribution of the -

relaxation where the dashed dotted line is the contribution of relaxation region one. 

 

   In the inset of Figure 6.16, the relaxation rates for the -relaxation and relaxation region 

1 are plotted versus inverse temperature for NiAl/LDH-PLA nanocomposite with 3 wt% 

LDH. Obviously, both data sets can be described by the Arrhenius equation which was 

given for Equation 2.3 in Section 2.3.2. For the -relaxation a value of 38 kJ/mol is 

obtained for the activation energy of the -process. For the relaxation region 1 a 

significantly higher value of 53 kJ/mol is found. This proves that both processes are 

independent from each other. 
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Figure 6.16. Relaxation rates of relaxation region 1 versus 1000/T for NiAl/LDH and MgAl/LDH PLA 

nanocomposites as indicated: circle – 1 wt%, diamonds – 3 wt%, triangles – 6 wt%, hexagons – 9 wt%, stars – 

12 wt%. The solid line is a common fit of the Arrhenius equation to all data sets of NiAl/LDH nanocomposites. 

The dashed line is a common fit of the VFT formula to all data of MgAl/LDH nanocomposites. The inset gives 

relaxation rates versus 1000/T of relaxation region 1 and the -relaxation for the NiAl/LDH based 

nanocomposite with 3 wt% LDH. Lines are fits of the Arrhenius equation to the corresponding data sets. 

 

   Figure 6.16 compares the temperature dependence of the relaxation rate of region one 

for NiAl/LDH and the MgAl/LDH-PLA based nanocomposites. For the NiAl based 

nanocomposites the data follows an Arrhenius behavior indicating a localized relaxation 

process, while for the MgAl-LDH/PLA the temperature dependences of the relaxation rate 

of region 1 has to be described by the Vogel/Fulcher/Tammann (VFT-) equation
230, 231, 187

 

(see Section 2.3.2), which is considered to be characteristic for a glassy behavior. The 

essential differences in the temperature dependence of the relaxation rate of process 1, found for 

both kinds of nanocomposites, indicate that the molecular motions due to the fluctuations of the 

SDBS tails together with the PLA segments are different: more localized fluctuations for the 

NiAl/LDH-PLA nanocomposites but cooperative, glassy-like dynamics for the material based on 

MgAl/LDH. Keeping in mind that the structure of the NiAl/LDH nanocomposite is more 

intercalated, one might conclude that relaxation region 1 is due to fluctuations of SDBS and PLA 

segments within the galleries of the layered LDH structure.  

 

Relaxation region 2: The relaxation region 2 is observed for all concentrations of LDH 

and its intensity increases for higher concentrations of LDH (see Figure 6.13). For LDH 

concentrations higher than 6 wt%, this peak is strongly overlaid by the -relaxation and 
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conductivity effects. Figure 6.17 depicts the dielectric loss versus temperature for the 

NiAl/LDH-PLA nanocomposite with 3 wt% of LDH for different frequencies in the 

temperature range of relaxation region 2. As for the corresponding MgAl/LDH-PLA 

nanocomposite,
5
 the temperature dependence of the peak position of relaxation region 2 is 

quite unusual. First, the peak shifts to higher temperatures with increasing frequency as 

expected. After passing a maximum temperature, the peak shifts back to lower 

temperatures  
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Figure 6.17. Dielectric loss versus Temperature for the NiAl/LDH-PLA nanocomposite with 3 wt% of LDH: 

triangles – 0.1 Hz; squares – 0.97 Hz; circles – 10.2 Hz; diamonds – 108 Hz; asterisk – 10
3
 Hz; hexagons – 10

4
 

Hz. 

 

with further increase of the temperature. A similar saddle-like behavior was observed for 

nanocomposite systems based on a maleic anhydride grafted polypropylene and 

organophilic modified montmorillonite clay [40]. 

  An analogous saddle-like behavior was also found for pure LDH materials, which was 

assigned in that case to the fluctuation of water molecules in a nanoporous environment 

[50]. Although the LDH materials are carefully dried before the preparation of the 

nanocomposites, water molecules might still be strongly adsorbed to the oxide surface. 

