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Abstract

Abstract

This Thesis deals with the toughening effect of tung-

sten disulfide (WS2) nanoparticles (NPs) on epoxy,

in particular that of inorganic, fullerene-like WS2

(IF-WS2) NPs. IF-WS2 was treated with three differ-

ent chemical modifiers, two of which functionalized

the NPs successfully. When the NPs were dispersed

within ethanol by sonication, the surface functional-

ization significantly deteriorated the dispersion qual-

ity. The final agglomerate size of 200 nm is obtained

after 10 min of sonication. The primary particle size is

significantly smaller (approx. 100 nm), but aggregation

seems to limit the dispersibility. Sonication is ineffec-

tive in dispersing the NPs within an epoxy resin, while

three-roll milling gives good and well reproducible dis-

persion quality. Flaky WS2 exhibits larger agglomerate

sizes than IF-WS2, but improves the fracture toughness

more effectively.

The elastic modulus distribution in epoxy can be

measured with a novel atomic force microscopy (AFM)

technology, provided that the investigated surface is

smooth enough. Reported nodules are likely AFM ar-

tifacts caused by too rough surfaces. It is unlikely

that epoxy has modulus inhomogeneities that differ by

more than 150 MPa from the bulk modulus and that

are larger than 10 nm in size. The epoxy’s modulus in

the vicinity of IF-WS2 NPs does not seem to differ from

its bulk modulus.
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The addition of either kind of WS2 NPs considerably

improves the fracture toughness of certain epoxy sys-

tems, but other epoxy systems are hardly affected by

them or even embrittle. The NP surface functionaliza-

tion does not seem to improve the dispersion quality

nor the toughening effect. IF-WS2 leads to the forma-

tion of secondary cracks, which create additional frac-

ture surface. This might be an important toughening

mechanism. However, the fracture surface increases

even if the toughening effect of the NPs is negative, so

that more complex mechanisms are more likely.

The two major factors determining the toughening

effect are the type of curing agent and its quantity.

If only polyetheramine-cured epoxy systems are con-

cerned, the toughening effect tends to be higher for

sub-stoichiometric epoxy systems, but the same is not

true for some other curing agent types. It is unlikely

that this is due to the resulting higher fraction of molec-

ular network defects. For a given epoxy system, IF-WS2

NPs do not seem to differ significantly from other kinds

of NPs with respect to their toughening effect.
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Zusammenfassung

Diese Arbeit beschäftigt sich mit dem Zähigkeits-

Erhöhungseffekt von Wolframdisulfid (WS2) Nanopar-

tikeln (NP) in Epoxid, insbesondere dem von anor-

ganischen, fullerenartigen WS2 (IF-WS2) NP. IF-WS2

wurde mit drei verschiedenen chemischen Modifika-

toren behandelt, wovon zwei die NP erfolgreich funk-

tionalisierten. Wenn die NP mittels Ultraschallbeschal-

lung in Ethanol dispergiert wurden, verschlechterte

die Funktionalisierung die Dispersionsqualität deut-

lich. Die Endgröße der Agglomerate von 200 nm wird

nach 10 min Ultraschallbehandlung erreicht. Die Pri-

märpartikelgröße ist deutlich kleiner (ca. 100 nm), aber

Aggregate scheinen die Dispergierbarkeit zu beschrän-

ken. Ultraschall ist nicht effektiv darin, die NP im

Epoxidharz zu dispergieren, während Dispergierung

im Dreiwalzenstuhl gute und gut reproduzierbare Di-

spersionsqualität liefert. Plättchenförmiges WS2 bildet

größere Agglomerate als IF-WS2, verbessert die Bruch-

zähigkeit aber effektiver.

Die Elastizitätsmodulverteilung im Epoxid kann mit

einer neuen Rasterkraftmikroskopietechnik gemessen

werden, falls die untersuchte Oberfläche glatt genug

ist. Anderswo beobachtete nodulare Strukturen sind

wahrscheinlich Artefakte der Rasterkraftmikroskopie

aufgrund zu rauher Oberflächen. Es ist unwahrschein-

lich, dass Epoxid Modulinhomogenitäten aufweist, die

um mehr als 150 MPa vom Modul der Masse abwei-
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chen und die mehr als 10 nm groß sind. Der Modul des

Epoxids in der Nähe der IF-WS2 NP scheint sich nicht

vom Modul seiner Masse zu unterscheiden.

Die Zugabe jedweder Art von WS2 NP verbesser-

te die Bruchzähigkeit bestimmter Epoxidsysteme

beträchtlich, aber andere Epoxidsysteme werden

kaum von ihnen beeinflusst oder verspröden so-

gar. Die NP-Oberflächenfunktionalisierung scheint

weder die Dispersionsqualität noch den Zähigkeits-

Erhöhungseffekt nicht zu verbessern. IF-WS2 führt

zur Bildung von Sekundärbrüchen, die zusätzliche

Bruchfläche erzeugen. Dies könnte ein wichtiger

Zähigkeits-Erhöhungsmechanismus sein. Allerdings

vergrößert sich die Bruchfläche selbst dann, wenn

die NP das Material verspröden, sodass komplexere

Mechanismen wahrscheinlicher sind.

Die zwei Hauptfaktoren, die den Zähigkkeitsanstieg

bestimmen, sind die Art und die Menge des Härters.

Solange nur Polyetheramin-gehärtete Epoxidsysteme

betrachtet werden, ist der Zähigkeitsanstieg bei sub-

stöchiometrischen Epoxidsystemen tendenziell höher,

doch das ist bei manchen anderen Härtertypen nicht

der Fall. Es ist unwahrscheinlich, dass der Grund dafür

der verursachte höhere Anteil an molekularen Fehlstel-

len ist. Für ein gegebenes Epoxidsystem scheinen sich

IF-WS2 NP in ihrem Zähigkeitserhöhungseffekt nicht

deutlich von anderen Arten von NP zu unterscheiden.

xii



Conventions followed throughout this Thesis

Conventions followed throughout this Thesis

This Thesis follows in all respects the 8th edition of The International System of

Units (SI) as published by the International Bureau of Weights and Measures

(French: Bureau International des Poids et Measures, BIPM). It also follows

the standards published by the International Organization for Standardiza-

tion (ISO), whenever applicable.

SI units and chemical symbols are never defined throughout the Thesis.

Chemical symbols and formulas like WS2 or EtOH are written in a different

font type in order to facilitate their discrimination from other acronyms.

Measurement uncertainties are given by adding the standard deviation of

the results of a measurement series after their mean and a plus-minus sign.

In a few cases, the standard deviation was instead given in brackets after the

mean. For instance, the result of a measurement series with a mean of 176.4

and a standard deviation of 32.0 is given either as 176.4±32.0 or as 176.4(320).

The term room temperature stands for a temperature in the range of 18 ◦C to

25 ◦C. Whenever the temperature of a process is unmentioned, it took place

at room temperature. Mechanical tests took always place at a nominal tem-

perature of 23 ◦C and a relative humidity of 50 % as required by ISO 291.

Several technical terms in this Thesis are often used somewhat inter-

exchangeably both in the related literature and in industry. In order to avoid

confusion, some of these are defined here. The terms thermoset, thermoset-

ting polymer, epoxy, epoxy resin, epoxy system, epoxide and DGEBA are defined

in section 1.2.1. The term cross-link is explained in section 1.2.2. The terms

nanoparticles, nanocomposites and master batch are described in section 1.3.
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1 Introduction

1.1 Motivation

Global climate change is potentially one of the biggest issues for the future

of humanity. In 2015, the General Assembly of the United Nations declared

Urgent actions to combat climate change and its impacts to be one of its 17

Sustainable Development Goals [1]. It is currently believed that human energy

consumption is at least one of the dominant factors causing climate change,

mainly by increasing the atmospheric CO2 concentration [2]. Reducing energy

consumption is thus of highest priority.

Transportation stays among the most energy-consumptive sectors of hu-

man technology: In 2012, 26 % of the energy consumption in the European

Union was due to road transportation and further 6 % due to other types of

transportation [3]. Likewise, 28 % of the energy consumed in the United States

of America in 2014 was used for transportation [4]. These figures vary little

over time.

Reducing the weight of means of transportation is a very effective way to im-

prove their energy efficiency, which is in particular true for aircraft: As a rule

of thumb, a 1 % reduction in an airplane’s weight results in a 0.75 % to 1 % re-

duction in its energy consumption [5]. Fiber-reinforced polymers (FRPs) are a

very effective way to reduce the weight of means of transportation. In partic-

ular C-fiber-reinforced polymers (CFRPs) possess high specific strength and
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1 Introduction

modulus and can thus greatly reduce the mass of material necessary. Conse-

quently, aeronautics industry is steadily increasing the planes’ CFRP percent-

age, with the current leader being the recently introduced Airbus A350 XWB,

which consists by 53 % by mass of CFRP. As a result, this airplane consumes

25 % less energy compared to its current long-range competitors that use Al

alloys [6, 7].

The use of FRPs is strongly increasing in the automotive industry as well.

CFRPs has been used for the chassis of racing and high-end cars for decades,

but recently also finds application in mass-produced cars: The German auto-

mobile manufacturing company BMW was the first to launch a volume pro-

duction vehicle on the market, featuring CFRPs for the passenger compart-

ment of their model i3 [8, 9]. In fact, the automotive industry is seen by some

as the CFRP market with the most growth potential, with a predicted annual

growth rate of approx. 34 % [9].

Of course, there are also plenty of applications of FRPs besides the auto-

motive and aerospace industry, for example in the civil engineering sector

or in the sports industry. Many of these applications are safety-relevant and

thus require high confidence in a material’s reliability. FRPs have good tensile

strength in the dimension of the fiber direction, but their compressive and

shear strength are weak points. The strong fibers take only a certain fraction

of the forces in these cases while most of the force has to be taken by the rather

weak polymer matrix. The frequent bending loads express themselves as a

combination of tensile stresses and compressive stresses, so that compressive

stresses are hard to avoid. Hence, the polymer matrix will have to withstand

stresses in most applications.

Currently, the matrix materials of high-quality FRPs are predominantly

thermosetting polymers, although thermoplastic matrix materials are in-

creasing in importance. For higher-quality applications, especially for CFRPs,

epoxy is the usual choice. Epoxy has a series of good properties, especially

2



1.1 Motivation

when compared with other polymers, but like most thermosetting polymers,

it is very brittle. This low fracture toughness is the epoxy’s major weakness

and limits its use for many applications. The toughening of epoxy is therefore

key to future development of FRP applications and as a consequence for the

future of human mobility.

1.1.1 Epoxy as a material for the future

In 1872, Baeyer [10] formed the basis for the later development of the first

fully synthetic plastics by Baekeland three decades later [11]. These pheno-

lic resins are thermosetting polymers that cure in a polycondensation reac-

tion, releasing H2O. Condensation products like these are usually unwanted

as they can cause voids, act as plasticizers and result in cure shrinkage. Phe-

nolic resins are still used today in various applications, but they have been

mostly replaced by other thermosetting polymers by now. The need for ther-

mosetting polymers that cure without any condensation products and with

low cure shrinkage lead to the invention of epoxy resins by Schlack [12] and

Castan [13] in the 1930s.

Epoxy industry began to evolve after World War II, focusing mainly on the

use for coatings. In the 1970s and 1980s, the use of epoxies for fiber-reinforced

polymers (FRPs) became another important industrial sector. The versatil-

ity of epoxy allowed industrial companies to modify its properties in order to

fit various different applications, e.g., increased high-temperature resistivity,

improved weathering characteristics, flame retardancy, toxicologic harmless-

ness, enhanced resistance to hard-to-hold corrosive chemicals, moisture re-

sistance, purity, enhanced processibility, and many more. [14]

Epoxy stands out from the entirety of polymers in a series of properties,

namely its [14]

• excellent mechanical properties,
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• outstanding chemical, moisture and corrosion resistance,

• good thermal properties,

• excellent adhesion,

• very good electrical properties,

• low cure shrinkage,

• low viscoelasticity,

• good dimensional stability and

• good processability.

However, like most thermosetting polymers, epoxy is also known for its inher-

ent brittleness. The fracture toughness KIc of neat epoxy is usually at the mag-

nitude of 1 MPa
�

m , which is comparable to that of polystyrene or soda-lime

glass and significantly inferior to that of most engineering polymers. Details

on the definition and measurement of fracture toughness are given in sec-

tion 1.6.5.

Nowadays still more than 50 % of the world’s epoxy is used in protective

coatings, the next most important applications being printed circuit board

laminates, semiconductor encapsulants, FRPs, tooling, molding, casting,

flooring and adhesives [14]. Among these, the mentioned low fracture tough-

ness is a major issue for the use in FRPs and adhesives.

In fact, the use of FRPs is frequently discouraged simply due to the matrix’s

low fracture toughness. Nevertheless, FRPs are constantly increasing in use

for high-performance applications. Especially the CFRP market is currently

growing fast, with an annual growth rate of 10.6 %, and is expected to grow

even stronger over the years to come, at 11.4 % to 12.3 % per year [15, 16]. The

need for tougher epoxy is thus higher than ever.

4



1.1 Motivation

1.1.2 Toughening strategies

The fracture toughness of neat epoxy can be optimized to some extent by care-

ful selection of the curing agent and its relative quantity or by fine-tuning

the cure cycle (all of which will be discussed in sec. 1.2.2 and sec. 1.2.3),

but much higher improvements are obtained with toughening agents. Com-

monly applied toughening agents include, among others, liquid rubbers [17],

spherical rubber particles [18], core–shell particles [19, 20], glass beads [21,

22], microvoids [23, 24], hyperbranched polymers [25] and combinations

thereof [26], as well as C nanotubes (NTs) [27] and other NPs [28].

The most notable toughening effect is usually obtained with modifiers that

are less rigid than the epoxy matrix, e.g., with rubber particles. However, these

modifiers tend to degrade other properties, in particular the Young’s modulus

E and the glass-transition temperature Tg. In contrast, rigid particles gener-

ally do not affect the epoxy’s Tg and can even increase its E . Their toughening

effect is still significant, but less pronounced than that of rubber particles.

Micrometer-sized rigid particles and rubbery fillers share one disadvantage

that limits their applicability severely: They both increase the viscosity of the

uncured epoxy and thus restrict its processability, which is of particular im-

portance in the manufacturing of FRPs, where good flow control is crucial.

This viscosity increase can only barely be accounted for by selecting an epoxy

system with lower viscosity or by increasing the processing temperature. In

fact, the maximum filler loading, and thus the maximum toughening effect,

is often limited by the acceptable viscosity.

The significantly smaller viscosity increase is one of the major advantages

of spherical (zero-dimensional) NP fillers. While their toughening effect is not

outstanding, they show this toughening effect already at significantly lower

filler loading, so that there is only a minor viscosity increase. Even at rather

high filler contents, zero-dimensional NPs increase the viscosity of a suspen-
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sion only marginally, and the viscosity increase is the smaller the better dis-

persed they are [29]. Epoxy toughening with NPs will be discussed in detail in

sec. 1.3.1.

1.2 Epoxy chemistry

1.2.1 Epoxy and epoxy resins

The term epoxy describes both a basic component and the cured end prod-

uct of epoxy resins and is also often used as a colloquial name for the epoxide

functional chemical group (also called oxirane, see fig. 1.1). In this Thesis,

however, these terms are used separately in order to avoid confusion: The

term epoxy resin is used for the basic, unreacted component that consists of

molecules with mostly unreacted epoxide groups that are not reacting, and

the term epoxy will be used for the cured, solid end product. In addition, the

terms uncured epoxy or curing epoxy describe epoxy that is curing but cur-

rently not yet fully cured.

Epoxy is a thermoset, or more precisely, a thermosetting polymer, that is to

say, it is a polymer that does not melt upon heating like thermoplastic poly-

mers do, but that stays solid until its degradation1. This is because it con-

sists of a three-dimensional molecular network of covalent bonds. In fact, it

Figure 1.1: Epoxide functional group

1However, most thermosetting polymers soften considerably at elevated temperatures.
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1.2 Epoxy chemistry

is possible to produce thermoplastic epoxy by restricting the polymerization

reaction (henceforth called cure reaction) to only one dimension, but these

materials have little importance in practice and shall thus not be considered

in this Thesis.

While there are different kinds of epoxy resins available, this The-

sis deals exclusively with 2,2’-(((propane-2,2-diylbis(4,1-phenylene))-

bis(oxy))bis(methylene))bis(oxirane), which is better known as bisphenol-A-

diglycidylether or diglycidyl ether of bisphenol A (DGEBA). The latter name

is the most common and will thus be used in this Thesis. DGEBA accounts

for more than 75 % of the epoxy resin volume used worldwide [14] so that

the conclusions drawn in this Thesis are very generally applicable. DGEBA is

an oligomer and its degree of polymerization determines its viscosity. In its

most common form, it has a degree of polymerization n of approx. 0.2 (see

fig. 1.2), resulting in an epoxide group concentration of approx. 5.4 mol/kg.

With this degree of polymerization, DGEBA forms a transparent liquid2 with

a viscosity of 11 Pa s to 16 Pa s [14]. This particular type of DGEBA epoxy resin

has become popular under Shell Chemical’s trade name Epon 828 and is the

epoxy resin that is exclusively used in this Thesis.

Figure 1.2: Diglycidylether of bisphenol A (DGEBA)

2Strictly speaking, this form of DGEBA is a solid at room temperature. However, it crystal-
lizes extremely slowly and the crystals melt easily upon stirring, so that it can be considered
a liquid for most practical purposes.
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1.2.2 Cure reaction

Epoxy is formed in the cure reaction of the epoxy resin with another chem-

ical substance, the curing agent (the types of curing agents applied in this

Thesis and their particular cure reactions will be described in section 1.2.3).

The resulting three-dimensional molecular network consists of linear molec-

ular chains that are interconnected by cross-links. The International Union

of Pure and Applied Chemistry (IUPAC) defines a cross-link as “a small region

in a macromolecule from which at least four chains emanate” [30]. However,

this definition was not found to be very useful for the present Thesis, which

is why an alternative definition was formulated that suits the description of

highly cross-linked networks better: For this Thesis, a cross-link is defined

as a single atom from which at least three molecular chains emanate that all

connect this atom individually to the molecular network (see fig. 1.3). This

definition usually results in the same number of cross-links as the IUPAC’s

definition, but it facilitates calculations.

The cure reaction often requires heating of the mixture to an appropriate

cure temperature. Typical cure temperatures range from room temperature

to 200 ◦C, but also higher temperatures are sometimes used for fast cure reac-

tions or high-temperature epoxy. The cure temperature affects the cure kinet-

ics and thus the material’s final properties, and so do the heating and cooling

rates to some extent. The combination of the epoxy system and the cure tem-

perature determines the cure time, which can be as short as a few seconds and

as long as several days.

The glass-transition temperature Tg is the temperature above which the mo-

bility of a material’s molecular chains increases drastically. As a consequence,

the material softens considerably, so that the Tg limits its operation tempera-

ture for most practical purposes. The Tg of unreacted epoxy is usually below

room temperature but increases steadily with cure conversion. The cure reac-
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1.2 Epoxy chemistry

Figure 1.3: Schematic of a molecular network, where the lines stand for molecular chains and
the circles stand for atoms where these molecular chains interconnect. The filled
circles are atoms that have at least three individual connections to the molecular
network, while the open circles have fewer. According to the IUPAC’s definition of
a cross-link, each of the lines connecting two filled circles would represent a cross-
link. In this work, however, the filled circles themselves are seen as the cross-links.
The dashed lines are molecular chains that are not part of the molecular network.

tion stops as soon as the epoxy’s Tg becomes higher than the cure temperature

or if no reactants remain. In the latter case, the material is fully cured and has

reached its final Tg, irrespectively of the actual cure temperature.

Complete cure is usually desired, so that the cure temperature must be

higher than the epoxy’s final Tg. However, a too high cure temperature in the

early stages of the cure reaction can result in a too vigorous exothermic cure

reaction and consequently in a non-perfect molecular network and possibly

incipient thermal degradation. This is why a non-constant cure temperature

is often applied. In this Thesis, all materials were cured in a two-step cure pro-

cess, where the reactive mixture is first heated to one temperature level that

is high enough to make the material solidify, and then to a higher tempera-
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ture level that is higher than the material’s final Tg to ascertain complete cure.

As the epoxy can be demolded and machined already after the first cure step,

this second cure step additionally helps to relax the internal stresses from the

restricted cure shrinkage.

1.2.3 Curing agents

An epoxy resin must be mixed with an appropriate curing agent to produce

cured epoxy. A curing agent (also called hardener or curative) is a chemical

substance that is miscible with the epoxy resin and that contains functional

groups that react with the epoxide groups to form covalent bonds. Most cur-

ing agents are liquid at room temperature, but some need to be heated to melt

them so that they can be mixed properly with the epoxy resin.

The chosen curing agent is just as important for the properties of the final

material as the epoxy resin itself. The combination of the epoxy resin, its cur-

ing agent and possibly added catalysts, and the respective quantities thereof,

cured with a certain temperature profile, will be called the epoxy system as the

properties of the final material are really just determined by this entire com-

bination.

Variations in the epoxy system allow great variability in the properties of the

resulting epoxy. Two of the most dependent properties are the glass-transition

temperature Tg and the fracture toughness. The Tg of epoxy ranges from below

ambient temperature (the produced epoxy is then a rubbery solid) to above

300 ◦C. The fracture toughness of fully cured, stoichiometric, neat epoxy is

usually contrary to the Tg, i.e., epoxy with high Tg has often low fracture tough-

ness.

Epoxide groups have good reactivity towards both nucleophilic and elec-

trophilic species and are thus receptive to a wide range of reagents. The curing

agents used in this Thesis are amine and anhydride curing agents.
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1.2 Epoxy chemistry

Amines are the most commonly used curing agents for epoxies. Primary

and secondary amines react with epoxide groups in a stepwise polyaddition

reaction, where each amino hydrogen reacts with one epoxide group (see

fig. 1.4). For aliphatic amines both primary and secondary amino hydrogens

have approximately the same reactivity [31]. If the amount of epoxide groups

is equal to or lower than the amount of amino hydrogens, side reactions do

not take place [31]. When there is an excess of epoxide groups, a third reaction

can compete with the two previous ones (fig. 1.5) [31]. However, this reaction

is insignificant at temperatures below 150 ◦C in the absence of a catalyst [32].

The second largest class of curing agents for epoxy resins is formed by

(cyclic organic acid) anhydrides [31], which are usually used in combination

with a Lewis-base catalyst (usually a tertiary amine). The exact mechanism of

this cure reaction is still a matter of controversy [33]. It is proposed that the

catalyst (also called initiator or accelerator) reacts with the epoxide group to

form a zwitter-ion that immediately reacts with an anhydride group; the re-

action then proceeds strictly alternating as a chainwise polymerisation (see

fig. 1.6) [33, 34]. At high temperatures, the epoxy can react with the anhydride

curing agent without any catalyst or undergo an anionic autopolymerization

reaction initiated by the Lewis base without the anhydride curing agent, but

neither of these reactions is relevant at moderate temperatures. [31]
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(a)

(b)

Figure 1.4: Cure reaction of an epoxide group with (a) a primary and (b) a secondary amine,
respecively

Figure 1.5: Catalytic etherification reaction of an epoxide group with a hydroxyl group
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1.2 Epoxy chemistry

(a)

(b)

(c)

Figure 1.6: Initiation reaction of an epoxide group with a tertiary amine initiator (a) and the
subsequent cure reactions with an anhydride (b) and another epoxide group (c);
k1≫ k2 [31]
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1.3 Epoxy nanocomposites in general

If a polymer is filled with particles, the diameter d of these particles is of major

importance for the composite’s properties. As the nanoscience pioneer Eric

Drexler pointed out, confusing the micron scale with the nanoscale “is like

confusing an elephant with a ladybug” [35, 36]. Indeed, a moderate change

in d results in very significant differences in the particles’ volumes V , their

specific surface area (SSA), their number density n (i.e., their number per unit

volume) and their mean distance 2c to each other, among others (see fig. 1.7).

These size effects are the main reasons for the characteristics of nanocompos-

ites that differentiate them from conventional composite materials.

Besides their sizes, the effects of NPs are mostly determined by their as-

pect ratio, that is to say, by the ratio of their side lengths. If the NPs are com-

parable in size in all three dimensions, they are called zero-dimensional or

three-dimensional. If they are significantly longer in one dimension than in

the other two, they are called one-dimensional and if they are significantly

longer in two dimensions than in the third, they are called two-dimensional.

The IF-WS2 used in this Thesis are zero-dimensional, while WS2 NTs are one-

dimensional and flaky WS2 are two-dimensional.

A nanocomposite is a “composite in which at least one of the phase do-

mains has at least one dimension of the order of nanometres” [30]. Most stan-

dardization organizations agree that the nanoscale is the length range approx-

imately from 1 nm to 100 nm [37, 38]. The meaning of the term nanoparticle

(NP) varies depending on the defining organization. The major standardiza-

tion organizations agree that NPs are particles with sizes in the nanoscale, but

definitions vary with regards to how many of a particle’s dimensions have to

be in the nanoscale [38]. This Thesis uses the definition of the ISO [37], stat-

ing that objects with at least one dimension in the nanoscale are called nano-
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Figure 1.7: Number density n , specific surface area (SSA) and mean inter-particle distance 2c
over the diameter d of particles, assuming a spherical shape and a particle volume
fraction of 0.1 %

objects, and only nano-objects with all dimensions in the nanoscale are called

nanoparticles.

However, these NPs can still interconnect with each other, forming larger

structures, so-called agglomerates. The IUPAC defines an agglomerate as a

“cluster of primary particles held together by physical interactions”, where a

primary particle is the “smallest discrete identifiable entity observable by a

specified identification technique”, e.g., by electron microscopy [30]. These

physical interactions can be quite strong or very weak, down to the strength

of van-der-Waals forces. An aggregate, in contrast, is defined to be a “cluster of

primary particles interconnected by chemical bonds” [30]. Several aggregates

can again be held together by physical interactions, forming an agglomerate of
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aggregates. Aggregates are usually interconnected much more strongly than

agglomerates.

In practice, it is quite difficult to discern aggregates from agglomerates,

which is why some scientists call a cluster of particles agglomerate, if it can

be broken up with usual dispersion techniques (e.g., by sonication), and ag-

gregate otherwise. For similar practical reasons, all clusters of particles will be

called agglomerates in this Thesis, while the term aggregate will only be used

if suitable microscopy techniques suggest that a cluster is interconnected by

chemical bonds.

NPs are produced either by separating larger particles into smaller ones

down to the nanoscale (top-down approach) or by growing them from pre-

cursor molecules (bottom-up approach). The bottom-up approach is usu-

ally more expensive but tends to produce more homogeneous NPs. In some

cases it is even possible to grow the NPs in situ directly in the epoxy resin,

which yields monodisperse particle size distribution and outstanding dis-

persion quality, so that the resulting nanocomposites have very well defined

properties [39].

The NPs are usually dispersed in the epoxy resin rather than in the curing

agent or in a mixture of both because of the usually higher viscosity of the

epoxy resin, which stabilizes the dispersion. This dispersion is often called a

master batch, even if it is used only once.

1.3.1 Toughening of epoxy by nanoparticles

As pointed out in sec. 1.1.2, NPs are an effective way to increase an epoxy’s

fracture toughness without reducing its processability. Toughness improve-

ments usually range up to 120 % to 160 % in the critical stress-intensity fac-

tor KIc and to 240 % to 350 % in the critical strain-energy release rate GIc [28,

40–42] (the definition and measurement of these values is described in sec-
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1.3 Epoxy nanocomposites in general

tion 1.6.5). The maximum increase is usually obtained at the highest investi-

gated filler loadings which were usually around 15 % to 30 % by volume.

However, one of the major advantages of NPs is their good toughening effect

at low loadings (i.e., 0.1 % to 5 % by volume) where they outclass micrometer-

sized rigid particles. For each percent of zero-dimensional nanoparticles

(NPs) added by volume, the critical energy release rate GIc of epoxy typically

increases by up to 15 % to 75 % and the critical stress-intensity factor KIc by

up to 5 % to 30 % [28, 40–42].

The exact mechanisms by which the NPs toughen the polymer matrix de-

pend on NPs’ shapes and dimensions, their surface chemistry and morphol-

ogy, the dispersion quality and on the polymer matrix. Most scientists name

the following keywords to describe the toughening mechanisms of NPs in

epoxy nanocomposites:

• crack deflection [28, 40, 43, 44]

• microcracking [28, 43]

• void formation and yielding [40, 43–49]

• residual stress fields [28]

• crack (tip) pinning [28, 40, 43, 44, 50]

• immobilized polymer [40]

• crack bridging [43]

• plastic deformation of the matrix [28, 40, 43, 44, 50]

• matrix–particle debonding [28, 44]

Details on the meaning of these keywords can be found in the respective lit-

erature. However, it is likely to be the case that several of these keywords

describe the same phenomena or effects caused by the same phenomena,

or possibly even apparent phenomena. Likewise, the same keywords have

possibly been used for different phenomena. Also, some of these keywords

describe toughening mechanisms in one-dimensional nanocomposites only
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or mechanisms that were adapted from microcomposites to nanocomposites

without a thorough critical investigation on whether the same explanations

hold true at the nanoscale.

Attempts were made to model the toughening effect of some of these mech-

anisms, with varying success [40, 51, 52]. These attempts usually focus on the

effects of plastic deformation of the matrix, of matrix–particle debonding and

of void formation and yielding [52]. Despite the large efforts, however, it is

still not fully understood to date, which of the epoxy’s material properties are

determining for the toughening effect.

1.4 Tungsten disulfide

Tungsten disulfide (WS2, more precisely called tungsten(IV) sulfide) is a chem-

ical compound that occurs naturally as the rare mineral tungstenite and be-

longs to the group of transition metal dichalcogenides. Metal dichalcogenides

are dark, diamagnetic solids that are insoluble in all solvents, exhibit semicon-

ducting properties and are highly covalent. [53]

The most common metal dichalcogenide is MoS2, which shares many char-

acteristics with WS2. Both adopt a layered molecular structure with strong

covalent bondings between the metal and the S atoms but only weak van-der-

Waals forces between the layers. Like MoS2, WS2 occurs mostly in three differ-

ent polytypes, namely in the hexagonal polytype with two layers per unit cell

(2H), in the rhombohedral with three layers per unit cell (3R) polytype and the

trigonal polytype with one layer per unit cell (1T).

Both MoS2 and WS2 exhibit outstanding tribologic properties, which is why

they are used as tribologic additives for lubricating oils and polymers [54, 55].

Besides that, they are used as semiconductors and as catalysts [53].
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1.4 Tungsten disulfide

1.4.1 Inorganic, fullerene-like WS2 (IF-WS2) and WS2 nanotubes

The layered structure of metal dichalcogenides closely resembles that of (C)

graphite. It has been known from the 1980s that C can also form closed poly-

hedra known as fullerenes (C60, C70, etc.). If the polyhedra are formed by mul-

tiple concentric shells, (i.e., they form a nano-onion [37]) they are called nested

fullerene nanoparticles [53]. Both single-wall and multi-wall structures are

also found in a one-dimensional form, forming single-wall or multi-wall C

nanotubes (NTs).

In 1991, similar hollow, closed structures were found for WS2 (and also for

MoS2 and several other compounds), which are now known as inorganic WS2

NTs and inorganic, fullerene-like WS2 (IF-WS2). The numerous interesting

properties of these materials has driven the development of their produc-

tion processes. While approx. 300 g of IF-WS2 could be produced per batch

in the early states of its commercialization, the process has been scaled up to

currently 100 kg to 300 kg per batch, so that it is now possible to use it as an

additive for lubricants [56] or other applications, often outperforming flaky

WS2 [55, 57–59].

It was shown that WS2-NTs do not fail due to their defect statistic (weak

links), but keep their elastic behavior almost to the point where the chemical

bonds fail [60]. With about 15 GPa to 22 GPa, they exhibit a strength several

times higher than that of para-aramid (Kevlar) or C fibers, although it is still

much lower than that of C NTs [61].

The maximum allowed shock pressure that IF-WS2 NPs can hold was sug-

gested to be as high as 25 GPa, making them the toughest cage molecules

known so far [62, 63]. The compressive strength of these NPs is 1 GPa to

2.5 GPa [64]. The good mechanical properties of IF-WS2 and WS2-NTs and

their high crystalline quality, in combination with their good availability,
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arouse consequently scientific interest into their use in polymer nanocom-

posites [65, 66].

1.5 Epoxy–IF-WS2 nanocomposites

There are only a few articles published that deal with the use of IF-WS2 in

epoxy. The first reported use of IF-WS2 in epoxy was in 2004 by Rapoport et

al. [58]. They mixed IF-WS2 into epoxy, cured with diethylenetriamine (DETA)

and reported significantly improved tribologic properties. At 10 % by mass,

however, the filler loading was quite high and no dispersion was done besides

stirring, so that the produced material was most likely rather different from

the materials investigated in the present Thesis. [58]

The first approach to enhance epoxy’s fracture toughness with IF-WS2 was

undertaken by Buchman et al. in 2009 [67]. Two very different epoxy systems

were investigated, where one of the curing agents was Jeffamine T-403 (Hunts-

man Co., UK), which is the most frequently used curing agent in the present

Thesis. However, from the information given it seems that the investigated

epoxy systems were non-stoichiometric. The IF-WS2 was dispersed within

the epoxy resin by sonication with unstated power. Their results indicated

that low IF-WS2 loadings of 0.3 % to 0.5 % by mass resulted in the best tough-

ening effect for both investigated epoxy systems, providing outstanding GIc

increases of up to five-fold. Unfortunately, the reported GIc values are possi-

bly questionable since they have never been reproduced in another publica-

tion and Buchman et al. did not succeed in providing a good hypothesis for

the origin of the reported toughening effect. [67]

This work was followed up by Shneider et al. in 2010 [68]. The investigated

epoxy system was the same as one of the systems used by Buchman et al. Dis-

persion was obtained by thorough stirring only. The authors claim that more
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intense stirring for longer times resulted in better dispersion quality, but the

presented peel strength values and SEM images do not show a significant ef-

fect. Improvements in the peel strength were found to peak at a filler load-

ing of 0.5 % by mass. Notably, the authors claim that the S atoms that form

the outermost layers of the IF-WS2 had reacted with the epoxy resin to form

C – S bonds as their infrared (IR) spectra might indicate. However, it is unclear

which chemical reaction would make the rather strong W – S bonds break to

form C – S bonds. [68]

Shneider and co-workers published two further articles in this field in 2013.

One of them deals with the tribologic properties of epoxy–IF-WS2 nanocom-

posites [70]. The authors showed that epoxy’s wear and to some extent its co-

efficient of friction can be significantly reduced by adding small loadings of

various types of various WS2 nanoparticles, namely 2H-WS2, IF-WS2 and WS2

NTs. The lowest wear was obtained with 0.5 % IF-WS2, which reduced the

epoxy’s wear by up to 83 %. The authors explain this outstanding improve-

ment with the NPs’ good tribologic properties, as well as the improved frac-

ture toughness of the nanocomposite, which might reduce the material’s sus-

ceptibility to small wear-induced cracks. [70]

The present Thesis was first and foremost inspired by the third article of

Shneider and co-workers [69]: This article deals with the toughening effect

of surface-functionalized IF-WS2 on epoxy and its origin. The chosen epoxy

system was a DGEBA cured with Jeffamine T-403, which is why primarily this

epoxy system was used in the present Thesis as well. From the information

given, it seems that the amount of curing agent used was sub-stoichiometric.

The NPs were dispersed by sonication with unstated power. [69]

The surface functionalization with different silane modifiers was done in

order to improve the NPs’ dispersibility within epoxy as well as to provide

covalent bonding between the NPs and the epoxy matrix. Despite the al-

most inert nature of WS2 [66], X-ray photoelectron spectroscopy (XPS) analy-
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sis suggested that the silanization reaction was successful [69]. However, it is

not clear which chemical reaction bonded the silane modifiers to the NPs,

nor whether this bonding was of chemical or rather of physical nature, in

which case the bonding would be very weak. Likewise, it is doubtful whether

the acryloxy functionalization was capable of forming a covalent bond to the

epoxy network.

The measured GIc of the nanocomposites was up to 70 % higher than

that of the neat epoxy, where the best improvement was obtained with the

alkylsilane-functionalized NPs. These improvements are notable, as only

0.5 % IF-WS2 had been added by mass, corresponding to only 0.09 % by vol-

ume. This corresponds to a GIc increase of over 800 % per percent of NPs

added by volume. The authors explain this outstanding improvement with

the hypothetical formation of a nodular morphology that they claim to see in

SEM images of fracture surfaces. In other words, they assume that there is a

region of enhanced modulus in the vicinity of the nanoparticles which might

enhance the material’s fracture toughness [69]. The existence of such nodular

morphology is, however, subject to a controversial debate [71, 72] and will be

investigated critically in chapter 2. The hypothetically inhomogeneous mod-

ulus distribution in the vicinity of the NPs is an interesting assumption that

will be put to test in chapter 4.

In a nutshell, the published literature suggests that IF-WS2 NPs are capable

of improving the fracture toughness and the tribologic properties of epoxy

considerably, where 0.5 % IF-WS2 by mass seems to be a good choice. Nev-

ertheless, there are still several open questions, and it is the objective of the

present Thesis to clearly state and answer them.
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1.6 Characterization techniques

This section gives a brief introduction into the underlying principles of the

most important characterization techniques that were used in several of the

chapters in this Thesis. It does not cover characterization techniques that

were applied only in single chapters (like nuclear magnetic resonance or the

plane-strain compression test) nor those that are of less importance for the

understanding of the chapters (like titration or mass-density measurement).

Details on the used equipment and adjustments as well as on characterization

techniques that are not covered here can be found in the respective chapters

and in the applied standards.

1.6.1 Dynamic light scattering (DLS)

Dynamic light scattering (DLS, also known as photo-correlation spectroscopy

or quasi-elastic light scattering) is a technique that allows determining the size

distribution of small particles in a suspension or of polymers in a solution.

As epoxy is insoluble, only the investigation of particles is of interest for the

present work.

Small particles in suspension are subject to Brownian motion, that is to say,

they move in a random pattern within the liquid, permanently changing both

their position and their velocity vector. As larger particles have higher inertia

than smaller particles, they change their velocity less drastically and thus they

move more slowly. The Stokes–Einstein–Sutherland equation describes how

the translational diffusion coefficient D of a spherical particle, which corre-

sponds to the velocity of Brownian Motion, is affected by the particle’s diam-

eter d and the liquid’s temperature T and its viscosity η (kB is the Boltzmann

constant):

D =
kBT

3πηd
(1.1)
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A DLS spectrometer measures D by investigating the temporal fluctuations

of light that is scattered by the suspended particles: The faster the signal fluc-

tuates, the smaller the particles in the suspension are (see fig. 1.8). In order

to avoid multiple scattering, the particle volume fraction in the suspension

should preferably be very low (usually 10−5 to 10−4 [73]), which means that

they barely affect the liquid’s viscosity and the viscosity of the neat liquid can

be used for the calculation. The temperature must be controlled very well as

it is not only a factor in eq. (1.1) itself, but also strongly affects the viscosity,

which is a factor therein as well.

DLS is a first-principle method, that is to say, the results are directly de-

rived from basic physical equations without needing any models or calibra-

tions. There is hence no need to calibrate the DLS spectrometer prior to a

measurement. DLS is best suited for particles of diameters between 5 nm

and 1000 nm [73], but can potentially measure particle diameters between

0.1 nm and 10 000 nm. However, sedimentation and low signal-to-noise ra-

tio severely restrict the usefulness of DLS for larger particles (> 500 nm) [73].

This is particularly critical for NPs with high mass densities like WS2.

The particle diameter x̄DLS measured by DLS is the intensity-weighted aver-

age of the hydrodynamic diameter. The hydrodynamic diameter is the diam-

eter of spherical particles that have the same translational diffusion speed as

the investigated particles. This is important for the present work as the inves-

tigated particles are not perfectly spherical and they appear mostly in agglom-

erates (see sec. 1.3). Thus, the measured diameter represents the size of the

agglomerates. The intensity-weighted average diameter is always somewhat

larger than the volume-weighted average diameter, which in turn is higher

than the number-average diameter. While the latter two are much more rep-

resentative of the physical reality, determining them requires some model

assumptions, which reduces their usefulness and limits their comparability.

This is why ISO 22412 recommends using only the intensity-weighted aver-
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Figure 1.8: DLS measurement principle: suspended particles scatter the incident monochro-
matic light. The fluctuation speed of the scattered light can be correlated to the
particle size distribution.

age diameter x̄DLS [74], and this recommendation was followed throughout

this Thesis. It must therefore be kept in mind that the majority of the agglom-

erates are likely smaller than x̄DLS. DLS can also measure the breadth of the

agglomerate size distribution, but that information is not used in this Thesis.

1.6.2 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA, also known as dynamic mechanical

spectroscopy or dynamic mechanical thermal analysis) is a material charac-

terization technique that quantifies the viscoelastic behavior of solids at vary-

ing temperatures. In its most common form, it applies sinusoidal mechanical

strains on a material and measures the resulting mechanical stresses, or vice

versa. In this Thesis, exclusively tensile strains were applied.
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If the investigated material is viscoelastic, the measured mechanical re-

sponse will lag behind its stimulation by a certain phase angle δ, the loss an-

gle, which quantifies how viscoelastic the material is (see fig. 1.9). Together

with the stress amplitudeσ0 and the strain amplitude ε0, δ allows calculating

both the elastic part of the material’s modulus, the storage modulus E ′, and

its viscous part, the loss modulus E ′′:

E ′ = σ0

ε0
cosδ (1.2)

E ′′ = σ0

ε0
sinδ (1.3)

These, in turn, are often combined into the complex modulus E ∗. The most

convenient way to describe a material’s viscoelastic behavior is by giving the

damping factor tanδ and the absolute of the complex modulus |E ∗|:

E ∗ = E ′+ i E ′′ (1.4)

tanδ= E ′′/E ′ (1.5)

|E ∗|=
�

E ′2+E ′′2 (1.6)

DMA is frequently used to characterize the thermal behavior of a material.

The measurement is then performed while the material is heated or cooled,

typically at rates at the order of magnitude of 1 ◦C/min. One important pur-

pose of this is determining a material’s glass-transition temperature Tg. There

are several different possibilities for how to extract a value for the Tg from a

DMA measurement. In this Thesis, the temperature at which E ′′ was maxi-

mum is taken as the Tg. Figure 1.10 shows E ′, E ′′ and tanδ curves as they are

typically measured in a DMA measurement of epoxy and the temperature that

is used as Tg.
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Figure 1.9: Phase shift in a DMA measurement. The measured stressσ lags behind the applied
strain ε by the time lagΔt , which is used to calculate the loss angle δ=Δt ·2π f ,
where f is the constant frequency.
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Figure 1.10: Typical curves of the storage modulus E ′, the loss modulus E ′′ and the loss fac-
tor tanδ of an epoxy over the temperature as measured via DMA, and the Tg as
determined in this Thesis
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Besides that, the DMA data is used to calculate the epoxy’s rubber equilib-

rium modulus Er, that is to say, its modulus in the rubbery state, i.e., at a tem-

perature above Tg. Er can be used to roughly estimate a material’s cross-link

density [75]. For this Thesis, Er was defined as the average complex modulus

at temperatures between Tmin(E )−5 ◦C and Tmin(E )+5 ◦C during a DMA measure-

ment, where Tmin(E ) is the temperature where the complex modulus is mini-

mum. This indirect measurement of the cross-link density is used and dis-

cussed in chapters 5 and 6.

1.6.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM, also called Scanning Force Microscopy) is a

scanning-probe microscopy technique that investigates surfaces by measur-

ing the contact forces between them and a scanning probe at the nanoscale.