Therefore, relaxation region 2 is assigned to water present in the inter-galleries of the 

LDH. Such a saddle-like temperature dependence behavior can be described by the model 

of Ryabov et al.
201

 This model assumes two competing effects. (1) The rotational 

fluctuation of water molecules should have an activated behavior described by the 
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Arrhenius equation. (2) The nanoprous structure due to the layers will provide some free 

volume defects that have a different temperature dependence. The combination of both 

effects will lead to a saddle-like temperature dependence which was observed for several 

nanoporous systems
40, 50, 74, 78, 232

. It seems to be therefore the fundamental behavior for 

water in nanoporous confining systems. 

 

α-Relaxation: Figure 6.18 depicts the relaxation rates for the α-Relaxation. At low 

temperatures for all given concentrations the relaxation rates collapse into one chart 

together with data for neat PLA. This result indicates that this process due to the α-

Relaxation of polymeric matrix is not much influenced by the nanofiller. This is in 

agreement with the literature studies for other polymer based nanocomposites (see for 

instance [41-43, 206, 210] but also for other nanostructured systems like ultrathin films 

(see for instance [208-212]). With increasing temperature, the data deviate from the bulk 

behavior where the deviation is stronger for higher concentrations of the nanofiller. These 

deviations are due to the onset of crystallization with increasing temperature which is 

dependent on the concentration of the nanofiller. This behavior is similar to that of 

MgAl/LDH-PLA. For higher concentrations of LDH, the α-relaxation is strongly overlaid 

by process 3 and conductivity phenomena and cannot be analyzed quantitatively. 

 

Relaxation region 3: For the analysis of the relaxation region 3 the modulus 

representation is used where the complex modulus M* is related to the complex dielectric 

function by M*(ω)ε*(ω)=1
80

. The inset of Figure 6.19 compares the imaginary part of the 

complex electrical modulus M´´ for the nanocomposites MgAl/LDH and NiAl/LDH PLA 

for 9 wt% of the nanofiller at a temperature of 362.1 K. As discussed in Ref. 5, for 

MgAl/LDH-PLA the spectra show two peaks. The peak at lower frequencies is related to 

conductivity whereas the 
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Figure 6.18. Relaxation rates of the α-relaxation versus 1/T for pure PLA and different nanocomposites: 

Squares – pure PLA, circles – 1 wt% NiAl/LDH, triangles – 3 wt% NiAl/LDH.  

 

peak at higher frequencies is related to interfacial polarization effects. These interfacial 

polarization effects are caused by mobile charge blocked at internal interphases having 

different values of the permittivity and/or conductivity (Maxwell/Wager/Sillars 

polarization). This interpretation is further supported by the strong increase of the real part 

of the dielectric function ´ with decreasing frequency (see Figure 6.19). Such a strong 

increase of the ´ is found to be typical for interfacial polarization and cannot be explained 

by a relaxation of a molecular dipole. 

   In the considered nanocomposite system with a semicrystalline polymer as a matrix, the 

MWS polarization can have two different origins: The blocking of charge carriers at the 

structures due to the nanofiller (exfoliated layers and intercalated nanostacks) and at the 

crystals. For pure PLA, the effects due to MWS polarization are insignificant in 

comparison to the nanocomposite. Therefore, it is concluded that the peak, which is 

located at higher frequencies of the loss part of the modulus is related to interfacial 

polarization effects due to the nanofiller.  
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Figure 6.19. Real part of the complex dielectric function versus frequency for T=362.1 K: asterisks – pure 

PLA, squares – NiAl/LDH-PLA; circles – MgAl/LDH-PLA. The inset depicts the loss part M´´ versus 

frequency for T=362.1 K: squares – NiAl/LDH-PLA; circles – MgAl/LDH-PLA. 

 

   In the modulus representation, a conductivity contribution to dielectric loss is 

transformed in a peak. The peak at lower frequencies is therefore assigned to conductivity. 

This is further confirmed by a direct consideration of the conductivity, which is defined as 

*(f)=20f*(f) (see Figure 6.20). 

   For MgAl/LDH-PLA the real part of the complex conductivity ´ shows the typical 

frequency dependence expected for polymer systems. With decreasing frequency, ´ 

decreases with a power law. At a critical frequency fc, this dependence turns into plateau 

which is the DC conductivity DC. For MgAl/LDH-PLA, the DC conductivity DC is at 

least 

 



110 
 

-2 0 2 4 6 8
-14

-12

-10

-8

-6

 

 

lo
g
(

´ 
[S

/c
m

])

log(f [Hz])

f
c


DC

 

Figure 6.20. Real part of the complex conductivity versus frequency for T=362.1 K: asterisks – pure PLA, 

squares – NiAl/LDH-PLA; circles – MgAl/LDH-PLA. 