The main purpose is measuring the surface’s topography on the nanoscale,

but certain AFM modes allow mapping various material properties at the

same time, e.g., mechanical properties, the friction coefficient, electrical and

magnetic properties, the chemical composition and many more, all at the

nanoscale. [76]

For usual topographic investigation, the scanning AFM probe is a sharp

tip (typical tip radii around 1 nm to 10 nm), mounted on a flexible cantilever

(typical spring constants around 0.1 N/m to 100 N/m). Forces between this

tip and the investigated surface cause the cantilever to deflect. This deflec-

tion can be measured at the nanoscale with various methods, the currently

most frequently used being a laser and a photodiode (see fig. 1.11). The acting

contact forces can then be calculated from the deflection via the cantilever’s

spring constant.
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The sample is moved both vertically and laterally by fine piezoelectric scan-

ners3. The lateral movement is usually carried out line-by-line, so that the

sample moves quickly back and forth in one lateral direction (usually called

fast scan axis or X axis) and slowly in the other (slow scan axis or Y axis).

The vertically moving piezoelectric scanner (Z-piezo) permanently adjusts

the sample’s height to keep the maximum force between the probe and the

surface constant. The vertical distance between the probe and the surface is

usually additionally varied at a higher frequency by an additional piezoelec-

tric scanner, depending on the mode the AFM is used in.

In the present Thesis, AFM was performed exclusively in air at room tem-

perature4 in the Peak-Force Tapping mode. This non-resonant, intermittent-

contact AFM mode is a trade mark of the company Bruker that was introduced

to the market in 2010. However, similar modes are used by other compa-

nies under different designations, e.g., pulsed force mode. This AFM mode

allows measuring the interacting forces directly (i.e., in Nanonewtons) during

the measurement at every single contact event at a high frequency of usually

2 kHz. Earlier AFM modes were measuring the forces at very low frequencies

of a few Hertz, which made them unsuitable for highly resolved images.

In the Peak-Force Tapping mode, the AFM sample is moved vertically once

per pixel in a sinusoidal movement, while the force is permanently measured

at a high sampling rate (see fig. 1.12). As a result, a complete force–distance

curve is measured in every single contact event. These force–distance curves

allow finely controlling the contact force directly, keeping it constant and low.

Moreover, certain mechanical properties can be deduced: For example, the

maximum attractive force is a measure for the adhesion between the probe

and the surface at the respective position. Most importantly, however, certain

3In some AFM systems, the probe is moved by the piezoscanners instead of the sample.
4Some applications favor or require scanning within a liquid or at other temperatures,

but this is not relevant for this Thesis.
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Figure 1.11: Basic principle of an AFM. The AFM probe deflects on contact with the sample,
deflecting the reflected laser light, which is detected by the photosensor. The X-
and Y-scanner make the probe scan the surface and the feedback electronics adjust
the Z-piezo in a way that the maximum force between the AFM probe and the
sample stays constant.

models can be fitted to the force–distance curves, yielding the modulus of the

sample at the respective position. AFM modulus measurement requires rela-

tively high contact forces, at the scale of 50 nN, while the topography can be

measured as well or even better at lower contact forces of below 1 nN. Like-

wise, the spring constant of the used probes must be suited for the investi-

gated material. For materials with moduli in the range of 2 GPa to 3 GPa, like

epoxy, Bruker recommends AFM probes with spring constants of 40 N/m to

100 N/m [77]. It is currently not clear, which modulus differences can be mea-

sured at which lateral resolution, and how exactly the material’s modulus, the

contact force, the probe’s spring constant and the surface roughness affect

this resolution.
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Figure 1.12: Principle of the Peak-Force Tapping AFM mode. The blue, dashed curve is the
probe–sample force curve as calculated from the cantilever deflection that the
photosensor measures, and the red, dotted curve shows what the force curve
would look like if the probe did not detach from the surface. The baseline is where
the force is zero. As the probe tip approaches the sample surface, at some point it
is attracted strongly enough to snap to the surface. The modulus is determined by
fitting an appropriate model to the falling flank of the force curve in the repulsive
regime, given by the yellow, solid curve. The maximum attractive force is used as
the adhesion force. The probe is usually in contact only for a smaller fraction of
the time than shown here.

1.6.4 Electron microscopy

An electron microscope is a microscope that uses a beam of accelerated elec-

trons as its source of illumination. This electron beam interacts with the in-

vestigated sample and the resulting signals can be detected and combined

into images. Due to the small wavelength of electrons, its theoretical spatial

resolution is considerably better than that of light microscopes.

The electron beam is thermoionically emitted from an electron gun fitted

with a W filament cathode. Modern electron microscopes use field-emission

electron guns, which provide a very narrow beam-energy spread, resulting in

good resolution. In this Thesis, Schottky-type field-emission electron guns are
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used, which can produce high electron beam currents thanks to their sharp

ZrO2-coated W tips [78]. Electron-microscopy investigation is generally done

in vacuum, and high vacuum tends to provide the best image resolution. All

electron-microscopy images presented in this Thesis were gathered in high

vacuum (approx. 10−4 Pa). The variants of the electron microscope used in

this Thesis are the scanning electron microscope (SEM) and the transmission

electron microscope (TEM).

Scanning electron microscopy

In an SEM, the electron beam is scanned over a surface to investigate it. The

electrons have usually rather low kinetic energies of 1 keV to 30 keV. When

they interact with the sample, they produce various signals that can be de-

tected and used to form an image pixel-by-pixel. One of the major advantages

of the SEM over the light microscope is its 100 to 500 times greater depth-

of-field, which allows it to produce completely in-focus micrographs even of

relatively rough surfaces at high magnifications [78].

All SEM images used in this Thesis use secondary electrons (SEs) as de-

tected signal. These electrons are ejected from the sample’s atoms by inelastic

scattering interactions with the beam electrons. Due to their low energy of less

than 50 eV, only SEs from the top few nanometers can escape from the sample

and be collected by a detector. The SEM was used both in the standard imag-

ing mode using an Everhart-Thornley detector (ETD) and in the immersion

lens mode, using a through-the-lens detector (TLD). The latter mode provides

even better spatial resolution, but does not reveal fine surface topography.

A sample must be electrically conductive to enable its investigation in an

SEM so that the introduced electrons can be discharged. If nonconductive

samples shall be investigated, they must be coated with a thin layer of a con-

ductive material. All samples investigated over the course of this Thesis were
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nonconductive and therefore coated with a few nanometers of Pt or Au prior to

the investigation. Only a few powdery samples were investigated without any

coating as the small dimensions of the powdery particles limit the electrons’

path lengths and thus make coating unnecessary.

Despite the conductive coating, the investigated region of the sample is

damaged irreversibly by the electron beam5. As this effect could not be fully

avoided, the presented SEM images were all gathered blind, i.e., the investi-

gated regions had not been irradiated at all before.

While the best SEMs can provide a spatial resolution of below 0.5 nm [78],

the resolution is substantially worse if coated, nonconductive samples are in-

vestigated, with resolutions below 100 nm being hard to obtain.

Transmission electron microscopy

In a TEM, the electron beam is transmitted through an ultra-thin specimen

at a usually much higher kinetic energy of 100 keV to 300 keV. In this Thesis,

TEM is used in its most common mode of operation, the bright-field mode, in

which the contrast is provided by the absorption of electrons by the material,

so that thicker regions or regions with a higher atomic number appear dark.

TEM can provide even much better lateral resolution than SEM – the best

spatial resolution obtained with a TEM so far was below 50 pm [79]. The actual

resolution, however, depends strongly on the sample and its preparation. In

this Thesis, TEM samples were produced exclusively by placing drops of WS2

NP suspensions on TEM grids. Thanks to the high atomic number of W, the

contrast was always very good.

5This region is often permanently darkened
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1.6.5 Linear-elastic fracture mechanics (LEFM)

Fracture mechanics is the field of mechanics that deals with the propagation

of cracks in materials. If exclusively linear-elastic materials and brittle frac-

ture processes are concerned, as is the case in this Thesis, the concepts of

linear-elastic fracture mechanics can be applied.

Fracture processes are divided by the type of crack-opening stress into

mode I (tensile stress), mode II (shear stress perpendicular to the crack front)

and mode III (shear stresses parallel to the crack front). The only load mode

considered in this Thesis is the mode-I fracture mode, i.e., the cracks are

opened by tensile stresses only. The stress state within a material during frac-

ture is a combination of plane stress and plane strain. In LEFM experiments,

the specimens must be thick enough so that plane strain deformation pre-

dominates. As epoxy is rather brittle, this is relatively easily achieved.

Cracks cannot be described by the linear elasticity theory as it would pre-

dict infinitely high stresses at the crack tip. In reality, a small region around

the crack tip yields even in brittle materials, forming a plastic zone. In order

to circumvent the problems associated with determining the actual stresses,

the mode-I stress-intensity factor KI is used to describe the stress state in the

proximity of a crack tip. The value of KI depends on the crack length a in

relation to a specimen’s width w and the nominal normal stress σyy and is

calculated via a dimensionless geometry factor f (a/w ) that depends on the

particular specimen’s geometry:

KI =
�

aπ σyy · f (a/w ) (1.7)

The critical stress-intensity factor KIc is the plain-strain KI at which the crack

propagation velocity becomes critical and sudden fracture occurs, that is to
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say, as KI approaches KIc, the crack propagation velocity goes to infinity6. KIc

is the most important measure for a material’s fracture toughness.

Another measure for a fracture process is the strain-energy release rate G ,

which is the change in the elastic potential energy U over the change in the

fracture surface area A:

G =−∂U

∂ A
(1.8)

The critical strain-energy release rate GIc is the mode-I G for plane strain at

which the crack propagation velocity becomes critical and sudden fracture

occurs. GIc is thus another measure for the fracture toughness that can be seen

as an alternative to KIc. The GIc is related to the KIc via the Young’s modulus E

and the Poisson’s ratio ν:

GIc = K 2
Ic · 1−ν

2

E
(1.9)

The GIc can often be determined more easily than the KIc, in particular when

macroscopically heterogeneous materials are investigated (e.g., FRPs), for

which the determination of the KIc is very difficult, which is why GIc data are

sometimes easier to obtain. However, the GIc is of little use in structural ap-

plications, which is why the KIc is usually favored. In practice, it is advisable

to determine both values independently and check whether they agree with

eq. (1.9).

The fracture-mechanics measurements reported in this Thesis were

all done as single-edge-notched bending (SENB) tests according to

ISO 13586 [80]. This test has the advantage that the sample preparation

is relatively facile and that rather little material is required. This means that

more samples can be measured with a given amount of material, which is

6Of course, the effective crack propagation velocity will still be limited by other physical
laws, for example, by the limited velocity of wave propagation in the investigated material.

35



1 Introduction

very important for fracture-mechanics tests that usually suffer from high

scatter.

In an SENB test, a notched, pre-cracked bar is bent until fracture. The KIc

is then calculated from the force at fracture, the pre-crack length and the

sample geometry, and the GIc is calculated from the area below the force–

displacement curve until fracture, the pre-crack length and the sample ge-

ometry. [80]

One of the most critical factors determining the usefulness of SENB results

is the quality of the pre-crack. For this Thesis, the pre-cracks were made at

room temperature by tapping a fresh blade into the notch using a hammer.

As the crack tip was always well distant from the blade, these pre-cracks were

assumed to be comparable to natural cracks. ISO 13586 states two validity

recommendations that were often not met over the course of this Thesis. First,

it recommends that ratio of the specimen width w to the pre-crack length

a0, is between 0.45 and 0.55. Secondly, the standard recommends that the

length of pre-cracks should not differ by more than 10 % over the sample’s

thickness. As the pre-cracking was done by tapping, which makes controlling

the exact pre-crack length difficult, many of the pre-cracks did not fulfill these

requirements. However, the results did not seem to be affected critically by

these issues. As none of these recommendations are strict requirements, all

Figure 1.13: Schematic drawing of an SENB specimen
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fracture-toughness results were considered valid as long as they did not differ

strongly from the results of all other samples for a given material. In order

to enable the readers to review the effect of this procedure, detailed fracture

toughness results are listed in chapter 8.

1.7 Dispersion techniques

The dispersion of NPs within viscous liquids like epoxy resins requires the in-

troduction of dispersion energy, the magnitude of which depends on the in-

terfacial interaction between the NPs and the liquid. The most simple dis-

persion technique is mixing. However, even high-speed mixers are usually

incapable of providing good dispersion quality. While all investigated epoxy

systems were mixed with the NPs at relatively high speeds, more sophis-

ticated dispersion techniques were applied additionally, namely sonication

and three-roll milling (3RM).

1.7.1 Sonication

Sonication is agitating particles in a liquid with sound energy, usually at ultra-

sonic frequencies (20 kHz to 400 kHz), which is why it is often also called ul-

trasonication. It may be done for various reasons, e.g., for degassing or for cell

disruption; in this Thesis it is used exclusively for dispersing WS2 NPs within

ethanol or epoxy.

The sound waves are essentially alternating high-pressure and low-

pressure cycles. High-intensity ultrasonic waves create small voids in the liq-

uid during the low-pressure cycle. Once these voids reach a certain volume,

they cannot absorb any additional energy anymore and collapse violently

during a high-pressure cycle. This process results in very high local tempera-

tures (approx. 5000 K) and pressures (approx. 2000 bar) and causes the liquid

37



1 Introduction

to form liquid jets of velocities up to 280 m/s [81]. These extreme conditions

cause NP agglomerates to break up, but they can also damage primary NPs as

well as the liquid they are suspended in.

Sonciation can be done using ultrasonic baths or ultrasonic probes (see

fig. 1.14). Ultrasonic baths are mostly used for cleaning purposes. They con-

sist of a chamber that is usually filled with water and that is excited with ul-

trasonic waves from the outside. Some ultrasonic baths can be heated. Flasks

with sample liquids can then be sonicated by simply placing them into the

bath. The sonication power of ultrasonic baths usually ranges from 50 W to

1000 W and scales with their size. The sonication effect is of relatively low in-

tensity and unevenly spread within the chamber. The repeatability and scal-

ability of this process are both very poor.

Ultrasonic probes consist essentially of metal bars (usually straight or con-

ical), which are exciting their surroundings with ultrasonic waves. These

probes are normally submerged into the sample liquid by only a few millime-

ters and thus concentrate their ultrasonic power to a smaller volume than ul-

trasonic baths. As they are usually also driven at a higher power (usually 300 W

to 3000 W), ultrasonic probes deliver significantly higher power densities than

ultrasonic baths do.

1.7.2 Three-roll milling

A three-roll mill (3RM) is a machine that applies high shear stresses to a vis-

cous liquid, gel or paste that is processed with it in order to mix it or to dis-

perse something therein. Although the 3RM has been invented already in the

19th century, it is still increasingly used today, in particular in the epoxy and

nanocomposite science, as can be seen in fig. 1.15. This statistic is some-

what biased as earlier publications are often not completely entered in the

electronic databases and as the number of publications overall increases over
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Figure 1.14: Schematic drawings of the used sonication techniques. The circular segments in-
dicate ultrasonic wave propagation.

time as well. Nevertheless, it is clear that the use of 3RMs is more prevailing

in these scientific disciplines than it was ever before.

A 3RM consists of three rolls (usually made of steel or ceramic and often

temperature-controlled) that are mounted close and in parallel to each other

and that turn at different rotational speeds (see fig. 1.16). The gaps between

the rolls can either be set to a certain distance or controlled by the applied

force between the rolls and the rheological properties of the processed ma-

terial, which was exclusively done in the present Thesis. The apron roll can

be separated from the other two so that the material is only mixed between

these. This step serves for mixing rather than for dispersing as the material

can simply re-flow between the two rolls without passing the gap once. The

dispersing takes place mainly in the gap between the center roll and the apron

roll. However, as the material passes this gap only once before being collected

by a knife, it might be necessary to pass it through the 3RM several times to

achieve a certain dispersion quality.

39



1 Introduction

1960 1970 1980 1990 2000 2010
0

10

20

30

40

50

nu
m

be
r o

f p
ub

lic
at

io
ns

year

 three-roll mill
 three-roll mill and epoxy
 three-roll mill and nanocomposite

Figure 1.15: Number of published articles per year with the phrase three-roll mill and its com-
bination with either epoxy or nanocomposite in any field as found in the database
of Scopus

Figure 1.16: Scheme of a 3RM. The dispersion takes place mainly between the center roll and
the apron roll.
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1.8 Objectives and Outline of the Thesis

1.8.1 Objectives

The general objective of this Thesis is to give an idea on whether IF-WS2 is

a suitable toughening agent for epoxy and what mechanisms are responsi-

ble for the toughening effect. In doing so, the findings of others should be

reviewed critically and alternative explanations should be proposed and val-

idated whenever necessary. In particular, the following specific questions

should be answered:

• Shneider et al. have reported that epoxy could be toughened consider-

ably by the addition of IF-WS2 NPs [69]. Is this toughening effect repro-

ducible and can it be generalized for different epoxy systems?

• Shneider et al. have explained the toughening effect with the formation

of a nodular morphology, resulting in a region with enhanced modu-

lus [69]. Can the existence of such nodular morphology be confirmed

in epoxy? Can the modulus distribution in epoxy be measured at the

nanoscale, and if so, is there a modulus variation in the vicinity of dis-

persed IF-WS2 NPs?

• What role does the fullerene-like geometry of IF-WS2 play for the tough-

ening effect? Are the commercial IF-WS2 NPs used in most refer-

ence works comparable to laboratory-made IF-WS2 NPs from another

source?

• Is the reported surface functionalization of the IF-WS2 NPs reproducible

and can it be confirmed that it is helpful for the dispersibility and/or the

toughening effect?
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• Are there suitable alternatives to sonication for dispersing IF-WS2

within epoxy resin?

• Are there additional techniques to quantify the dispersion quality of

IF-WS2 within epoxy, besides microscopy methods?

• What role do the epoxy system’s composition and its properties play for

its toughening ability?

1.8.2 Outline

This Thesis consists of eight chapters, where this introduction forms the first

one. The next five chapters describe the scientific work that lead to the con-

clusions that are summed up in chapter 7:

Chapter 2 focuses on the claimed existence of inhomogeneities and a nodu-

lar morphology in neat epoxy. AFM is used to measure the topography and

modulus distribution at the nanoscale on differently prepared neat-epoxy

surfaces and an alternative interpretation of the claimed nodular morphology

is presented. Suggestions are made for which requirements must be fulfilled

to measure modulus distributions in epoxy reliably and to avoid AFM artifacts

showing apparent nodular morphology.

Chapter 3 covers the surface functionalization of IF-WS2 NPs with silane

modifiers and its characterization, the subsequent dispersion of these NPs

within ethanol and the quantification of the dispersion quality with DLS. A

model is presented that approximates the dispersion quality over sonication

time.

Chapter 4 discusses the dispersion of functionalized and unfunctionalized

IF-WS2 NPs within an epoxy resin by sonication and with a 3RM as well as

the resulting dispersion quality and fracture mechanics properties. AFM is

used to measure the modulus distribution in epoxy–IF-WS2 nanocomposites,
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in particular in the vicinity of an IF-WS2 NP. A model toughening mechanism

is presented that is a possible alternative to the mechanisms listed in section

1.3.1.

Chapter 5 investigates the significance of the epoxy network properties for

the toughening effect of IF-WS2. Varying the relative quantity of curing agent

(i.e., producing a sub-stoichiometric material) results in a variation of cross-

link densities and molecular network defects. Moreover, the IF-WS2 are com-

pared with flaky WS2 in order to investigate the significance of the fullerene-

like geometry.

Chapter 6 discusses the significance of the epoxy’s properties for the tough-

ening effect of the IF-WS2 from another perspective. By varying both the

type and the amount of curing agent, epoxies with varying properties are pro-

duced, with less inter-correlation between their material properties. This al-

lows discerning the effects of the individual material properties for the tough-

ening effect. Furthermore, another source of IF-WS2 is used for these investi-

gations in order to allow more general statements on the effect of IF-WS2 on

epoxy.

The Annex can be found in chapter 8. It contains supporting information

that is not necessary but useful for the understanding of the previous chap-

ters.
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2.2 Abstract

Observations of a nanometer-scale nodular morphology on differently pre-

pared surfaces of thermosets have frequently been interpreted as a sign for

an inhomogeneous molecular network, which would result in an inhomoge-

neous modulus distribution within those thermosets. To test this hypothesis,

the Peak-Force Tapping AFM mode was used on fracture surfaces and ultra-

microtome cuts of epoxy and other polymers using different AFM probes.

The nodular morphology is quite likely caused by an AFM artifact, which

also seems to cause an apparently inhomogeneous modulus distribution; a

variation in the tip–sample contact area could explain this effect. Smooth

surfaces are necessary in order to reduce the contribution from this artifact.

Ultramicrotome cutting currently seems to be the most appropriate surface

preparation technique for the measurement of modulus distribution at the

nanometer scale.

All investigated materials seem to be homogeneous on a scale on the order

of 10 nm to 1000 nm. If modulus inhomogeneities are present, their amount

or their lateral size is too small to be unambiguously measurable with this

technique. From this data, it seems unlikely that epoxy exhibits an inhomo-

geneous molecular network.

Keywords: Epoxy; Nodular morphology; Inhomogeneity
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2.2.1 Graphical Abstract
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2.3 Introduction

The good performance of thermosetting epoxy polymers made them suitable

for high-quality products at reasonable prices. The possible applications are,

however, still limited by their rather low fracture toughness. In contrast to

thermoplastic polymers, the morphology of thermosets is essentially fixed

once they are fully cured. Their final properties are hence determined by the

molecular network built up during the cure reaction. This molecular network

is generally supposed to be completely homogeneous.

However, it has been speculated that both the low fracture toughness of

epoxy and its limited strength could be due to an inhomogeneous network

structure, consisting of differently densely cross-linked areas: A high per-

centage of intra-molecular cross-links in the early stages of the cure reac-

tion could lead to small, highly cross-linked macromolecules within the unre-

acted monomer in the early stages of cure. Those inhomogeneities could then

be partly reduced in the later stages of the cure reaction, but some inhomo-
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geneities might still remain. According to this hypothesis, cured thermosets

consist of hard regions enclosed in a soft matrix. [1]

Early scanning electron microscopy studies on fracture surfaces of ther-

mosets suggested a nodular morphology, i.e., there appeared small spherical

bumps with diameters in the range of 50 nm [2]. In the late 1970s, higher re-

solved transmission electron microscopy images of C–Pt replicas of fracture

surfaces of mostly amine-cured epoxy contributed to the hypothesis that a

nodular morphology was formed in the fracture process [3–7]. Similar nodu-

lar structures were observed on surfaces created by chemical etching [3, 5],

microtomy [8], as well as on surfaces created by removal of a substrate and on

free surfaces [3].

This nodular morphology was in these cases interpreted as an indication

of an inhomogeneous molecular network structure. It was suggested that a

crack propagating through epoxy would follow a low-energy path, breaking

as few cross-links as possible. The crack would therefore propagate through

the areas with the lower cross-link density. Similar hypotheses were invoked

to explain why a nodular morphology was visible on differently prepared sur-

faces (e.g. surfaces from chemical etching).

However, most published indications for an inhomogeneous network

structure in epoxies are contradicted by other reports or can be interpreted in

different ways. For example, some small-angle electron or neutron scattering

measurements yielded the conclusion that epoxy was inhomogeneous [9–11],

while others using similar epoxy systems led to the opposite conclusion [12,

13].

Dušek et al. [14, 15] explained the observed nodular morphology with arti-

facts arising from the sample preparation and/or the investigation by electron

microscopy. They showed that similar – apparently nodular – electron mi-

croscopy images were obtained when replicas of etched fracture surfaces of

amorphous thermoplastics were investigated, which are generally supposed
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to be homogeneous [16]. Based on this set of investigations, it was concluded

that there was neither nodular morphology nor inhomogeneous cross-link

density in cured epoxy. [14, 15]

Atomic force microscopy (AFM) was used for the first time by VanLanding-

ham et al. to investigate the nanometer-scale morphology of epoxy. They

studied the influence of the amine content on the nodular morphology [17].

This work was followed by several investigations of thermoset fracture sur-

faces with AFM [9, 10, 18–22]. Recently, Sahagun and coworkers published a

series of detailed investigations on the nodular morphology on fracture sur-

faces of cured epoxy resins by AFM [1, 23–27]. Duchet and Pascault showed,

however, that apparently nodular structures might as well be due to an in-

evitable AFM artifact that is caused by worn or contaminated AFM tips and

rough surfaces [28].

Besides the experimental work, theoretical explanations for possible inho-

mogeneous curing of thermosets were discussed. It was argued that ther-

mosets cured in a step-growth polymerization, like amine-cured epoxies, may

not generally exhibit an inhomogeneous network structure, while those cured

in a chain-growth polymerization, like polyester resins cured with free radi-

cals, do so [15, 29, 30]. This was explained with the mechanism of the chain-

growth polymerization process.

The aim of this work was to stress the hypothesis that a nodular morphol-

ogy forms in chain-growth polymerized epoxy which results in an inhomoge-

neous modulus distribution. The recently developed AFM mode Peak-Force

Tapping was used to measure moduli at the nanometer scale. Special atten-

tion was drawn to the detection of possible AFM artifacts. For that purpose,

differently prepared surfaces (i.e., with different surface roughness) of the

same material were compared, as well as different AFM probes and contact

forces which were supposed to affect the results. Finally, supposedly differ-

ently inhomogeneous polymers were compared.
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2.4 Experimental

2.4.1 Materials

The chosen epoxy system was an anhydride-cured epoxy, catalyzed by a ter-

tiary amine. The chemical structures of its components are given in fig. 2.1.

The epoxy resin was a diglycidyl ether of bisphenol A (DGEBA, trade name

Epikote 828 LVEL) with an epoxide group content of 5.4 mol/kg, the curing

agent was a methyl-tetrahydrophthalic anhydride (MTHPA, with the trade

name Epikure 3601) with an anhydride group content of 6.0 mol/kg and 1-

methyl imidazole (trade name Epikure Catalyst 201) was used as the tertiary

amine catalyst. All materials were delivered by Momentive (USA).

The cure reaction is initiated by the reaction of the imidazole with the epoxy

ring, creating a zwitterion. This reacts with an anhydride group that, in turn,

reacts with an epoxide group again, and so on. The reaction is strictly alter-

nating. It is important to mention that its exact course is still subject to de-

bate [31]. As the used epoxy is bi-functional, the reaction results in a three-

dimensional molecular network.

Most measurements were conducted on samples from one single epoxy

plate in order to avoid possible influence of the material’s production process.

Unless mentioned, all presented images are from this plate. For its production

stoichiometric amounts of DGEBA (100 parts) and MTHPA (89.2 parts) were

stirred for 10 min with a mechanical overhead mixer at 6000 rpm in vacuum.

Afterwards, 2.00 parts of the imidazole catalyst were stirred in for further 10

min at 6000 rpm in vacuum. The material was cast into a 120×160×4 mm3

steel mold and cured at 120 ◦C for 8 h.

Furthermore, the same process was repeated with only 0.100 parts imi-

dazole catalyst in order to test if a low catalyst content (corresponding to a
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Figure 2.1: The chemical structures of the investigated epoxy system’s components

low initiation rate) leads to the formation of a more inhomogeneous network

structure, as it was assumed for chain-growth polymerizations [30, 32].

Besides that, polystyrene (PS) and polymethylmethacrylate (PMMA) were

investigated as examples of amorphous thermoplastics, as well as an unsatu-

rated polyester (UP) resin and a inter-penetrating network (IPN). Their man-

ufacturing is explained in the Supporting Information section.

2.4.2 Surface preparation

Fracture surfaces were produced by manual fracturing. For that purpose,

roughly 5×5×30 mm3 bars were cut from the plates and a pre-crack of about

3 mm was introduced with a sharp blade. The unfractured samples were glued

to an AFM sample holder disc with an instant adhesive before. They were

fractured immediately before the AFM measurement by slowly bending them

until fracture.

The manually-fractured samples were compared with fracture surfaces cre-

ated in single-edge-notched bending (SENB) tests, which were performed
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according to the respective ISO standard [33] and no qualitative differences

could be observed, suggesting that manual fracturing provides representative

fracture surfaces. Likewise, retests after several weeks showed no qualitative

differences in the AFM results, suggesting that time is not a critical factor.

Ultramicrotome cutting was done in order to obtain as flat and smooth sur-

faces as possible with as little contamination and shearing as possible. In-

stead of keeping the ultramicrotome-cut sections, the remaining stub was

used for AFM investigation. Ultramicrotome cuts of approx. 200×200μm2

were made at room temperature with a Reichert-Jung Ultracut ultramicro-

tome using a Diatome Ultra 35° diamond blade at 1 mm/s. The quality of the

used ultramicrotome blade was determining for the resulting surface rough-

ness.

2.4.3 AFM operation

AFMs are primarily used to obtain topographic information of solid surfaces

at the nanometer scale and below. A sharp tip mounted on a cantilever

touches the surface which causes the cantilever to deflect. This deflection is

proportional to the forces acting between the AFM tip and the investigated

surface; the proportionality factor is the cantilever’s spring constant. The

magnitude of these forces can provide additional, non-topographic informa-

tion on the sample’s properties. [34]

All AFM measurements presented here were done on a MultiMode 8 AFM

from Bruker in the Peak-Force Tapping mode. This mode allows measuring

not only the topography of a surface, but also some of its mechanical proper-

ties.

The peak force Fpeak is the maximum force between the AFM tip and the

sample in a single contact event. In the Peak-Force Tapping mode, Fpeak

is controlled during the scan, which allows scanning at given (low) contact
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forces. Moreover, force–distance curves are recorded for every single contact

between the AFM tip and the sample. This mode is essentially an extension

of the pulsed-force mode with improved force resolution [35].

Besides the sample height Z , the most important measured values for this

work are the Young’s modulus Es (hereafter called modulus) and the adhesion

force Fadh (hereafter called adhesion), which is the maximum attractive force

in a contact event. The modulus is determined by fitting the force–distance

curves to a Derjaguin–Muller–Toporov (DMT) model [36]. This model approx-

imates the AFM tip as a sphere with radius R pressing into a flat surface and

links the contact force F (d ) and deformation (d0−d ) to the material’s reduced

modulus E ∗:

F (d ) =
4

3
E ∗
�

R · (d0−d )3 − Fadh (2.1)

Es was calculated by Es = E ∗/(1− ν2
s ) assuming a Poisson’s ratio of νs = 0.35.

The DMT fit was applied to the retract curve in the range where (F +Fadh)was

within 30 % and 90 % of (Fpeak + Fadh) (see fig. 2.2). For a more detailed ex-

planation of the Peak-Force Tapping technique the reader is referred to the

literature [35, 37].

All images presented here have 512×256 pixels and a scan size of

1000×500 nm2; they were obtained at a scan rate of 1000 nm/s. The AFM

measures each scan line twice; the first scan is called trace and the second

one, which runs in the opposite direction, retrace. For all images presented

here, the two scans were in good agreement with each other. If not mentioned

explicitly, all presented images and curves were taken from the retrace scan.

The measurements were recorded with two different AFM probes, both of

which had been manufactured by Bruker AFM Probes (USA). The trade name

of the first probe is ScanAsyst-Air. It has a relatively soft triangular silicon-

nitride cantilever, with a nominal spring constant of 0.4 N/m, and a very sharp
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Figure 2.2: Peak-Force Tapping evaluation from the AFM force–distance curves (schematic).
The software calculates the sample’s height Z , the peak force Fpeak, the adhesion
force Fadh and the peak deformation ddef. The reduced modulus E ∗ is calculated
from the DMT fit of the retract curve.

nominal tip radius of 2 nm. Whenever this probe was used, the contact force

was kept below 1 nN to avoid that the tip gets blunt and to conserve the high

lateral resolution it can provide. This will hereafter be called soft contact scan-

ning. It is not possible to measure a modulus at these low forces due to the low

ddef and accordingly bad agreement with the DMT model.

The second probe has the trade name RTESPA, a nominal spring constant

of 40 N/m and a nominal tip radius of 8 nm. This is a frequently used rectan-

gular silicon probe type for the investigation of epoxies. This probe was used

at contact forces around 50 nN, which will hereafter be called hard contact

scanning.

In order to measure a sample’s modulus, the spring constant of the probe’s

cantilever must be chosen in a way that the sample and the cantilever deform

by comparable displacements in a usual contact process. The cantilever of the
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RTESPA probe deformed approximately twice as much as the epoxy sample in

a usual contact process, which is why this probe was considered to be suitable.

In order to calculate the actual contact forces, the spring constant of

the probe’s cantilever is needed. It was estimated with the thermal sweep

method [38]. While the exact spring constant of stiff cantilevers cannot be

determined by this method [39], it can serve as a rough estimate and help to

estimate the actually occurring forces better than by using the nominal spring

constants. This is important for the adhesion force measurements.

However, such a rough estimation would not be sufficient to estimate a

sample’s modulus. As there are several influential factors affecting the modu-

lus measurement with the Peak-Force Tapping technique, it is recommended

to do a calibration measurement on a reference sample with known modu-

lus, and to adjust the fit parameters in a way that this modulus is obtained.

A purpose-made PS calibration reference sample with a nominal modulus of

2.7 GPa was used here. The contact forces were chosen in a way that the aver-

age peak deformation ddef was between 2 nm and 3 nm. The standard devia-

tions in the modulus s (Es)measured on clean regions on this sample were in

the range of 4 % to 9 % of the image’s mean modulus Ēs. Hence, a coefficient of

variation ĉv(Es) = s (Es)/Ēs as low as that is representative of the measurement

inaccuracy.

It must be emphasized that the moduli obtained after such a calibration are

only relative values, i.e. the absolute modulus values presented here might dif-

fer considerably from the samples’ real moduli [35]. Moreover, the AFM tip ra-

dius may change during the measurement. This is why the average moduli in

images presented below vary. Nevertheless, the relative modulus differences

within single images are representative.

On the nanometer scale, no qualitative differences were found between dif-

ferent regions of the fracture surfaces, independently of their distance to the

pre-crack. Relatively flat regions were chosen for the investigation as slanted
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surfaces are a major challenge for AFM investigation. The scan angle was cho-

sen in a way that there was a small height difference in the fast scan axis, i.e.

the slow scan axis was parallel to the sample’s height gradient. That way the

sample tracking quality was maximized.

All automatic AFM image post-processing was turned off. Every AFM height

image was manually post-processed by a linear line fit procedure. This pro-

cedure removes each scan line’s tilt individually and subtracts its mean height

value. This step works as an improved plane fit. None of the non-topographic

output images was post-processed.

In order to give additional information of the investigated samples’ surface

roughnesses the arithmetic average roughness Ra was calculated from these

post-processed AFM height images via Ra = N −1
∑N

n=1 |ΔZn |. Here, n are the

individual pixels in the image, N is the total number of pixels, and ΔZn is

the difference between the height Z of n and the image’s mean height. While

more sophisticated roughness parameters exist [40], we chose Ra as it was also

used by Duchet and Pascault [28] and can therefore be compared with their

work more easily. It must be mentioned that roughness values can be am-

biguous as they depend on the way the images were created. Moreover, the

calculated roughness value depends strongly on the image size and on the

number of pixels. Hence, Ra will be given here only for rough statements on

the surface roughness, and only for images with a scan size of 1000×500 nm2

and 512×256 pixels.

2.5 Results and Discussion

2.5.1 Measurements on fracture surfaces

Scanning the epoxy fracture surface with hard contact yields the results pre-

sented in fig. 2.3. The fracture surfaces are relatively rough for highly-resolved
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AFM investigation (Ra = 3.6 nm). The height image seems to show a clear

nodular morphology, similar to what has been reported in literature. Both

the modulus and the adhesion image seem to show strong inhomogeneities

(ĉv(Es) = 24 %).

However, there seems to be a soft-in-hard structure on this surface, which is

in contrast to several statements in the literature which claim that there was a

hard-in-soft structure [17, 21, 41]. This contradiction is crucial, as it cannot be

explained by the hypothesis that the nodular morphology is caused by highly

cross-linked regions within a weakly cross-linked matrix.

An entirely different image is obtained when the same surface (and approx-

imately the same region on that surface) is scanned with soft contact. In this

mode, it is not possible to measure moduli anymore, but one can use signifi-

cantly sharper AFM tips (2 nm instead of 8 nm nominal tip radius), providing

much higher spatial resolution. An image taken in that mode is presented in

fig. 2.4. The surface appears rougher compared to the less sharp AFM probe

(Ra = 6.0 nm), suggesting that more surface details were observed now. For

the same reason the z-scale is extended in this image.

Again, there seems to be a nodular morphology, but the nodules appear

much smaller now when compared to the hard contact image, although the

very same surface was scanned at approx. the same position. This shows that

the apparent nodules in fig. 2.3 are imaging effects rather than surface fea-

tures, as these would yield comparable images independently of the imaging

mode.

This can easily be explained by a well-known AFM artifact, called tip convo-

lution or dilation [42]: The AFM tip has a finite diameter, so that the measured

shapes of surface features are always a combination of their real shapes and

the shape of the AFM tip. Fig. 2.5 schematically shows how a rough surface

(e.g., a fracture surface) appears to consist of small spheres when it is scanned

by an AFM tip of comparable dimensions. Further, it can be speculated that
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Figure 2.3: Typical Peak-Force Tapping images of an epoxy fracture surface for hard contact
scanning. The height image seems to exhibit a nodular structure and both modulus
and adhesion seem to show distinct inhomogeneities. Notice that the modulus
image appears to indicate soft regions in a hard matrix.

the apparently nodular morphology in fig. 2.4 is possibly due to the same ar-

tifact as well, albeit at another size.

It is important to understand that the tip-convolution artifact is not only

caused by the relatively large AFM tip radii, but also by the relatively rough

surface. If the investigated surfaces were smoother, this artifact would widely

disappear, even if measured with the same AFM tip. It is important to empha-

size that the observed nodules do reflect real surface features, but their shape

might be different. However, it is the apparently nodular shape that was fre-

quently interpreted as a sign for inhomogeneities in literature.

Already a decade ago, Duchet and Pascault showed that the morphology of

surfaces imaged via AFM appears to be nodular if the investigated surfaces

are not sufficiently smooth and if the used AFM tip is not freshly cleaned [28].

68



2.5 Results and Discussion

50 nm
250 nm

Figure 2.4: Peak-Force Tapping height image of the same surface as in fig. 2.3, scanned with
soft contact. The nodular morphology appears again, but the nodules are smaller
this time.

measured
surfacereal 

surface

AFM tip

Figure 2.5: Schematic illustration of tip convolution when scanning a rough surface. The small
red circle ( ) highlights the supposed contact point, while the red cross ( ) highlights
the real contact point between the AFM tip and the sample.

Indeed, the images here indicate that also sharp, fresh AFM tips will cause

a rough surface to appear nodular, though on another scale. Cleaning the

AFM tips as recommended by Duchet and Pascault reduces this artifact, but

it cannot be avoided completely.

The tip-convolution artifact is critical exclusively if the interaction geome-

try of the AFM tip is comparable to the geometry of the features on the investi-

gated surface. It plays only a minor role if the surface features are either much

smaller or much larger than the AFM tip. Hence, the material’s morphology

appears to be nodular if the surface roughness is within a given range for a

given AFM tip radius.

This is probably the reason why there is only scant literature reporting a

correlation between material properties and the formation of a nodular mor-
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phology [1, 17, 19, 26]. It is possible that in those few cases differently brit-

tle materials, and hence differently rough surfaces were compared with each

other.

Etching of epoxy surfaces with ion beams was frequently used as a surface

preparation method for subsequent investigation via AFM [22, 43, 44]. It must,

however, still be proven that the presented structures are more than just arti-

facts, considering how common artifacts are on etched polymer surfaces [45].

As the created surfaces are often very rough, it is indeed likely that the images

are afflicted by tip convolution.

It is very likely that all or at least most reports in literature on the nodular

morphology of epoxy fracture surfaces measured by AFM are afflicted by the

tip-convolution artifact. However, various authors reported a similar nodu-

lar morphology which they found in electron microscopy images. Highly re-

solved images at that time were usually obtained by C–Pt replication [3–7]. It

should be investigated if this replication process could result in a similar arti-

fact that causes non-spherical features to appear nodular as well.

2.5.2 Artificially inhomogeneous modulus and adhesion

The emphasis of this work lies on investigating modulus inhomogeneity in

cured epoxy thermosets, as it seems to be visible in fig. 2.3b. However, there is

a strong correlation between the height image and both the modulus and the

adhesion. It is known that non-topographic AFM images (e.g. phase-contrast

images) must be interpreted cautiously if they correlate strongly with the to-

pography [34].

A clearer impression of these correlations can be deduced from line profiles,

like the one presented in fig. 2.6. From those curves, it is obvious that both the

modulus and the adhesion are highest in topographic valleys (for both trace

and retrace scans). As has been pointed out, these apparent valleys are prob-
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ably afflicted by tip convolution and their real shape might deviate strongly

from the one we measured. It is therefore likely that also the non-topographic

output data are afflicted by the same artifact.

This assumption is supported by Peak-Force Tapping images of fractured

amorphous thermoplastics. In fig. 2.7 the fracture surface of PMMA is de-

picted as an example. Due to its higher fracture toughness KIC (KIC,PMMA ≈
2 · KIC,epoxy), the PMMA’s fracture surface is much rougher than that of epoxy

(Ra,PMMA = 11.5 nm). We can easily recognize an apparently nodular mor-

phology analogous to that on epoxy fracture surfaces. PS fracture surfaces

were still much rougher (Ra,PS = 69 nm, images given in the Supporting Infor-

mation), so that their measurement with AFM was even more problematic.

As amorphous thermoplastics are not cross-linked, these apparently nodular

morphologies cannot be explained by inhomogeneous cross-linking.

This observation is in good agreement with the findings of Dušek et al. [14]

and contradicts the findings of Sahagun [23] who claimed that there was no

nodular morphology on PS fracture surfaces. It must be mentioned that the

AFM scans presented by Sahagun showed a very smooth fracture surface. It

is possible that the type of PS was in this case much more brittle than the one

used here, resulting in the smooth fracture surface and therefore in the ab-

sence of an apparently nodular morphology. [14, 23]

Moreover, there are also apparent inhomogeneities visible in the modulus

of the PMMA (ĉv(Es) = 23 %). It seems rather unlikely that the modulus of

PMMA is in fact that strongly inhomogeneous [16]. This suggests that not only

the nodular morphology is (at least partly) due to artifacts, but also the mea-

sured modulus inhomogeneities.
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Figure 2.6: Line profiles of the height Z , the modulus Es and the adhesion Fadh from part of
one line of the image in fig. 2.3. The measured moduli in the two scan directions
agree rather well with each other. Both modulus and adhesion are highest in topo-
graphic valleys.
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Figure 2.7: Peak-Force Tapping images of fractured PMMA. Although PMMA is supposed to be
homogeneous [16], there are strong apparent inhomogeneities measurable.
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2.5.3 Origin of apparent modulus inhomogeneities

One might argue that the apparent modulus inhomogeneities may be due to

variations in Fpeak. It will be discussed in the Supporting Information why this

seems unlikely to be the case.

The origin of these apparent inhomogeneities becomes clear from the

schematic in fig. 2.8: In fig. 2.8a the AFM tip touches the rough surface in only

one single contact point. The touching feature on the surface will deform rel-

atively strongly, giving the appearance of a relatively soft material. In fig. 2.8b,

in contrast, there are two contact points, so that there is a stronger resistance

against deformation. The material appears stiffer here.

It is well-known that the tip–sample contact area is of major importance for

the determination of moduli via AFM [46]. This variation in the tip–sample

contact area is supposedly the reason for the measured modulus appearing

higher in topographic valleys. Likewise, the differently large contact area

leads to different measured adhesions as well [47, 48], as adhesion is related

to the tip–sample contact area. Hence, also the apparent inhomogeneity in

the adhesion can be explained by this hypothesis.

2.5.4 Measurement of ultramicrotome cuts

Many of the artifacts mentioned above are caused by the high surface rough-

ness of the fracture surfaces. The PS reference sample the AFM was calibrated

on has a surface roughness of Ra,ref ≈ 0.5 nm. In order to measure modulus

distributions reliably, similarly smooth surfaces are necessary.