 

three orders of magnitude higher than for the NiAl/LDH based nanocomposite. This is 

also reflected on the modulus representation. The peak due to conductivity is shifted to 

lower frequencies. In addition, the peak related to interfacial polarization is observed at 

lower frequencies compared to MgAl/LDH-PLA (see inset Figure 6.19). Moreover, the 

contribution of the MWS polarization to the real part of complex dielectric function is 

much weaker than that of for MgAl/LDH-PLA. This different behavior must be due to 

differences in the structure of the both nanocomposites. As discussed above, the SAXS 

measurements reveal that the structure of the NiAl/LDH-PLA nanocomposite has a more 

intercalated structure than the MgAl/LDH based material which is more exfoliated. This 

leads to two consequences. Firstly, due to the presence of more exfoliated layers a larger 

amount of interfaces exist in the material at which charge carriers can be blocked. This 

larger amount of interfaces causes a larger Maxwell/Wagner/Sillars polarization compared 

to a corresponding intercalated system as observed. Secondly, due to the exfoliation 

process, ions, which are located in the interlayer galleries, can be released in to the matrix 

polymer. These additional charge carriers will increase the conductivity in comparison to a 

material were the nanofiller is not exfoliated. Also this effect is observed experimentally. 
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Chapter 7   Conclusions and outlook 

Poly(L-lactide) (PLA) nanocomposites based on organically modified MgAl layered 

double hydroxides (MgAl-LDH) and NiAl layered double hydroxides (NiAl-LDH) were 

both prepared by melt blending. The investigation of two kinds of PLA nanocomposites 

were applied by complementary measurements such as size exclusion chromatography 

(SEC), differential scanning calorimetry (DSC), small- and wide-angle X-ray scattering 

(SAXS and WAXS) and dielectric relaxation spectroscopy (BDS). 

   For the SEC measurements, both nanocomposites showed a small enhancement of the 

degradation of PLA due to the LDH nanoparticles. The NiAl/LDH-PLA nanocomposite 

was found a slightly stronger degradation than the MgAl/LDH-PLA nanocompsite. This 

behavior might be attributed to the different properties of the Ni and Mg ions.  

   The SAXS measurement also demonstrated the difference of properties between Mg and 

Ni ions. The gallery distance of original MgAl/LDH is 0.39 nm, whereas gallery distance 

of original NiAl/LDH is 0.27 nm. Both LDHs were observed to be modified successfully 

by SDBS. But the gallery distance of MgAl/LDH was increased to 2.53 nm, whereas for 

NiAl/LDH which was increased to 2.44 nm. Based on the determination of stack size, the 

average layer number for modified MgAl/LDH was calculated to be ca. 6, the NiAl/LDH 

was observed averagely had 3.76 layers. These results indicated that the NiAl/LDH-PLA 

nanocomposites had a more intercalated structure in comparison to the MgAl/LDH-PLA 

nanocomposites. Meanwhile, the MgAl/LDH-PLA nanocomposites had a partly exfoliated 

morphology with mixed nanostacks. 

   The thermal properties of the nanocomposites were investigated by conventional DSC. 

The degree of crystallization of the MgAl/LDH-PLA nanocomposites was found reduced 

with increasing LDH concentration for the concentration greater than 1 wt%. While in the 

NiAl/LDH system, the crystallinity increased until the LDH content of 6 wt% where a 

decreasing trend started with increasing LDH concentration. For both nanocomposites the 

crystallization degree trend observed from WAXS measurements was similar to the DSC 

result.  

   The phase fractions are characterized by a deliberately designed calorimetric program 

for both nanocomposites. The CFs value of MgAl/LDH-PLA nanocomposites keeps 

decreasing for the LDH content exceeding 1 wt%. Whereas for NiAl/LDH-PLA system, 

the CFs value reaches maxima at the concentration of 6 wt%, at higher concentration the 

CF decreases because of the confinement resulting from the LDH. For the MAFs value, 
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MgAl/LDH-PLA nanocomposite displays a decreasing trend. In contrast, the MAFs of 

NiAl/LDH-PLA system achieves minima at the same concentration of 6 wt% with its CFs. 

The behavior of MAFs should be attributed to the interaction of both the CFs and RAFs. 