Duchet and Pascault were criticized for using free surfaces as these might

not represent the bulk material’s properties [10, 28]. In order to dispel such

doubts a representative cross-section of the material is necessary. However,

most surface-preparation techniques that are used to provide smooth cross-
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Figure 2.8: Scheme of an AFM tip scanning a rough surface. The small red circles ( ) highlight
which point is supposed to touch the sample surface; the red crosses ( ) highlight
the actual contact points between the AFM tip and the sample. In apparent valleys,
like in (b) the AFM tip touches the sample in several points at once.

sections contaminate the created surface, shear it strongly, or heat it up; each

of these effects is undesired. Moreover, most did not result in sufficiently low

roughness.

Surfaces created by focused-ion-beam milling, for example, were smooth

only in the direction parallel to the ion beam and might be contaminated with

Ga. Surfaces from Ar+-ion etching were very smooth at the nanometer scale

but not sufficiently flat at the micrometer scale. Moreover, both techniques

heat the treated surface and it cannot be excluded that this affects the ma-

terial’s chemistry. Mechanical polishing contaminates the surface with wa-

ter and shears it strongly, and the resulting surface roughness was in the best

cases around Ra,polished ≈ 1.4 nm. In contrast, ultramicrotome cutting is a tech-

nique that provides very smooth surfaces at minimal shear and without con-

tamination or heating. We suppose, therefore, that it provides the most rep-

resentative cross-sectional information for the bulk material.

AFM topography images of one single epoxy ultramicrotome cut were gath-

ered both with soft contact (fig. 2.9) and with hard contact (fig. 2.10a). Both
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images confirm that the surface is very smooth (Ra,soft = 0.38 nm, Ra,hard =

0.29 nm).

In contrast to the claims of Aspbury and Wake [8] there was no nodular mor-

phology visible on most ultramicrotome cuts. However, if the used ultrami-

crotome blade was not sufficiently sharp, the resulting surface roughness was

much higher (Ra > 1 nm). In these cases the surface appeared to be nodular

indeed. However, this morphology changed strongly depending on the used

AFM tip, suggesting that it is, again, not a material property but an artifact

caused by the higher surface roughness. Smooth ultramicrotome-cut sam-

ples (Ra < 0.5 nm) never appeared to be nodular.

There are many tiny bumps visible with soft contact scanning that do not

appear for hard contact. Comparison of trace and retrace images shows that

these bumps are not due to noise, but they represent real surface features.

Supposedly, these bumps are compressed when imaged at hard contact and

therefore only visible at soft contact. Nevertheless, these surfaces are consid-

ered sufficiently smooth for modulus measurements as they are of similarly

low roughness as the PS reference sample.

The modulus and adhesion distribution on the epoxy ultramicrotome cut,

as given in fig. 2.10, are very homogeneous. The coefficient of variation ĉv(Es)

in the modulus is 4.9 % and therefore as low as the one measured on the PS ref-

30 n
m250 n

Figure 2.9: AFM height image of an epoxy ultramicrotome cut, scanned with soft contact. Al-
though the surface roughness is very low, there are small features that are not vis-
ible when scanned with hard contact.

75



2 Publication 1

30 n
m250 n

(a) Height Z

250 nm 3 GPa

2 GPa

(b) Modulus Es

250 nm 4 nN

2 nN

(c) Adhesion Fadh

Figure 2.10: Peak-Force Tapping images of an epoxy ultramicrotome cut, scanned with hard
contact. The surface was very smooth. A scratch from the ultramicrotome cutting
is visible and has a slight influence on the measured modulus and adhesion. The
modulus variations were as low as on the PS reference sample.

erence sample. The discrepancy between these images and those obtained on

fracture surfaces shows that the surface preparation has substantial influence

on the measured modulus distribution. The images of the ultramicrotome

cuts are probably much more representative than images of rougher surfaces.

2.5.5 Further investigated thermosets

Subsequently, thermoset materials were investigated that have been claimed

to be inhomogeneous in literature: For example, it was frequently reported

that thermosetting polymers cured in a chain-growth polymerization cure

reaction exhibit inhomogeneities in their molecular network structure [15,

29, 30, 32]. In particular, inhomogeneities are expected if the materials are

cured at low initiator contents [30, 32]. As presented, we could not verify that
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there were modulus inhomogeneities in anhydride-cured epoxy when cured

at usual catalyst contents. Fig. 2.11 shows the Peak-Force Tapping images of

an epoxy with low catalyst content. Again, the material does not appear to be

inhomogeneous (ĉv(Es) = 4.3 %).

Likewise, UP resins were often mentioned as an example of inhomoge-

neously curing thermosetting polymers [29, 30]. A Peak-Force Tapping image

of such a UP resin (Ra,UP = 0.25 nm) is given in fig. 2.12; once again, there are

no inhomogeneities visible (ĉv(Es) = 8.7 %).

The supposedly most inhomogeneous material we investigated was the

IPN, a mixture of epoxy and UP-resin, cured simultaneously. Such IPNs

were found elsewhere to exhibit strong inhomogeneities at scales around

50 nm [22]. The resulting Peak-Force Tapping images are presented in fig. 2.13.

The variations are once again very low (Ra,UP = 0.31 nm, ĉv(Es) = 6.5 %). As the

modulus variations are in the same range as those in the PS reference sample,

we cannot conclude from these images that the material is inhomogeneous.

The histograms of the modulus images are summarized in fig. 2.14. Mind

that the average modulus values are not representative. For example, the real

modulus of the low-catalyst-content epoxy is most likely comparable to the

one of the standard epoxy. In contrast, the relative scattering allows con-

30 n
m250 n
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Figure 2.11: Peak-Force Tapping images of an ultramicrotome cut of an epoxy cured with a low
catalyst content.
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Figure 2.12: Peak-Force Tapping images of an ultramicrotome cut of an UP-resin.
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Figure 2.13: Peak-Force Tapping images of an ultramicrotome cut of a IPN, a mixture of epoxy
and UP-resin, cured simultaneously. This material was supposed to be particu-
larly inhomogeneous. However, only minor variations in the modulus could be
observed.

clusions on the homogeneity of the material. Clearly, modulus images from

fracture surfaces appear much more inhomogeneous than those from ultra-

microtome cuts do. The scatter of the modulus values of all ultramicrotome

cuts was comparable to the one of the PS reference. In the image of the UP

resin ultramicrotome cut, the modulus values were more discrete than in the

others, but the scatter was still low. The modulus values of the most images

approximate a normal distribution, suggesting that deviations from the mean

are mostly statistical.
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Figure 2.14: Histograms of the presented modulus images, plus the one of the PS reference
sample. Except for the fracture surfaces and the PS reference sample, all his-
tograms are from modulus images of ultramicrotome cuts.

2.5.6 Are cured thermosets inhomogeneous?

The comparison with ultramicrotome cuts shows that fracture surfaces, like

all rough surfaces, are not suitable for measuring the modulus distribution

in a material. This is probably due to the variations in the tip–sample con-

tact area and a consequently poor agreement with the DMT model. Obser-

vations of an inhomogeneous modulus distribution on rough thermoset sur-

faces measured by AFM phase-contrast imaging [17, 28] must, therefore, be

interpreted carefully.

No ordered inhomogeneities beyond the scale of the PS reference sample

could be detected on any of the investigated surfaces. Thus, the investigated

materials are considered homogeneous, or else the possibly existing inhomo-

geneities are too small in their magnitude or in their lateral dimensions to be

measured with the Peak-Force Tapping technique.
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Future work dealing with AFM imaging of possible inhomogeneities shall

avoid that results are afflicted by artifacts. For that purpose, the following

measures are proposed:

• Apparently nodular morphologies should be verified by measurements

with differently sharp AFM probes in order to detect a possible tip-

convolution artifact.

• Non-topographic AFM results should be verified on smooth surfaces,

e.g. ultramicrotome cuts.

• It may be worthwhile to compare supposedly inhomogeneous materi-

als with identically prepared homogeneous materials, e.g. amorphous

thermoplastics.

2.6 Conclusion

It has long since been speculated that thermosets, in particular epoxy, exhibit

a nodular morphology, that is to say, that they consist of hard regions of higher

cross-link density enclosed in soft regions of lower cross-link density. In order

to measure this hypothetically inhomogeneous modulus distribution, epoxy

surfaces from fracture and ultramicrotome cuts and other polymers were in-

vestigated with AFM in the Peak-Force Tapping mode. The following conclu-

sions can be drawn:

• The reported nodular morphology on differently prepared epoxy sur-

faces is most likely due to an AFM artifact. This has be demonstrated by

imaging of the same surface with differently sharp AFM tips.

• A variation in the tip–sample contact area causes an apparently inho-

mogeneous modulus distribution on rough surfaces. Even amorphous
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thermoplastics appear to be inhomogeneous if the investigated surface

is not sufficiently smooth.

• Ultramicrotome cutting seems to be a suitable alternative for the prepa-

ration of a smooth cross section for further measurement of the mod-

ulus distribution in epoxy. It yields very smooth surfaces at minimum

shearing and without contamination.

• Neither the investigated epoxy system, regardless of its catalyst content,

nor any of the other investigated polymers seems to be inhomogeneous

in their modulus.

Future work on the determination of inhomogeneities in thermosetting poly-

mers via AFM should compare differently sharp AFM tips as well as differ-

ently prepared surfaces. Supposedly homogeneous materials should be used

as counterexamples.
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3.2 Abstract

Inorganic, fullerene-like WS2 (IF-WS2) nanoparticles are useful additives for

polymers and lubricating agents, in particular when their surfaces are func-

tionalized by silane modifiers. However, both the success of such a silaniza-

tion reaction and its effect on the final dispersion quality are still doubtful. In

this work, IF-WS2 are functionalized using three different silane modifiers and

investigated with X-ray photoelectron spectrometry, infrared spectroscopy,

titration, thermogravimetric analysis and mass spectroscopy. Eventually, they

are dispersed within ethanol by sonication to compare the dispersing behav-

ior.

The combination of the different analytical techniques revealed that the

IF-WS2 surfaces can be functionalized with two of the used silane modifiers

while the third one was repeatedly unsuccessful. The amount of Si on the

particles seems to be a fairly clear indication for the success of the function-

alization reaction. The IF-WS2 seems to oxidize during the functionalization

process, probably producing acidic SO2 or SO3, which can fully acidify a basic

surface modifier. The executed treatment without any added silane modi-

fier improved the dispersibility of the IF-WS2 within ethanol to some extent,

but added modifiers deteriorated it significantly. TEM images indicate that

IF-WS2 particles form aggregates, which might be the reason for the limited

dispersibility.

Keywords: Silane surface functionalization; Tungsten disulfide; Dispersion; Sonica-

tion
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3.3 Introduction

Inorganic, fullerene-like tungsten disulfide (IF-WS2) nanoparticles are a rela-

tively new class of nanomaterials. They are best known for their outstanding

lubricating effect [1, 2], but there are also promising reports on their use as a

nanofiller for various polymers [3]. While most research in this field was done

on thermoplastics, a few publications dealt with epoxy–IF-WS2 nanocompos-

ites and showed substantial improvements in adhesion fracture toughness

and other mechanical properties [4, 5].

Despite the rather inert nature of IF-WS2 nanoparticles, it was indicated

that it is possible to graft silane surface modifiers onto them in order to im-

prove their dispersibility within lubricating oils [2] and epoxy resins [4], re-

spectively. The lubricating and toughening effects of silane-functionalized

IF-WS2 were superior to those of unfunctionalized IF-WS2. While the exact

course of this silanization reaction is not known, it was assumed that H2O

located at defect sites of the IF-WS2 plays an important role. Besides the

reported improvements, however, a few X-ray photoelectron spectroscopy

(XPS) and infrared (IR) spectroscopy measurements are the only indications

that the silanization reaction did take place. [2, 4]

In this work we investigate the feasibility of a surface functionalization of

IF-WS2 with selected silane modifiers for later use as a nanofiller in epoxy

nanocomposites. The aim of the functionalization was to improve the dis-

persibility of the IF-WS2 as well as their bonding to an epoxy matrix. Special

emphasis was given to detailed characterization of the obtained powders with

various analytical methods.

Chlorosilanes are known to be much more reactive than alkoxysilanes,

which is beneficial for the modification process, but also limits the available

functional groups, as many would react with the chlorosilane themselves.

Alkoxysilanes, in contrast, are available with various functional end groups
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and are usually much more easy to handle, which is an important require-

ment for a possible industrial application.

In this work, treated and untreated IF-WS2 are dispersed within ethanol by

sonication for different time periods. The aim was not to obtain optimum

dispersion quality but rather to investigate the effect of the surface function-

alization on it. Sonication was chosen as it is a rather well defined process

and as it is a frequently reported technique for dispersing IF-WS2 in organic

liquids [2–4, 6–8]. A later publication will deal with the dispersion of these

particles within epoxy and the resulting properties.

3.4 Experimental

3.4.1 Materials

The black IF-WS2 powder with the trade name Nanolub R was received from

NanoMaterials Ltd. (Israel); this source has been used in earlier research pub-

lished by other groups [2, 4, 5, 9]. According to the manufacturer, it was pro-

duced by high-temperature solid–gas synthesis, the primary particles had di-

ameters of 40 nm to 300 nm and they consisted of 10 to 100 WS2 layers, with

an interlayer spacing of 0.62 nm [10].

The silane surface modifiers are depicted in fig. 3.1. The chosen chorosilane

was hexyltrichlorosilane (HTCS, 85 % purity); its rather short carbon chain is

expected to interact well with a fairly polar epoxy resin. Moreover, it does

not act as a plasticizer as strongly as long carbon chains do. The chosen

alkoxysilane modifiers were 3-glycidoxypropyltrimethoxysilane (GTMS, 98 %

purity) and 3-(2-aminoethylamino)propyltrimethoxysilane (AATMS, 80 % pu-

rity). Both are expected to improve the miscibility of nanoparticles with epoxy

resin and their functional groups should react with either epoxy or the amine
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hardener, promising good bonding between the nanoparticles and the epoxy

resin. All silane modifiers were obtained from Sigma-Aldrich (USA).

3.4.2 Processing

For the surface functionalization with the chlorosilane HTCS, chloroform

(CHCl3) was used as a solvent (stabilized with 1 % ethanol, 99 % purity), while

for the functionalization with the alkoxysilanes GTMS and AATMS, ethanol

(EtOH) was used (denaturated with 5 % isopropyl alcohol, 99.9 % purity). Ap-

prox. 100 ml of these solvents were added to 1.00 g IF-WS2 and sonicated for

1 min with a 200 W ultrasonic wave generator (Bandelin Sonoplus HD 2200)

oscillating a Ti6Al4V sonotronde (�3 mm) at maximum intensity. Within a few

seconds, the temperature rose to the boiling point of the respective solvent.

In the case of the CHCl3 suspension, all subsequent steps were done under ex-

clusion of air as the highly reactive chlorosilane might otherwise react with

air moisture.

The suspensions were further sonicated in an ultrasonic bath at the boiling

temperature of the respective solvent while being stirred with a PTFE-mantled

overhead stirrer. In separate flasks, 100 mg of the respective surface modi-

Figure 3.1: Used silane surface modifiers
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fier were dissolved within the respective solvents; these solutions were then

added dropwise to the suspensions with a syringe. After 60 min, the sonica-

tion was stopped and the suspensions were further stirred with magnetic stir-

rers. The EtOH suspensions were stirred overnight at 90 ◦C under reflux while

the CHCl3 suspensions were stirred closed at room temperature.

The day after, the particles were separated from the solvent by centrifug-

ing at 2000g for 3 min per pass. The liquid phase was decanted and kept for

further analysis. When all the solvent was removed, fresh solvent was added,

the suspensions were mixed thoroughly, and then centrifuged again. This was

done three times in order to properly remove the remaining unreacted modi-

fier as well as soluble reaction products. When the liquid phase showed still a

gray color tone after centrifuging, the centrifuging step was redone at higher

speed and longer times, up to 4000g for 30 min. The remaining slurries were

heated to 50 ◦C in vacuum for 1 h to remove the remaining solvent. The pow-

der was then ground with a mortar and a pestle. Finally, the powders were

tempered at 100 ◦C in vacuum for 1 h to make the residual unreacted silane

groups react.

These processes were repeated both with three times the amount of surface

modifier and without surface modifier. Table 3.1 gives an overview over all

treated IF-WS2 powders. All powders were stored in a desiccator over calcium

chloride in vacuum (at approx. 5 mbar).

Suspensions of treated and untreated IF-WS2 within EtOH were sonicated

in order to determine which average agglomerate size can be obtained that

way. For that purpose, 50 ml of EtOH were added to 18 mg IF-WS2 in a round-

bottom flask (particle volume fraction ϕp ≈ 5×10−5). The suspensions were

sonicated the same way as mentioned above for up to 60 min.
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Table 3.1: Overview over all treated IF-WS2 powders

denomination surface modifier solvent
type mass /mg

Ref-EtOH EtOH
Ref-CHCl3 CHCl3
GTMS-1 GTMS 100 EtOH
GTMS-3 GTMS 300 EtOH
AATMS-1 AATMS 100 EtOH
AATMS-3 AATMS 300 EtOH
HTCS-1 HTCS 100 CHCl3
HTCS 3 HTCS 300 CHCl3

3.4.3 Characterization

Transmission IR specta were obtained from 4000 cm−1 to 400 cm−1 with

1.9 cm−1 step size (64 scans, Bruker Tensor 27). Approx. 0.5 mg of IF-WS2 pow-

ders were ground in a mortar together with 150 mg KBr (trade name Spec-

tranal, delivered by Fluka) and subsequently compressed at 0.75 GPa for

2 min.

All treated IF-WS2 powders were investigated using an XPS spectrometer

(Physical Electronics Quantum 2000) to gather additional information on the

success of the silanization reaction. The machine uses monochromatic AlKα
X-rays (hν= 1486.7 eV) and operates at a pressure of 3×10−7 Pa at room tem-

perature. The electron take-off angle was 45° and the analyzer was operated

in the constant pass energy mode at 58.7 eV. The beam diameter chosen was

around 150μm and spectra were recorded with a step size of 0.25 eV. The

powders were pressed into an In foil and kept in vacuum at least 16 h before

the measurement. Electron and Ar+ neutralizers were used to compensate for

possible surface charging. The samples were measured in randomized order.

The spectra were analyzed using the software MultiPak 8.2B. A Shirley back-
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ground subtraction was done on every peak, before its area was calculated by

numerical integration. As the W4f peaks overlap with a W5p3/2 peak, their ar-

eas were instead calculated by fitting those curves with a Gaussian–Lorentzian

function, and only the area belonging to the W4f peaks was used. The atomic

fractions of the individual elements were calculated from these peak areas us-

ing the corrected relative sensitivity factors calculated by the software.

As one of the chosen silane surface modifiers, AATMS, contains two basic

amine groups, its content is measurable by acid–base titration. This was done

on AATMS, on the AATMS-treated IF-WS2 powders and on the EtOH rest from

the two AATMS modifications (called AATMS-X-rest-EtOH). For the titration,

100 mg of AATMS were dissolved in 25 ml of EtOH and another 25 ml of H2O

were added; 100 mg of the AATMS-treated IF-WS2 powders were dispersed in

25 ml of H2O; and 25 ml of the AATMS-X-rest-EtOH were mixed with 25 ml of

H2O. The titration was done with 10 mmol/l HCl or NaOH in H2O using a cali-

brated pH probe. This H2O had been freshly purified to Grade 1 (Thermo Sci-

entific Barnstead NanoPure) [11]. The titration curves were evaluated using

the CurTiPot software [12].

Thermogravimetric analysis (TGA) was performed in order to determine

how effective the silanization had worked (Perkin Elmer TGA 7). Before the

measurement, the powders were heated to 50 ◦C in vacuum for several hours

in order to assure that they were dry. Roughly 6 mg of treated IF-WS2 powders

were heated with 20 ◦C/min under He flow (purity 4.6). At 600 ◦C, the gas was

switched to O2 (purity 2.5).

In order to get more information on the origin of the mass loss in the TGA,

100 mg of HTCS-3 and AATMS-3 were further investigated by TGA combined

with mass spectrometry (TG/MS, Netzsch STA 409 CD with QMS 403 C) at

20 ◦C/min under He flow (purity 4.6).

Scanning electron microscopy (SEM) images were taken to determine the

agglomerate sizes of treated and untreated powders after various sonication
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times. For this purpose, EtOH suspensions were applied dropwise to a Si wafer

and dried at room temperature as it had been done earlier [2]. Images were

gathered with a FEI NovaNanoSEM 230 with a Schottky field emission elec-

tron source operating at 5 kV, imaging secondary electrons with a through-

the-lens detector at 3×10−4 Pa pressure.

Dynamic light scattering (DLS) measurements were performed at 25.0 ◦C
(Malvern Zetasizer Nano Z, laser wavelength 534 nm). While this technique

is best suited for the measurement of the diameters of well-dispersed spheri-

cal primary particles with sizes of 1 nm to 1000 nm [13], it has also been suc-

cessfully used for quantifying agglomerate sizes [14–18]. EtOH suspensions

were diluted with additional EtOH 1:10 (resulting particle volume fraction

ϕp ≈ 5×10−6). The viscosity of neat EtOH was used for the calculation of

particle diameters. Presented values are the means of 15 individual measure-

ments of 30 s each. As recommended by the respective ISO standard [19], the

intensity-weighted average particle diameter x̄DLS was used for evaluation.

For transmission electron microscopy (TEM), a drop of EtOH–IF-WS2 sus-

pension (sonicated for 60 min) was placed on a TEM grid and allowed to dry.

The images were gathered in a Schottky field emission TEM (JEOL 2200FS

TEM/STEM) operating at 200 kV.

3.5 Results and Discussion

As mentioned above, there are two reports indicating that IF-WS2 can be func-

tionalized with chlorosilane or alkoxysilane surface modifiers [2, 4]. As the un-

derlying chemical reaction is, however, not fully understood so far, particular

emphasis was given to a critical characterization with different methods.
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3.5.1 IR spectroscopy

According to literature reports, the presence of surface modifier on IF-WS2

can be detected by transmission IR spectroscopy, where IR bands at

2962 cm−1, 2922 cm−1 and 2852 cm−1 were attributed to – CH3 and – CH2 –

groups [2]. Indeed, all treated IF-WS2 showed IR bands at exactly these po-

sitions, even Ref-EtOH, which has no surface modifier on it; moreover, these

bands were also observed in fresh KBr (data given in the Supporting Informa-

tion). Thus, these IR signals originate most likely from small impurities in the

KBr powder rather than from an organic modifier. There was no significant

increase observed from the fresh KBr to any of the samples of treated IF-WS2.

This might be due to the high absorptivity of IF-WS2: Possible IR signals from

the functionalization might have been reduced to below the noise level.

3.5.2 XPS

XPS survey scans showed that the elements present on the surfaces of the

treated IF-WS2 powders were mostly those expected: W, S, C, O, Si and N. Be-

sides these, there was a small signal of In, which stems from the used foil, and a

small signal of Se, which is in traces often present in transition metal dichalco-

genides. No signal of residual Cl was detected around 200 eV, indicating that

no unreacted HTCS was left.

The highly resolved XPS scans are given in fig. 3.2. The W4f peaks did not

change for any sample, indicating that the surface functionalization did not

alter the chemical state of the W. A WOx signal might be seen as a shoulder

around 36.0 eV as was stated earlier [2, 4], but it is too small to draw a clear

conclusion from.

The shape of the S2p peaks did not change either, but a side peak formed at

higher binding energy in some cases. Späth et al. have already reported such
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Figure 3.2: XPS spectra of all treated IF-WS2 powders with the presumed assignment
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a side peak in untreated, but aged IF-WS2 and attributed it to SOx [9], and this

interpretation is shared in the present work. As it was assumed that this side

peak came from S2p as well, its area was composed in the measurement of the

S content.

Both O1s and C1s are compounded of at least two different peaks each, the

ratio of which varies among the samples. The binding energy of Si2p of approx.

102.4 eV is in good agreement with that reported for siloxanes [20]. A broad,

low-intensity peak appeared to be present for all samples overlapping with

the Si2p peak (see fig. 3.2); as this peak was assumed to be a signal from the W,

it was removed by background subtraction before calculation of the Si2p peak

area.

The measured atomic fractions of the individual elements are given in ta-

ble 3.2. Note that the absolute measurement uncertainty of atomic fractions

determined by XPS is usually in the range of ±10 %, while the relative differ-

ences between the individual samples might be measured more accurately.

The detection limit depends on the investigated signal and on the background

and lies usually at atomic fractions below 1.0 %.

The S/W ratio was generally slightly lower than 2. This might be explained

with the substitution of some S atoms by Se, or by the fact that some IF-WS2

nanoparticles might be broken up and WO3 from their core might have been

measured. Given the limited accuracy of XPS with respect to quantification of

composition, however, no further conclusions can be drawn from that. Even

though the measurement order was random, the high correlation between

similarly treated powders suggests that the S/W ratio is indeed affected by the

used modifier and/or the used solvent.

The increase in C1s content might be used as an indication for a successful

functionalization as it has been done earlier [2, 4]. However, while the C con-

tent is very low in Ref-EtOH, it is much higher in Ref-CHCl3; this shows that

an increase in the C1s peak alone does not necessarily provide proof of suc-
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Table 3.2: Atomic fractions of the investigated elements as calculated from the curves in
fig. 3.2 and ratios thereof.

W S C O Si N S/W SOx/S
at.% at.% at.% at.% at.% at.% %

Ref-EtOH 31.4 55.2 3.0 10.4 * * 1.76 *
Ref-CHCl3 19.1 37.4 17.4 21.2 * 4.4 1.96 8.9
GTMS-1 30.8 54.5 4.7 9.3 * * 1.77 *
GTMS-3 25.2 44.1 21.9 8.4 * * 1.75 *
AATMS-1 15.8 30.8 22.6 23.4 3.4 4.0 1.94 7.1
AATMS-3 11.3 21.5 31.7 26.1 4.2 5.2 1.90 11.1
HTCS-1 12.3 22.9 38.3 20.7 4.3 1.5 1.86 6.2
HTCS 3 13.3 24.7 31.1 23.0 5.6 2.3 1.85 6.5

*Signal below the detection limit.

cessful functionalization. Due to the high surface sensitivity of XPS, already

small amounts of contaminants affect the measurement considerably, and C

is known to be a ubiquitous contaminant. The shift in the C1s peak of Ref-CHCl3
is not significantly different from that of the functionalized powders neither.

The same is true for the O1s peak: While it increases strongly and shifts after

functionalization, an increase or shift alone is not sufficient to tell whether

the functionalization was successful. The strong N1s peak of the AATMS-

functionalized powders agrees well with the assumed presence of amines

and thus indicates that those powders have been functionalized successfully.

However, Ref-CHCl3 and some powders functionalized with N-free modifiers

showed clear N1s peaks as well, which is again presumably due to contami-

nants.

In contrast, the Si2p peak is clearly measurable for some samples and not

detectable for others. It hence seems that this peak provides clear evidence

on whether the functionalization process was successful. It can therefore be

concluded that both functionalization reactions with GTMS were unsuccess-
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ful, while those with AATMS and those with HTCS were all successful. It is un-

clear why the functionalization with AATMS should be successful when that

with GTMS is not as the type of reaction is the same, but the increase in the C1s,

O1s and N1s peaks support this interpretation. Moreover, it is not clear whether

the silane modifiers attach to the IF-WS2 by chemical bonds or just by ph-

ysisorption.

The presence of the SOx peak correlates strongly with the O content, indi-

cating that it is indeed due to oxidized S. While Späth et al. showed that IF-WS2

oxidize upon exposure to ambient air for long time periods (three years) [9],

we can see here that the performed treatment can cause oxidation as well;

the SOx peak of Ref-CHCl3 shows that the presence of silanes was not neces-

sary for an oxidation reaction. Rather, the reason for this oxidation might lie

in the short sonication at the beginning of the treatment. The high local tem-

peratures during the sonication of up to 5000 K [21]might lead to the degra-

dation of the IF-WS2 or the used solvents and the resulting formation of ox-

idative degradation products. Späth et al. assumed that the oxidized S might

be present in the form of SO4
2 – . In order to test that, small amounts of treated

IF-WS2 powders and of EtOH rests left from the treatment were mixed with

H2O and BaCl2. As no precipitate formed in any of these cases, the presence of

SO4
2 – seems unlikely.

Due to the contaminations with C, O and N, only limited conclusions can

be drawn from the atomic ratios of these. Analyzing the amount of shifting of

the C1s and the O1s peaks did not yield conclusive facts neither.

3.5.3 Titration

The well-reproducible titration curve of AATMS shows two pH steps as it

is typical for diprotic bases. However, significantly more than double the

amount of HCl had to be added until the second pH step than until the first
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one, namely 2.4 times that much (see fig. 3.3). This indicates that some por-

tion of the AATMS molecules, namely 34 %, had been monoprotonated al-

ready before their delivery, making one of their amine groups an ammonium

group. This is not unexpected, given the limited purity of the AATMS and the

fact that amines are easily protonated.

The amine group content in AATMS can be quantified by subtracting the

amount of HCl necessary until the first pH step (where half of the molecules

are protonated once) from that necessary until the second pH step (where half

of the molecules are protonated twice). More precise results were obtained

with the titration curve fitting software. The measured acid disscociation con-

stants Ka calculated by curve fitting were 10−6.57 and 10−9.77 and therefore sim-

ilar to 10−6.86 and 10−9.92 which are stated for ethylenediamine [22]. The amine

group content was as high as 9.5 mmol/g and hence higher than the theoret-

ically expected value of 9.0 mmol/g. It seems, therefore, that some diamine

was present in the form of the AATMS’s precursor, that is to say, without a

trimethoxysilane group. Once again, this is not unexpected given AATMS’s

limited purity. All subsequent calculations were done assuming an amine

group content of 9.5 mmol/g.

A comparable titration was done on AATMS-3-rest-EtOH. The titration

curve was again well reproducible, and once again showed two pH steps at

the same pH values, indicating that there was still AATMS left in the EtOH

after centrifugation. This time, the results indicate that 92 % of the AATMS

molecules have been protonated already once, which is significantly more

than before the treatment. Thus, acidic groups have been added or created

during the treatment. Considering the XPS results, this is most likely due to

the SOx surface groups that were sometimes produced during the treatment.

It is worth noting that untreated IF-WS2 leads to acidic pH when dispersed

within H2O which may stem for the H2S-rich atmosphere usually used for their

synthesis [23, 24], possibly resulting in SOx surface groups as well. Consider-
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Figure 3.3: Measured and calculated titration curves of AATMS and AATMS-3-rest-EtOH

ing the titration curves, 0.63 mmol acid groups were present before or cre-

ated during the AATMS-3 functionalization process. The titration indicates

that 1.1 mmol AATMS was left in the used EtOH, which corresponds to 74 %

of the amount added initially. Assuming that the residual 26 % of the AATMS

molecules adhered to the IF-WS2 particles, one can estimate the maximum

organic mass fraction of AATMS-3 to 7.2 %.

In the case of AATMS-1-rest-EtOH, the pH is acidic right from the begin-

ning; the titration was therefore done with 10 mmol/l NaOH instead. The well

reproducible curve shape is similar to those reported above, as there are once

again two pH steps at the same pH values (data given in the Supporting Infor-

mation). This indicates that AATMS modifier was present in AATMS-1-rest-

EtOH, but more acid groups had been present before or created during the

treatment than base groups had been added in the form of AATMS, namely

0.93 mmol. Hence, AATMS-1 is functionalized with diammonium molecules
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rather than with diamines. The amount of diammonium measured in the

sample corresponds to 47 % of the nominally added AATMS. Assuming that

the other 53 % adhered on the IF-WS2 particles, one can estimate the maxi-

mum organic mass fraction of AATMS-1 to 5.8 %.

Comparable titrations were done on the modified powders AATMS-1 and

AATMS-3 as well (data given in the Supporting Information). AATMS-3 re-

sults in a basic pH value when dispersed within H2O while AATMS-1 results in

an acidic pH value, which is in good agreement with the results of the respec-

tive EtOH rests. However, the obtained titration curves were not as well de-

fined as those and the measured diamine contents far exceeded the expected

amounts. This is most likely due to the participation of the IF-WS2 in the acid–

base reaction during the titration, e.g., with their oxidized S groups, thereby

wrongly indicating very high modifier contents. Quantitative titration results

must therefore be interpreted cautiously.

3.5.4 TGA

In inert atmosphere, IF-WS2 are stable to above 1000 ◦C [10], while organic

molecules decompose between 200 ◦C and 600 ◦C; it was therefore expected

that the organic content of the treated powders could be measured by TGA.

Fig. 3.4 shows the mass of all treated IF-WS2 powders over temperature. The

largest mass loss occurs at 600 ◦C, when the flow gas is switched to O2; here, the

W of the outermost WS2 layers oxidizes to WO3 and the S oxidizes, e.g., to SO2,

and vaporizes. The yellow color of the residual powder after the measurement

indicates WO3 as well.

Even though the powders had been stored in a vacuum exsiccator and dried

in a vacuum oven just before the measurement, all treated powders, whether

functionalized or not, lost 0.8 % to 1.5 % of their mass below 220 ◦C. This is

most likely due to firmly bound H2O molecules that are either hard to remove
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or that are taken up quickly after drying. The presence of H2O on IF-WS2 has

been reported earlier and was explained with H2O molecules in the voids in

the center of the IF-WS2 as well as in defects in the IF-WS2 structure [25].

Generally, powders that were treated similarly show similar mass loss be-

havior, showing that the mass loss is affected by the silane treatment. How-

ever, Ref-CHCl3 shows significant mass loss as well, even though it contains no

surface modifier. This shows that the TGA mass loss alone is not sufficient as

a measure for the organic content of IF-WS2. In contrast, these results once

again indicate that the used solvent affects the powders, as the TGA curve of

Ref-CHCl3 is very similar that of the HTCS-modified powders, which have been

treated within CHCl3 as well.

The AATMS-modified powders are the only ones whose mass loss behavior

is significantly different from that of all other powders, including the reference

curves. The significant mass loss around 290 ◦C indicates the decomposition

of the supposed ammonium in the AATMS molecule, which might work simi-

lar to a Hofmann elimination. Thermal loss of ammonium modifiers has been

reported earlier to take place at roughly that temperature [26]. This again in-

dicates that the functionalization with AATMS was successful.

Interestingly, the TGA mass loss correlates strongly with the C, O, N and SOx

contents measured by XPS (see table 3.2). This is in good agreement with the

assumption that the TGA mass loss is mainly due to removal of CO2, H2O, SOx

and ammonium compounds. Note that the TGA curves of the HTCS-modified

powders are entirely different if the tempering step is omitted as unreacted

chlorosilanes might then react during the measurement, releasing HCl (details

given in the Supporting Information).
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Figure 3.4: TGA curves of all treated powders

3.5.5 TG/MS

The composition of the gas produced during a TGA measurement was ana-

lyzed via TG/MS measurements on AATMS-3 and HTCS-3 in order to obtain

additional information on the origin of the mass loss; the analyzed ratios of

ion mass m to ion charge q were chosen in a way to analyze possible traces of

CO2, H2O, HCl and ammonium compounds in the gas.

The results support the assumption that the mass loss is mainly due to H2O

and CO2, and in the case of AATMS-3 possibly also due to succession of am-

monium compounds (detailed results and discussion given in the Supporting

Information). No traces of HCl were detected, indicating that no unreacted

chlorosilanes were left after tempering at 100 ◦C. The detected CO2 indicates

that organic species were present on both samples and hence that these pow-

ders had been functionalized successfully. The detection of ammonium com-

pounds further supports this assumption for AATMS-3.
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3.5.6 Sonication of untreated IF-WS2 powders

During sonication, agglomerates are split into two or more differently large

parts until a final agglomerate size is reached. As agglomerates can also re-

form during sonication, it is possible that not all agglomerates will be split

even after infinitely long sonication times, hence the final average number

of primary particles per agglomerate nend might be more than unity. It is as-

sumed here that the reduction of the average number of particles per agglom-

erate n over time t is proportional to the difference between n and nend:

τ · dn

dt
=−[n (t )−nend] (3.1)

with the proportionality factorτ being called time constant. Integrating gives:

n (t ) = nend+ (n0−nend) · e − t
τ (3.2)

with n0 = n (t = 0). Due to n0� nend this can be rewritten to:

n (t ) = nend+n0 · e − t
τ (3.3)

The time tα until a certain ratioα of the final dispersion quality is reached can

be calculated:

1−α= n (tα)−nend

n0−nend
≈ n (tα)−nend

n0
= e −

tα
τ (3.4)

tα =−τ · ln(1−α) (3.5)

The n in eq. (3.3) can be substituted by the average agglomerate volume V or

the average agglomerate diameter d due to n∝ V ∝ d 3:

d 3(t ) = d 3
end+d 3

0 · e − t
τ (3.6)
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In order to measure agglomerate sizes after sonication, SEM imaging was

used in a first attempt as it was done in an earlier work [2]. Some differences

are visible between SEM images of samples sonicated for very short and very

long time periods, respectively (e.g., for 10 s and 60 min; see fig. 3.5, additional

images in the Supporting Information): While individual primary particles

can be seen in most samples, agglomerates of micrometer dimensions are

visible more often in samples that had been sonicated for shorter time pe-

riods, which shows that sonication is generally able to break agglomerates.

However, nanoparticles tend to reagglomerate upon drying due to their van-

der-Waals interaction, which is the stronger the smaller the particles are. The

IF-WS2 agglomerates had hence quite likely been significantly smaller within

the EtOH suspension before it dried. Moreover, SEM images are very difficult

to quantify sensibly. In contrast, DLS is done directly on suspensions and is

statistically much more useful, which is why it was considered a superior tool

for measuring agglomerate size distributions.

The IF-WS2 suspension became dark black within a few seconds of son-

ication, indicating successful dispersion. Nevertheless, large agglomerates

were visible as well, even after 60 min of sonication. Hence, it seems that the

sonication resulted in a polydisperse, bimodal agglomerate size distribution.

5 μm 1 μm

Figure 3.5: SEM images of dried Ref-EtOH after sonication for 10 s (left) and 60 min (right),
respectively, showing IF-WS2 agglomerates
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DLS is very sensitive to polydispersity; already few large agglomerates will re-

sult in a measurement outlier. Such outliers appeared very frequently, even

though most large agglomerates sedimented quickly and thus did not affect

the DLS measurement. Unfortunately, the automatic outlier detection by the

DLS software did not work reliably enough, which is why some outliers had

to be excluded manually. Fig. 3.6 shows the measured x̄DLS after two differ-

ent sonication set-ups (different probe diameter, with and without stirring).

The empty points indicate excluded data. The remaining data were fitted to

eq. (3.6) and the fit is given in fig. 3.6 with its 95-%-confidence interval.

Each sample was measured twice with the DLS, and the results normally

agreed well. This shows that the repeatability of the DLS was reasonable, but

that some of the samples contained large agglomerates that caused problems.

Interestingly, the results appeared to be better when a probe of smaller diam-

eter was used and when the liquid was not stirred. However, this is probably

just because the large agglomerates were mostly sedimented on the bottom of

the beaker and hence fewer of them were collected for measurement. These

results are thus probably not representative for the real agglomerate size dis-

tribution.

Fig. 3.6 shows that eq. (3.6) fits the selected data points quite well and seems

to be more appropriate than models suggested elsewhere [15]. The fit param-

eters are listed in table 3.3: Independently of the set-up, τ was below 2 min.

Inserting these values into eq. (3.5) gives t0.99 < 10 min, meaning that 99 % of

the final dispersion quality will be obtained within 10 min for both investi-

gated sonication set-ups. The dend agrees very well for both sonication set-

ups, but in both cases it is still much larger than the diameter of the primary

particles. Thus, it seems that agglomerates remain even after long sonication

times.

The agglomerate sizes visible in TEM images agree reasonably well with the

SEM and DLS results: While individual primary particles do exist, there are
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excluded data
2 mm probe, no stirring
13 mm probe, stirring

Figure 3.6: x̄DLS over sonication time of IF-WS2 within EtOH as measured by DLS with two
different sonication set-ups. The data were fitted using eq. (3.6); the bands repre-
sent the 95 %-confidence interval.

Table 3.3: Fit parameters of the curves in fig. 3.6, giving the final average diameter of particles
after sonication dend, their initial diameter d0 and the time constant τ as modeled
with eq. (3.6).

probe � dend /nm d0 /nm τ/min

13 mm 239±21 1020±67 1.29±0.22
2 mm 247±11 626±16 1.75±0.18

also agglomerates of different sizes even after 60 min of sonication. It seems

as if some of the particles were broken up; however, it cannot be stated if these

particles had broken up during sonication or if they were broken up already

before. Likewise, it is unclear to what extent the nanoparticles had reagglom-

erated upon drying on the TEM grid, analogous to the possible reagglomera-

tion on the Si wafers as observed via SEM.

Two of the primary IF-WS2 particles in fig. 3.7 share some WS2 layers with

each other. Hence, the adhesion between them is not just due to van-der-
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Waals forces but they are conjoined by covalent bonds. Such conjoined

nanoparticles could be observed several times. Thus, it seems as if some ag-

glomerates are rather aggregates, or agglomerates of aggregates. The fact that

the final agglomerate diameter is significantly larger than that of the primary

particles supports the assumption that a significant fraction of the IF-WS2 is

present in the form of aggregates.

3.5.7 Sonication of treated IF-WS2 powders

The treated powders were sonicated within EtOH the same way as the un-

treated ones (examples given in fig. 3.8). Once again, some measurement re-

sults had to be excluded arbitrarily, but the data generally obey eq. (3.6). The

fitting parameters are given in table 3.4.

The reference powders and the nominally GTMS-functionalized powders

show strongly reduced dend, d0, and with one exception, τ. Thus, the treat-

ment improved the initial dispersion quality as well as the dispersibility of the

powders, even though there was no modifier added to the reference powders

and the GTMS functionalization was probably unsuccessful. The improve-

ments are most likely due to the short sonication and the grinding with mortar

and pestle during the treatment.

In contrast, the successfully functionalized powders had an increased d0

and with one exception an increased dend when compared to the untreated

powders; moreover, the scatter was strongly increased. Hence, the silane

functionalization deteriorated the dispersibility of IF-WS2 rather than to im-

prove it, even though the treatment itself was shown to improve the dispersion

quality significantly. It seems, therefore, that the silane modifiers caused the

IF-WS2 agglomerates to stick together.

These results indicate that surface functionalization of IF-WS2 with organic

molecules is possible, but does not necessarily improve its dispersibility in
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Figure 3.7: TEM image of IF-WS2 nanoparticles after 60 min of sonication in EtOH. The
framed area is magnified in the bottom left corner with enhanced contrast.

GTMS-1
 

excluded data

HTCS-1

Figure 3.8: x̄DLS over sonication time of two treated IF-WS2 within EtOH as measured by DLS.
The data were fitted using eq. (3.6); the bands represent the 95 %-confidence in-
terval.
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Table 3.4: Fit parameters of the DLS measurement results of all treated IF-WS2 dispersed
within EtOH, fitted by eq. (3.6)

dend /nm d0 /nm τ/min

Ref-EtOH 210±4 306±12 0.73±0.13
Ref-CHCl3 228±11 384±27 0.70±0.24
GTMS-1 211±4 282±8 0.99±0.15
GTMS-3 222±3 345±7 1.85±0.22
AATMS-1 422±34 1226±145 1.76±0.23
AATMS-3 620±52 1714±204 1.41±0.14
HTCS-1 223±64 1350±75 2.43±0.45
HTCS-3 309±36 1844±440 0.11±0.04

fairly polar solvents like EtOH. The forces holding the individual IF-WS2 par-

ticles together are very small to begin with and are hence not reduced by silane

surface modifiers. Possible positive effects of the surface functionalization on

the long-term dispersion stability [2]might not be related to improved disper-

sion quality. Likewise, the enhanced properties of IF-WS2-epoxy nanocom-

posites [4]might be caused by other factors.

3.6 Conclusion and Outlook

This work deals with three types of silane surface functionalization of IF-WS2,

their characterization and their dispersion within EtOH. Various measure-

ments indicate that the modifications with HTCS and AATMS were successful

while that with GTMS was not. The most direct evidence for successful modi-

fication was the presence of the Si2p peak in the XPS curves, while the increase

in the C, O or N contents were considered inconclusive.