The RAF is divided into RAFfiller and RAFcrystal for both nanocomposites systems. To offer 

a more clarified comprehension, the mass ratios of RAFfiller/Filler and RAFcrystal/CF are 

plotted respectively versus the LDH concentration. Both types of RAFfiller/Filler ratios 

show a constant value, for MgAl/LDH is 3.5 and the value of NiAl/LDH equals 0.8. A 

larger contacting area between polymer chains and nanofiller platelets for MgAl/LDH 

than NiAl/LDH can be concluded. Meanwhile, the data from SAXS patterns and 

conductivity both point to a more exfoliated structure for MgAl/LDH-PLA 

nanocomposites, these results link together to prove a partly-exfoliated structure for 

MgAl/LDH-PLA and a intercalated structure for NiAl/LDH-PLA. On the basis of analysis 

of the RAFcrystal/CF ratio, a higher value for MgAl/LDH-PLA is observed, it is deduced 

the partly-exfoliated structure of MgAl/LDH-PLA produces more nanofiller fragments 

within nanocomposites to interfere the crystallization process of PLA. 

The dielectric relaxation behavior of neat PLA show a -relaxation due to localized 

fluctuations below the thermal glass transition temperature Tg and an -relaxation due to 

segmental dynamics (dynamic glass transition) for temperatures higher than Tg. Besides 

these relaxation processes the relaxation behavior of the MgAl/LDH-PLA nanocomposites 

is more complex and at least three additional dielectric relaxation regions are observed. 

The relaxation region 1 is related to the interfacial area between the nanofiller and the 

PLA matrix. It is mainly due to the the fluctuations of the alkyl tails of the SDBS 

molecules together with PLA segments. The temperature dependence of the relaxation rate 

of relaxation region 2 seems to have an unusual saddle-like temperature dependence. It is 

related to the fluctuations of remaining water molecules in the nonporous structure of the 

LDH nanofillers. Relaxation region 3 is observed at temperatures higher than 

characteristic for the dynamic glass transition. It is assigned to interfacial polarizations 

effects due to the blocking of charge carriers at the nanofiller. 

   The relaxation behavior of the NiAl/LDH-PLA nanocomposite is analogous to the 

MgAl/LDH-PLA case, also three additional dielectric relaxation regions are observed. 

Relaxation region 1 is mainly related to the fluctuations of SDBS surfactants intercalating 

between the layers of NiAl/LDH. The temperature dependence of the corresponding 

relaxation rates obeys an Arrhenius law which is in difference to the MgAl/LDH case. 
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This indicates different surfactant molecular presence situations in the two systems. The 

temperature dependence of the relaxation rate of relaxation region 2 also has an unusual 

saddle-like temperature dependence which is related to the relaxation of water molecules 

in nanoporous environment. Relaxation region 3 is assigned to the interfacial polarizations 

effects due to the blocking of charge carriers at the nanofiller, which is a 

Maxwell/Wagner/Sillars polarization effect. This effect on the MgAl/LDH-PLA 

nanocomposite is stronger than on the NiAl/LDH-PLA nanocomposite. Furthermore, the 

conductivity value is found lower for the NiAl/LDH-PLA nanocomposite than the 

MgAl/LDH-PLA nanocomposite. These can be interpreted by more charge carriers of 

LDH platelets in MgAl/LDH-PLA system, and it is due to the more exfoliated structure of  

MgAl/LDH-PLA nanocomposite and more intercalated structure of NiAl/LDH-PLA 

nanocomposite. 

   The LDH nanofiller based PLA nanocomposites is only one case for the clay based 

polymer nanocomposites. Even at a low loading, these nanocomposites exhibits 

remarkably better mechanical, thermal, dynamic mechanical, adhesion and barrier 

properties, flame retardancy, etc. in comparison to the corresponding neat polymer 

material. However, the selection of the combination of polymer and clays is essentially at 

random, rather than by a scientific principle (at least no such process was reported).
233

 The 

in-depth understanding of the structure-property relationship of high performance polymer 

nanocomposites is in need with eagerness. And the clays chosen are usually limited in the 

smectite group because of their well exfoliation property. Therefore, expanding boundary 

of the feasible clays might present new promising functional nanocomposites. The 

development of innovative polymer nanocomposites is possible to involve either novel 

combination of nanofiller and polymer matrix, or any breakthroughs in strategy of the 

synthetic process. The recent report
234

 on synthetic nacre by an artificial approach is no 

doubt a great inspiration for the fabrication of biomimetic polymer nanocomposites.    
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