The performed treatment, both with and without silane modifiers added,

resulted in the formation of SOx groups, most likely SO2 or SO3. These de-
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crease the pH of the suspension and can hence partially or fully protonate the

surface modifier. As long as this effect is taken into account, acid–base titra-

tion of the residual solvent left from the treatment can be used to determine

indirectly the presence and to some extent the quantity of basic or acidic sur-

face modifier on the nanoparticles.

Strongly bound H2O was still present on the IF-WS2 powders after drying

them at 50 ◦C in vacuum for several hours. Together with the evaporation of

SOx, this complicates the determination of organic contents with TGA. Only

the amine-functionalized IF-WS2 could be clearly discriminated from the ref-

erences.

The powders were dispersed within EtOH by sonication down to agglomer-

ate diameters of approx. 200 nm, which is still larger than the nominal average

primary particle size (around 100 nm). The development of agglomerate sizes

over sonication time could be measured by DLS reasonably well, although

several outliers had to be excluded, likely caused by bimodal polydispersity.

Equation (3.6) approximated the evolution of the measured agglomerate size

over sonication time reasonably well. After 10 min, further sonication does

not seem to reduce the agglomerate sizes any further. TEM images show that

some of the primary particles were conjoined with each other, forming aggre-

gates; this might explain why the agglomerate size could not be reduced any

further.

The performed treatment can hence help to limit the initial agglomerate

size and to accelerate the size reduction upon sonication, but barely reduces

the final agglomerate size. Moreover, the successfully functionalized powders

showed significantly inferior dispersibility in EtOH to the unfunctionalized

references. This shows that the chemical interaction between the IF-WS2 and

the dispersion solvent is not the factor limiting the dispersion quality.

In an upcoming work, these IF-WS2 powders will be used to manufacture

epoxy nanocomposites with special focus on the resulting fracture tough-
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ness. Special emphasis will be given to the obtained dispersion quality and

the bonding between the IF-WS2 particles and the epoxy matrix.
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4.2 Abstract

Fullerene-like WS2 (IF-WS2) nanoparticles (NPs), some with silane-based sur-

face functionalization, were dispersed within epoxy as toughening agents.

Dispersion by sonication resulted in a broad and likely bimodal agglomerate

size distribution and in thermo-oxidative degradation. In contrast, three-roll

milling gave good and well reproducible dispersion quality as measured by

dynamic light scattering (DLS). The fracture toughness increased consider-

ably, independently of the functionalization. Atomic-force microscopy indi-

cated that the epoxy’s modulus close to the NPs did not differ from the bulk

modulus, thus modulus inhomogeneities cannot explain the toughness in-

crease. Fracture surfaces show curved crack lines several hundred nanome-

ters distant from the NPs, which are likely due to secondary cracks induced at

the nanoparticle surfaces. The resulting increase in the fracture surface area

and possible shear fracture are likely toughening mechanisms.

Keywords: Nano composites; Fracture; Crack; Atomic force microscopy (AFM); Frac-

tography

4.3 Introduction

Epoxy is a polymeric material known for its high strength and modulus, but

also for its limited fracture toughness, which is why it is frequently toughened

by fillers. In recent years, particular attention is given to nanofillers, as already

small amounts can toughen epoxy considerably: For each percent of zero-
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dimensional nanoparticles (NPs) added by volume, the critical energy release

rate GIc of epoxy typically increases by 15 % to 75 % and the critical stress-

intensity factor KIc by 5 % to 30 % [1–4].

Inorganic, fullerene-like tungsten disulfide (IF-WS2) is a relatively new class

of NPs. It is best known for its outstanding lubricating effect [5], but there

are also promising reports on its use as a nanofiller for polymers [6]. While

most work in this field was done on thermoplastics, a few papers dealt with

epoxy–IF-WS2 nanocomposites and showed substantial improvements in ad-

hesion fracture toughness and other mechanical properties [7, 8]. Shneider et

al. showed that the GIc of epoxy increases by more than 40 % upon addition of

0.5 % by mass of IF-WS2, corresponding to appox. 0.09 % by volume [8]. This

corresponds to a GIc increase of more than 500 % per percent of untreated

IF-WS2 added by volume.

Despite the rather inert nature of IF-WS2, it was indicated that it is possible

to graft silane surface modifiers onto them in order to improve their misci-

bility with oils [9] or epoxy resins [8], as confirmed recently [10]. By addition

of 0.5 % by mass of functionalized IF-WS2 NPs, a GIc increase of 70 % could

be achieved [8], corresponding to an increase of 800 % per percent of IF-WS2

added by volume.

Among the numerous factors that affect the properties of nanocomposites,

the dispersion quality is one of the key factors: Unless homogeneous and re-

producible dispersion quality are guaranteed, the measured results must be

considered somewhat arbitrary and cannot be generalized. If the dispersion

quality is poor, i.e., the NPs appear in large agglomerates, then the filler acts

like a conventional microfiller and less expensive fillers might provide compa-

rable improvements. So far, IF-WS2 NPs were dispersed within epoxy by sim-

ple mechanical mixing [11, 12] and in some cases by additional sonication [7,

8]. Agglomerates were observed microscopically in each of these works, but
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their size distribution was not quantified. It is thus unclear to what extent the

reported effects were caused by nanoscale effects.

Shneider et al. have shown crack lines on epoxy–IF-WS2 nanocomposite

fracture surfaces that were several hundred nanometers distant from the NPs

and often roughly parabolic in shape. These were interpreted as indicating

nodules, i.e., for regions around the IF-WS2 NPs where the epoxy’s modulus

was higher than in the bulk material. This inhomogeneous modulus distri-

bution was assumed to be the main toughening mechanism [8]. It is unclear

which effects could cause such modulus inhomogeneity. Liu et al. hypoth-

esized that the epoxy–amine group ratio was imbalanced in the vicinity of

NPs [13], which might result in an inhomogeneous modulus distribution. Fur-

ther possible causes are preferred cure initiation at the NP surfaces, inhibited

cure shrinkage or a plasticizing effect of the NP surface modifier. As signif-

icant surface moisture has been measured on the NPs [10], this might also

affect the cure reaction or plasticize the epoxy. However, no modulus inho-

mogeneities have been measured so far. Moreover, for unfilled epoxy it has

been questioned if such nodules do actually exist [14].

The aim of the present work is to investigate the toughening effects of

(partly surface-functionalized) IF-WS2 NPs in epoxy nanocomposites, as well

as the significance of the dispersion quality and the NP surface chemistry for

them. Sonication is compared to three-roll mill (3RM), with regards to their

effects on the neat epoxy and the resulting dispersion quality and fracture me-

chanics. The origin of the mentioned crack lines is investigated by SEM and

topographic and nanomechanical AFM imaging, and alternative hypotheses

are proposed to explain their formation.
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4.4 Experimental

4.4.1 Materials

The epoxy resin is a diglycidyl ether of bisphenol A (DGEBA, trade name

Epikote 828 LVEL from Momentive, USA) with an epoxide group content of

5.4 mol/kg and a viscosity of 11 Pa s. The curing agent is a polyetheramine

(trade name Jeffamine T-403 from Huntsman, USA) with an amine group con-

tent of 6.3 mol/kg.

The IF-WS2 NP powder (trade name Nanolub R) was obtained from the

same supplier (NanoMaterials Ltd., Israel) as that used in research published

by others earlier [7–9]. However, changes in the manufacturing process with

time or unintentional variation from batch to batch cannot be excluded. Ac-

cording to the manufacturer, this powder was produced by high-temperature

solid–gas synthesis, the primary particles had diameters of 50 nm to 150 nm

and they consisted of 10 to 100 WS2 layers, with an interlayer spacing of

0.62 nm. Representative transmission electron microscopy images of these

particles are given in an earlier work [10] as well as in the Supporting Infor-

mation of this chapter.

These powders were functionalized with the silane surface modifiers

3-glycidoxypropyltrimethoxysilane (GTMS), 3-(2-aminoethylamino)propyl-

trimethoxysilane (AATMS) and hexyltrichlorosilane (HTCS) (structure formu-

las given in the Supporting Information); the preparation procedure is given

in table 4.1. The exact functionalization process and the outcome are de-

scribed elsewhere [10]. Note that the results there indicate that the surface

functionalizations with AATMS and with HTCS were successful while that

with GTMS might not have been.
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Table 4.1: Overview over all treated IF-WS2 powders

denomination surface modifier solvent
type mass /mg

Ref-EtOH EtOH
Ref-CHCl3 CHCl3
GTMS-1 GTMS 100 EtOH
GTMS-3 GTMS 300 EtOH
AATMS-1 AATMS 100 EtOH
AATMS-3 AATMS 300 EtOH
HTCS-1 HTCS 100 CHCl3
HTCS 3 HTCS 300 CHCl3

4.4.2 Processing

For the preparation of the DGEBA–IF-WS2 master batches, 0.7 parts by mass

(pbm) of the IF-WS2 powders were mixed with 100 pbm of DGEBA first man-

ually with a spatula and then with an overhead stirrer turning at 2000 min−1

for 5 min. Dispersing was done either by sonication or in a 3RM. Sonication

was executed for up to 60 min with a 200 W ultrasonic wave generator (Sono-

plus HD 2200 from Bandelin, Germany) equipped with a Ti6Al4V sonotronde

(�13 mm) at maximum intensity. In doing so, the suspension was stirred with

a magnetic stirrer and was held in a stirred water bath for temperature control.

Its temperature increased to roughly 90 ◦C within about 5 min. The effective

sonication power was in the range of 100 W as measured by the electric en-

ergy consumption. The same procedure was done on neat DGEBA in order

to determine the sonication-induced material damage (see Supporting Infor-

mation).

The rolls (200 mm wide, �150 mm) of the 3RM (SDY-200 from Bühler,

Switzerland) were permanently cooled to 20 ◦C and turned at 45 min−1,

110 min−1 and 220 min−1, respectively. For the first 5 min, the fastest roll was
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separated from the other two, so that the suspension was only sheared be-

tween these. This step serves mainly for mixing rather than for dispersing.

Afterwards, the fastest roll was pressed onto the middle roll with a force of

12 kN so that the suspension was sheared in between them. The material was

collected and passed through the 3RM two further times.

Afterwards, either 100 pbm of neat DGEBA or 100.7 pbm of the processed

DGEBA–IF-WS2 master batches were mixed with 40 pbm of polyetheramine

curing agent, resulting in a NP loading of 0.5 % by mass or approx. 0.09 % by

volume. This substoichiometric epoxide–amine group ratio was chosen for

the sake of comparability with an earlier work [8]; for a stoichiometric mix-

ture, 43.9 pbm of curing agent would have been necessary. Mixing was done

first manually with a spatula and then with an overhead stirrer turning at

2000 min−1 for 5 min. Afterwards, the mixture was poured into a wide beaker

(�140 mm) and degassed in a vacuum oven at 80 ◦C to approx. 30 mbar. The

mixtures had to reach approx. 70 ◦C until the air bubbles broke, which took

approx. 7 min. Subsequently, the mixture was poured into a steel mold of

160×120×4 mm3, the surfaces of which had been coated with a mold release

agent (trade name QZ 13 from Huntsman, USA). The mold was placed in a

pre-heated oven at 80 ◦C for 4 h and then cooled down slowly. The cured plates

were demolded and machined to appropriate geometries for testing. Subse-

quently, these samples were heated at 1 ◦C/min to 100 ◦C, held there for 3 h,

and then cooled at 1 ◦C/min. This was done to finish the cure reaction and to

let the internal stresses relax; there was no measurable change in the geome-

try of the samples. The glass-transition temperature Tg of the produced epoxy

plates was around 85 ◦C as measured by the maximum in the loss modulus in

dynamic-mechanical analyses and did not change significantly in a second

measurement. This indicated that the post-curing temperature of 100 ◦C was

high enough to complete the cure reaction. All samples were stored in a des-

iccator over calcium chloride in vacuum until testing.
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4.4.3 Characterization

Dynamic light scattering DLS measurements were done at 25.0 ◦C (device Ze-

tasizer Nano Z from Malvern, UK). The master batches were dissolved in ace-

tone (approx. 1:100 by mass, resulting particle volume fractionϕp ≈ 10−6). The

viscosity of neat acetone was used for the calculation of particle diameters.

Presented values are the means of 15 individual measurements of 30 s each.

As recommended by the respective ISO standard [15], the intensity-weighted

average particle diameter x̄DLS is used for evaluation.

The fracture toughness of the nanocomposites was measured in single-

edge-notched bending (SENB) tests on specimens of 65×15×4 mm3 at a test

speed of 5 mm/min according to ISO 13586 [16]. A pre-crack was introduced

by tapping a sharp blade into the machined notch. The pre-cracks of most

samples did not fulfill the prerequisites of the ISO 13586 with regards to their

length or symmetry; however, these samples were nevertheless tested and

used for evaluation. Measurements were rejected if the sample’s pre-crack

was split into diverging pre-cracks. As a consequence, at least eight out of

twelve specimens measured per material were valid. The Supporting Infor-

mation lists the results for all individual samples as well as their validity.

For investigation of fracture surfaces with a scanning electron microscope

(SEM), the nanocomposite samples were sputter-coated with 2 nm Pt (sput-

tering machine EM ACE600 High Vacuum Sputter Coater from Leica). The

SEM (NovaNanoSEM 230 from FEI) had a Schottky field emission electron

source operating at 5 kV, imaging secondary electrons with an Everhart-

Thornley detector at roughly 3×10−4 Pa pressure. All images were taken from

regions close to the pre-crack.

Ultramicrotomy was done in order to obtain smooth surfaces for later in-

vestigation by atomic force microscopy (AFM). Ultramicrotome cuts of ap-

prox. 200×200μm2 were made at room temperature with an ultramicrotome
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(Ultracut from Reichert-Jung) using a diamond blade (Ultra 35° from Di-

atome) at 1 mm/s. The surfaces of the stubs remaining after ultramicrotome

cutting were used for AFM investigation.

The AFM (MultiMode 8 from Bruker) was used with a 10μm scanner in the

Peak-Force Tapping mode in order to measure the surface topography of frac-

ture surfaces as well as the modulus distribution on ultramicrotome cuts of

several nanocomposites. The AFM probes used for the topographic imaging

of fracture surfaces trade name ScanAsyst-Air had a relatively soft triangular

silicon-nitride cantilever (nominal spring constant k = 0.4 N/m) and a very

sharp tip (nominal tip radius rtip = 2 nm). Whenever these probes were used,

the contact force was kept below 1 nN. In contrast, rectangular silicon AFM

probes (trade name RTESPA, k = 40 N/m, rtip = 8 nm) were used for nanome-

chanical imaging at contact forces around 50 nN, thus deforming the epoxy

samples by 2 nm to 3 nm. The modulus was gathered assuming a Derjaguin–

Muller–Toporov (DMT) model [17]. For detailed information on AFM and the

Peak-Force Tapping mode the reader is referred to an earlier work [14].

4.5 Results and Discussion

4.5.1 Nanoparticle dispersion by sonication

After dispersing IF-WS2 within DGEBA by sonication, large agglomerates were

visible with the naked eye. When samples from the suspension were dissolved

in acetone for the DLS measurement, these large agglomerates sedimented

immediately and were therefore not measured. Hence the DLS measures only

the sizes of those agglomerates that sediment sufficiently slowly. Neverthe-

less, the apparent x̄DLS was still in the range of 400 nm to 1600 nm with limited

reproducibility even after 60 min of sonication, and both visual and micro-

scopic inspection support these results.
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The obtained dispersion quality is significantly worse than that obtained

after sonication within EtOH when x̄DLS around 240 nm were obtained [10]. It

seems that the high viscosity of the DGEBA limits the effectiveness of the son-

ication as it was assumed earlier [18]. However, others reported reasonable

NP dispersion quality after sonication within DGEBA [8, 18, 19] for different

kinds of NPs, and it is unclear what causes the difference.

The real polydispersity of partly sedimenting powders cannot be quantified

by DLS. However, it was observed that both large agglomerates and individual

primary particles were present after sonication, hence the agglomerate size

distribution was very broad and probably bimodal. Fig. 4.1 outlines a possible

mechanism that might result in such a bimodal agglomerate size distribution:

Instead of splitting large agglomerates into comparably large parts, it seems

that sonication rather erodes the agglomerates, that is to say, it causes small

agglomerates to break off a large one, which in turn barely changes in its size.

Such a mechanism would per se result in a broad, bimodal agglomerate size

distribution.

Besides resulting in insufficient dispersion quality, sonication also causes a

yellowing of the DGEBA, indicating thermo-oxidative degradation (see Sup-

porting Information). In a nutshell, sonication does not seem to be the opti-

mum dispersion technique.

4.5.2 Dispersion quality after 3RM

In contrast to sonication, the driving forces for dispersion in a 3RM are intense

shear stresses for short time periods. Thus, the total induced energy is rather

low so that little material damage is expected. Nevertheless, a temperature

increase to up to 50 ◦C was measured, even though the rolls were permanently

cooled. There was no color change observed, neither visually nor by UV/Vis
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(a)

(b)

Figure 4.1: Schematic drawing of two different dispersion mechanisms. In (a) agglomerates are
preferably split into smaller agglomerates of comparable sizes, while in (b) smaller
agglomerates erode from a larger one. The particle size distribution in (b) is bimodal.

spectroscopy, after up to five passes of neat DGEBA in the 3RM, indicating

that degradation was insignificant.

No agglomerates were visible anymore after just one single pass of un-

treated IF-WS2 in DGEBA through the 3RM. The measured x̄DLS was 193 nm,

180 nm and 177 nm after 1, 2 and 3 passes through the 3RM, respectively, with

very good reproducibility. Hence, the obtained dispersion quality is clearly

superior to that achieved by sonication for 60 min, even though the x̄DLS af-

ter 3RM is still somewhat larger than the assumed average primary particle

diameter (≈ 100 nm). As 3RM is also much more easily scalable to industrial

scale, it is clearly preferable to sonication. Consequently, the functionalized

powders were dispersed within DGEBA exclusively by 3RM for the further in-

vestigations.

4.5.3 Influence of surface functionalization

It was speculated that the surface functionalization improves the IF-WS2 NPs’

miscibility with DGEBA and therefore grants better dispersion quality. In or-
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der to test that, DLS measurements were done on all DGEBA–IF-WS2 master

batches after 0, 1, 2 and 3 passes in the 3RM.

With the exception of the two master batches made with AATMS-modified

powders, there are only small differences in the x̄DLS of all 3RMed master

batches, independently of the surface modifier (see fig. 4.2). After 1, 2 and 3

passes through the 3RM, the x̄DLS of those master batches were (186±13)nm,

(170±10)nm and (167±8)nm, respectively.

Both the unprocessed master batches (i.e., those with zero passes in the

3RM) and the master batches made with AATMS-modified IF-WS2 behaved

entirely differently. Large sedimenting agglomerates were visible after dis-

solving them in acetone. Accordingly, the DLS results of these samples do

not represent the real average agglomerate size, but only that of the non-

sedimenting fraction. In order to emphasize that, these data points were plot-

ted unfilled and connected with dashed lines in fig. 4.2. The measured x̄DLS of

these samples was much higher, with large scatter and poor reproducibility.

It may seem surprising that the AATMS-processed powders behaved so

much poorer than unprocessed IF-WS2. This could be explained by a cur-

ing reaction that had taken place already before the DLS measurements:

Even though the DLS measurements of the master batches were done just

a few hours after processing them, it is hypothesized that the AATMS’s

amine/ammonium groups had already reacted with the DGEBA’s epoxide

groups. Even if the dispersion quality was good after the 3RM, such a reac-

tion would result in large agglomerate networks, which would remain after

dissolving the master batches in acetone. However, these large agglomerates

might not necessarily be present in the cured nanocomposites, as for the pro-

duction of these, the master batches were mixed with the amine curing agent

just several minutes after processing them. The fact that both AATMS-treated

powders behaved differently from all others strongly suggests that they had
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Figure 4.2: Average agglomerate diameter of all treated IF-WS2 powders after mixing them
with DGEBA and different numbers of passes through the 3RM. Note that the re-
sults of AATMS-1 and AATMS-3 are scaled according to the right axis. Unfilled sym-
bols indicate measurements where sedimentation was observed.

been functionalized successfully and that the functional groups do indeed re-

act with the DGEBA.

The low scattering of most DLS results shown in fig. 4.2 indicates that both

the 3RM process and the DLS measurement are well reproducible. Already

a single pass through the 3RM can be sufficient to obtain a rather good dis-

persion quality, significantly superior to that obtained by sonication within

DGEBA or ethanol [10]. Further 3RM passes improve this dispersion quality

slightly; the final agglomerate diameter is nevertheless still larger than that of

the individual primary particles (approx. 100 nm).

In a nutshell, it seems that the functionalization did not affect the disper-

sion quality of the produced master batches, unless reactive groups reacted

with the DGEBA before the DLS measurement forming insoluble agglomer-
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ates. As earlier measurements have indicated that the surface functionaliza-

tion with HTCS was successful [10], this result indicates that an alkyl surface

coating does not improve the miscibility of IF-WS2 with DGEBA. This is in

contrast to the findings of Shahar et al. who found that HTCS improved the

miscibility of IF-WS2 with paraffin oil [9]. On the other hand, the surface of

IF-WS2 is already very nonpolar so that further hydrophobic treating might

be unnecessary.

4.5.4 Fracture toughness

Table 4.2 shows the SENB test results of neat DGEBA and the DGEBA

nanocomposites with the differently functionalized IF-WS2 at a mass fraction

of 0.5 % each. All nanocomposites show increased fracture toughness. The

smallest improvement was obtained when the dispersion was done by 60 min

of sonication. Dispersing untreated IF-WS2 by 3RM lead to much higher im-

provements, but also to high scatter. Nanocomposites made of treated IF-WS2

gave improvements of 45 % to 62 % in GIc and of 15 % to 25 % in KIc, irre-

specively of the particular treatment. This corresponds to an increase of ap-

prox. 500 % in GIc and of approx. 200 % in KIc per percent of IF-WS2 added

by volume. These values are comparable to those presented in an earlier

work [8], even though those were measured with another fracture toughness

test method. Other than in this earlier work, however, no significant corre-

lation was observed with the nominal surface functionalization nor with the

XPS results of the respective powders [14], indicating that the surface treat-

ment does not play a significant role in the toughening effect. This contra-

diction to an earlier finding [8]might partly be explained with possible differ-

ences in the pristine NPs used; even though the supplier was the same, man-

ufacturing variations or process variability cannot be excluded. Lacking di-
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rect comparative characterization, e.g., by transmission electron microscopy,

however, there is no clear evidence for such effects.

4.5.5 SEM fractography

The fracture surfaces of all tested nanocomposites were investigated by

SEM. There were both very small and very large agglomerates present in

the nanocomposite produced by sonication, which is consistent with the

observation that sonication leads to a bimodal agglomerate size distribu-

tion. In contrast, the agglomerate sizes were homogeneously distributed in

nanocomposites produced by 3RM. Selected SEM images are given in fig. 4.3

and additional images are given in the Supporting Information. Most visible

particles were present in the form of small agglomerates consisting of a few

primary particles, but individual primary particles were also visible, as well as

large agglomerates with diameters of up to a few micrometers, all of which is

in good agreement with the DLS results.

The SEM images show a clear difference between dispersion by sonication

(fig. 4.3a) and 3RM (fig. 4.3b), but also certain differences between the in-

dividual 3RM-dispersed nanocomposites. For instance, the fracture surface

of EP/GTMS-3 seems to be relatively smooth and its fairly homogeneously

dispersed NPs tend to detach from the epoxy matrix (fig. 4.3c). In contrast,

the fracture surface of EP/HTCS-1 seems to be much rougher, with multiple

crack lines, and the less perfectly dispersed NPs tend to adhere to the ma-

trix (fig. 4.3d). This is in contrast to the observations of Shneider et al., who

reported that cavitation takes place more frequently around IF-WS2 function-

alized with alkyl groups [8].

The large agglomerate size measured in EP/AATMS-3 by DLS does not re-

flect in the SEM images (fig. 4.3f), which supports the assumption that the

large, insoluble networks observed by DLS had not formed prior to mixing the
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10 μm

(a) EP/IF-WS2 (sonicated)

1 μm

(b) EP/Ref-EtOH

1 μm

(c) EP/GTMS-3

1 μm

(d) EP/HTCS-1

1 μm

(e) EP/AATMS-1

1 μm

(f) EP/AATMS-3

Figure 4.3: SEM images of selected fracture surfaces (note the different scales). The direction
of crack propagation is from left to right.
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Table 4.2: Fracture toughness results

GIc 〈GIc〉− 〈GIc,neat〉
〈GIc,neat〉

KIc 〈KIc〉− 〈KIc,neat〉
〈KIc,neat〉/ (J/m2) / (MPa

�
m )

neat epoxy 1 144.9±22.7 0.698±0.057
neat epoxy 2 139.1±16.3 0.677±0.038
IF-WS2 sonic. 160.8±10.9 13 % 0.742±0.025 8 %
IF-WS2 3RM 206.7±51.1 46 % 0.791±0.096 15 %
Ref-EtOH 213.3±31.3 50 % 0.804±0.056 17 %
Ref-CHCl3 230.1±24.7 62 % 0.858±0.055 25 %
GTMS-1 217.1±30.1 53 % 0.804±0.055 17 %
GTMS-3 224.6±11.5 58 % 0.834±0.019 21 %
HTCS-1 206.3±27.8 45 % 0.799±0.063 16 %
HTCS-3 214.5±21.4 51 % 0.827±0.038 20 %
AATMS-1 206.9±24.5 46 % 0.793±0.052 15 %
AATMS-3 216.5±32.0 52 % 0.826±0.073 20 %

master batches with the amine curing agent. In contrast, the agglomerates

in EP/AATMS-1 appear to be relatively large in the SEM images (given in the

Supporting Information). The clear difference between these two samples is

surprising, considering the similar DLS results and the good reproducibility of

the 3RM process. Notably, the fracture toughness values of all 3RM-dispersed

nanocomposites is comparable, indicating that the seemingly different dis-

persion qualities visible on SEM images are not representative for the bulk

material or not critical at this level.

4.5.6 Modulus distribution

Several fractographic images show crack lines with several hundred nanome-

ters distance to the NPs and a conic-section shape (e.g., fig. 4.3e). As men-
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tioned, it was hypothesized elsewhere that these crack lines originated from

a region of increased modulus in the vicinity of the IF-WS2 NPs [8].

In order to test this hypothesis, the modulus distribution in the vicinity of

the IF-WS2 NPs was measured on ultramicrotome-cut surfaces of selected

samples with AFM. Fig. 4.4 shows an example of simultaneously gathered

AFM height and modulus images of an IF-WS2 agglomerate in EP/AATMS-1.

This agglomerate was not removed or split by the ultramicrotome, but stuck

to the nanocomposite stub and hence results in a round elevation of 80 nm

height in the otherwise very smooth surface.

For the interpretation it must be noted that the AFM modulus measurement

is valid only on plane areas as only these agree with the underlying DMT de-

formation model [14]. Therefore, the modulus inhomogeneity in the region

of the elevation in the center must be considered invalid. Except for the el-

evation, the modulus in fig. 4.4 seems to be very homogeneous. AFM imag-

ing of cryo-ultramicrotome cuts of commercial acrylonitrile–styrene–acrylate

showed that modulus variations in the range of a few hundred MPa can be

measured on smooth regions with this AFM technique if they are present

(shown in the Supporting Information). Such modulus inhomogeneities are

absent in the smooth regions in fig. 4.4.

The profile curves of the highlighted rectangle in fig. 4.4 are given in fig. 4.5.

The measured bulk modulus is quite constant at 3.1 GPa to 3.4 GPa, which

compares well with the modulus values of 2.9 GPa to 3.4 GPa gathered in the

SENB tests. Approaching the NP, the first pixels that deviate from this range

are already in the topographic curvature and therefore invalid. Similar results

were obtained for other nanocomposites with both functionalized and un-

functionalized IF-WS2.

It is possible that modulus inhomogeneities are present, but smaller in

magnitude than what is resolved with this technique (approx. 300 MPa)

and/or their lateral dimensions (approx. 10 nm). Moreover, it is possible that
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4 GPa

2 GPa

20 nm

1 μm

Figure 4.4: Nanomechanical AFM height (top) and modulus (bottom) image of an ultramicro-
tome cut of the EP/AATMS-1 nanocomposite. No modulus inhomogeneity is visi-
ble in smooth regions.

X axis / nm

Figure 4.5: Average value of the profiles within the highlighted rectangle in fig. 4.4. The shaded
area highlights the bulk modulus. No deviations from this area were measured in
smooth regions.
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modulus inhomogeneities were present but have relaxed upon ultramicro-

tomy. It is nevertheless unlikely that the observed crack lines were indeed

caused by epoxy modulus inhomogeneities and thus an alternative explana-

tion is proposed.

4.5.7 Crack lines

It is worth noting that similar crack lines have long since been recognized in

unfilled polymers, mostly in PMMA, but also in unfilled epoxy [20, 21], and

were usually explained by the formation of secondary cracks that form ahead

of the propagating primary crack [22]. Wetzel et al. observed similar crack

lines in NP-filled epoxy systems and explained them with crack pinning or

crack front bowing, but also mentioned the possibility of secondary cracks be-

ing formed [1].

It is hence suggested that the crack lines visible here originate from sec-

ondary cracks as well. These might initiate at the NP surfaces as the pri-

mary crack approaches the rigid NPs and the stresses concentrate around

them. Such secondary cracks would then propagate radially in all lateral di-

rections. Once a secondary crack overlaps with the primary crack in the main

stress axis, the material between them can experience shear fracture, forming

a clearly visible crack line.

When the primary crack propagates at a constant velocity vp and a sec-

ondary crack at a constant velocity vs , their ratio determines whether the re-

sulting crack line is elliptic (vs < vp ), parabolic (vs = vp ) or hyperbolic (vs > vp )

in shape. Each of these shapes was observed on SEM images (derivation in the

Supporting Information). However, as vs will generally not be constant, most

crack lines will not form ideal conic sections.

AFM height images of fracture surfaces provide further insight into the na-

ture of the crack lines. As shown in fig. 4.6, the region enclosed by the crack

140



4.6 Conclusion

line is at another height level than the main fracture plane. The border be-

tween these two regions is almost vertical, i.e., parallel to the main stress di-

rection during the fracture process, which is a very unfavorable crack prop-

agation direction in a mode I fracture mechanics test. The height difference

measured at this crack line was 80 nm, but other crack lines had height differ-

ences of up to 300 nm.

Besides the visible secondary cracks, it is assumed that many additional

subsurface secondary cracks are created during a fracture process. The ad-

ditional energy necessary for producing these secondary crack surfaces and

the shear cracks might also contribute to the GIc increase. Likewise, NPs and

secondary cracks from the pre-cracking result in an inhomogeneous stress

field at the crack tip before fracture, which might explain the KIc increase.

4.6 Conclusion

This work deals with the dispersion of IF-WS2 within DGEBA and the fracture

mechanics of the resulting nanocomposites. Sonication-induced dispersion

resulted in limited dispersion quality with a broad and probably bimodal ag-

glomerate size distribution, as was already visible with the naked eye and con-

firmed by SEM investigation. The hypothesis that sonication leads to erosion

of NPs rather than their splitting might explain the poor effectiveness of the

dispersion process. Moreover, sonication seems to cause thermo-oxidative

degradation of the DGEBA resin.

In contrast, 3RM resulted in a reasonable and very well reproducible dis-

persion quality as evidenced by DLS measurements and SEM images. DLS

proved to be a suitable technique for measuring sizes of agglomerates of zero-

dimensional NPs, provided that the polydispersity is low enough. Obtainable

average agglomerate diameters after 3RM lie at approx. 160 nm and are hence
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1 μm 100 nm

Figure 4.6: Topographic AFM image of the fracture surface of EP/AATMS-3 showing crack lines
produced by two IF-WS2 NP agglomerates.

still somewhat larger than the diameters of the individual primary particles,

i.e., the particles are still mostly present in the form of small agglomerates.

Untreated IF-WS2 NPs were compared with IF-WS2 NPs that had been

treated with various silane surface modifiers as described elsewhere [10]. The

various functionalizations had no significant effect on the obtained average

agglomerate diameter. An exception are the two AATMS-modified samples,

which seemed to have strongly increased agglomerate diameters after 3RM

as measured by DLS, most likely due to the fact that their functional groups

had already reacted with the DGEBA. However, this did not seem to affect the

dispersion quality of the cured nanocomposites.

The addition of 0.5 % of IF-WS2 by mass increased the KIc by 15 % to 25 %

and the GIc by 45 % to 62 %, respectively, independently of the particular func-

tionalization, provided that the processing was done in the 3RM, while the

improvements after sonication were significantly smaller. SEM images con-

firmed that the dispersion quality was reasonable after 3RM, even though

there were still agglomerates left. Other than stated elsewhere [8], no signifi-
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cant correlation was observed between the surface functionalization and the

fracture mechanics of the nanocomposites.

Crack lines were observed with a few hundred nanometers distance to the

NPs, which have been interpreted elsewhere as a result of an inhomogeneous

modulus distribution in the vicinity of IF-WS2 NPs [8]. This hypothesis was

investigated by AFM imaging, but cannot be supported as the modulus was

measured to be homogeneous up to the NP border. Topographic AFM images

showed that the height difference between the two sides of the crack lines was

up to 300 nm.

Considering the essentially conic-section-like shape of the observed crack

lines, a plausible explanation for them is the formation of radially propagating

secondary cracks at the NP surfaces. When secondary cracks overlap with

the primary crack, the matrix material between them can experience shear

fracture, thus dissipating energy. Together with the additional surface area

for both surface and subsurface secondary cracks, this is suggested to be the

explanation for the fracture toughness increase.
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5.2 Abstract

This work deals with the toughening effect of flaky WS2 and fullerene-like WS2

(IF-WS2) nanoparticles on epoxy with varying network properties. Reducing

the amount of curing agent resulted in decreased cross-link density as mea-

sured by dynamic-mechanic analysis and double-quantum nuclear magnetic

resonance spectroscopy. While that lead to moderate changes in the epoxy’s

tensile properties, its fracture toughness dropped drastically, probably due to

an increased defect fraction. IF-WS2 could be dispersed significantly more

effectively within epoxy resin than flaky WS2, possibly due to its spherical

shape, but caused less toughening. IF-WS2 tended to debond from the epoxy,

while flaky WS2 introduced more secondary cracks. Both increased the frac-

ture toughness of the (brittle) sub-stoichiometric, but not that of the (tough)

stoichiometric epoxy, possibly due to their interaction with molecular defects.

Whatever mechanism resulted in the toughening effect, its effectiveness de-

pended strongly on the epoxy matrix.

Keywords: Epoxy, Stoichiometry, Cross-link density, Nanocomposites, Fracture
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5.2.1 Graphical Table of Contents

Two types of WS2 nanoparticles were

used to toughen epoxy systems made

with different amounts of curing agent.

As a consequence, these systems dif-

fered in their crosslink density and the

density of molecular defects. The sub-

stoichiometric epoxy system was much

more brittle then the stoichiometric one.

However, it could be toughened much

more effectively by the WS2 nanopar-

ticles, highlighting how important the

properties of the reference system are.

5.3 Introduction

Epoxy is a thermosetting polymer that is well known for its interesting me-

chanical and chemical properties and its good processibility, and is therefore

frequently used as a matrix in fiber-reinforced composites. However, its appli-

cations are limited by its inherent brittleness. Scientists are hence constantly

researching ways to improve the epoxy’s fracture toughness, recently more

and more by the introduction of nanoparticles (NPs).

Two recent publications showed that inorganic fullerene-like WS2 (IF-WS2)

NPs can increase the fracture toughness of epoxy considerably [1, 2], so that

they seem an interesting alternative to (carbon) fullerenes which have been

used elsewhere [3]. Likewise, flaky WS2 NPs can be seen as an inorganic anal-

ogy to graphite (see fig. 5.1). Nanodispersed, flaky WS2 is expected to behave

somewhat similarly to IF-WS2 when used as a nanofiller due to the similar

surface chemistry and the similar primary particle size, the most significant
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difference being the crystal structure. However, due to their spherical shape,

IF-WS2 NPs can roll off each other [4], so that they are potentially easier to

disperse. A comparison of IF-WS2 with nanodispersed, flaky WS2 might show

to what extent the fullerene-like shape of the IF-WS2 NPs affects their dis-

persibility and their toughening effect. A more detailed discussion on the

morphology of IF-WS2 and WS2 NPs can be found in the related literature [5–

7].

Much effort has been dedicated to determine the toughening effect of the

NP type, morphology and functionalization [8], but relatively little attention

has been given to the significance of the properties of the neat epoxy system.

It is currently not clear, which properties of an epoxy system affect its potential

to be toughened by NPs. In this work, the term epoxy system will be used to

describe unique proportions of a specific epoxy resin with a specific curing

agent, cured with a given temperature profile, as only this entire combination

determines the properties of the final material.

Hsieh et al. [9] used a complex model to estimate the fracture toughness

increase of epoxy with NP addition. This model suggests higher relative in-

creases for epoxy systems with high initial fracture strain and high initial frac-

ture toughness as well as for low cross-link density. In contrast, a recent work

found higher fracture toughness increases for epoxy systems with high cross-

link density [10].

The two initially mentioned references reporting a toughening effect of

IF-WS2 NPs used a sub-stoichiometric epoxy system [1, 2], as the ratio λ

of amine hydrogen atoms to epoxide groups was only approx. 0.93. Sub-

stoichiometric systems have significantly lower fracture toughness than stoi-

chiometric systems [11, 12], possibly due to their lower cross-link density and

the higher amount of molecular defects like dangling bonds. The toughen-

ing effect of NPs depends both on the fracture toughness of the neat epoxy
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(a) IF-WS2 (b) flaky WS2

Figure 5.1: Transmission electron microscopy images of NP agglomerates. The insets are
schematic drawings of the NPs’ crystal structures.

system and on its cross-link density [9, 10]. It is thus likely that the potential

toughening effect of NPs depends strongly on λ.

One argument for using slightly sub-stoichiometric systems is that these

can have a higher strength σ and a higher Young’s modulus E [13], both

of which can be crucial depending on the application. However, varying λ

can also be interesting for purely scientific reasons, as it allows varying the

epoxy’s cross-link density without changing the chemical reactants. Fig. 5.2

schematically shows the differences between a stoichiometric and a sub-

stoichiometric epoxy network. In a stoichiometric network, both the cross-

link density and the chemical conversion are maximum, although a certain

number of secondary amine groups and dangling bonds from unreacted

epoxide groups will always remain. In a sub-stoichiometric network, the

cross-link density will be lower and hardly any secondary amine groups but

significantly more dangling bonds from unreacted epoxide groups will re-
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main. Varying the curing agent content is thus expected to allow varying the

cross-link density while keeping the used reactants the same.

It should be noted that the unreacted epoxide groups can undergo an au-

topolymerization reaction to form ether linkages, which might increase the

cross-link density of the sub-stoichiometric epoxy system. However, this re-

action is insignificant at temperatures below 150 ◦C in the absence of a cata-

lyst [14], so that it is not expected to take place in the investigated epoxy sys-

tems.

Measuring the cross-link density of a thermosetting polymer is a rather dif-

ficult issue as the rubber elasticity theory does not apply to these highly cross-

linked materials. One of the most promising ways to measure the molecular

mass per cross-link Mc (basically the inverse of the cross-link density) is by re-

lating it to the rubber equilibrium modulus Er (i.e., the Young’s modulus above

the glass-transition temperature Tg) and to the mass density ρ: [9, 15, 16]

log10

Er

3 MPa
= 293

ρ

Mc

mol

cm3 (5.1)

A less well known method to measure the cross-link density is the (low-

field) double-quantum nuclear magnetic resonance (DQ NMR) spectroscopy.

In the recent years, it has been successfully applied to characterize the net-

work structure of elastomers [17, 18], hydrogels [19] and ionomers [20], how-

ever it has not been applied to thermosets like epoxy until recently [21].

This method allows measuring a material’s residual dipolar coupling Dres,

which corresponds to the overall rigidity of the network chains after delin-

eating it from the effect of the more mobile non-network or defect chains.

Furthermore, it facilitates the determination of the mole fraction of non-

network chains in a network sample. This is of particular interest for sub-

stoichiometric epoxy formulations where significant fractions of dangling un-

reacted epoxide groups can be expected. Details of the application of this
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Figure 5.2: Schematic drawing of a sub-stoichiometric and a stoichiometic epoxy network. In
sub-stoichiometic networks, the cross-link density is lower, the number of unre-
acted epoxide groups is much higher and there are barely any secondary amine
groups left.

method especially to elastomers can be found elsewhere [18, 22] and a brief

discussion of the application, the data processing and analysis can be found

in the Supporting Information of the present article.

The aim of the present work was to investigate how the toughening effect

of both IF-WS2 and flaky WS2 NPs depends on the properties of the used

epoxy system, in particular on its cross-link density. For this purpose, epoxy

nanocomposites were manufactured with various loadings of both IF-WS2

and flaky WS2 NPs, using epoxy systems with various amounts of curing

agents.
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5.4 Experiments

5.4.1 Materials

The epoxy resin was a diglycidyl ether of bisphenol A (DGEBA, trade name

Epikote 828 LVEL from Momentive) with a viscosity of 11 Pa s and a nomi-

nal epoxide group content of 5.34 mol/kg to 5.50 mol/kg. The curing agent

T403 was a polyetheramine (trade name Jeffamine T-403 from Huntsman)

with a nominal amine group content of 6.1 mol/kg to 6.6 mol/kg. The chem-

ical structures are given in fig. 5.3.

The IF-WS2 NP powder (trade name Nanolub R) was obtained from the

same supplier (NanoMaterials Ltd., Israel) as that used in research pub-

lished by others earlier [1, 2, 23, 24]. However, changes in the manufactur-

ing process with time or unintentional variation from batch to batch cannot

be excluded. According to the manufacturer, this powder was produced by

high-temperature solid–gas synthesis, the primary particles had diameters of

50 nm to 150 nm and they consisted of 10 to 100 WS2 layers, with an interlayer

spacing of 0.62 nm. The powder had been stored at ambient conditions for 22

months before processing.

According to its supplier (Graphene Laboratories Inc., USA), the flaky WS2

NP powder had a purity of 99.0 %, an average particle size of approx. 90 nm,

approx. 30 m2/g specific surface area, nearly spherical morphology and a true

O
O O

OH

O O
O

n = 0 (88%); n = 1 (10%); n = 2 (2%)
n

O
OOH2N NH2

NH2

x

y

z
x + y + z = 5.3

DGEBA T403

Figure 5.3: Chemical structures of the epoxy resin DGEBA and the curing agent T403
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density of 7.50 g/cm3. Thus, the size and shape are comparable to the IF-WS2

powder, even though the crystal structure is different. X-ray crystallography

showed that the flaky WS2 consisted of WS2 with two different crystal struc-

tures (2H and 3R), contaminated with traces of WO3 and SO2 (see Supporting

Information for details). The powder had been stored at ambient conditions

for 5 months before processing.

5.4.2 Processing

The materials were mixed in a way that the NP mass fractions w of the pro-

duced nanocomposites were 0.25 % and 0.50 % for IF-WS2, and 0.25 %, 0.50 %

and 1.00 % for flaky WS2. The relative quantity WT403 of T403 necessary for a

stoichiometric mixture is roughly 44 parts per hundred parts of DGEBA resin

(phr) by mass according to the respective material data sheets. For 100.0 phr

of DGEBA, 38.0 phr, 40.0 phr, 42.0 phr and 44.0 phr T403 were added. Two

neat epoxy references were produced for each level of WT403.

In order to facilitate the comparability of the individual mixtures, all

nanocomposite materials were made out of two concentrated epoxy–NP mas-

ter batches, one with IF-WS2 and one with flaky WS2 NPs. That way, the dis-

persion quality of all materials produced with one kind of NPs should be com-

parable. For the production of these master batches, 100.0 phr of DGEBA were

mixed with 2.00 phr NPs first manually with a spatula and subsequently with

high-speed shear mixer turning at 6000 min−1 for 5 min in vacuum.

Dispersion was done by passing these master batches three times through

a three-roll mill (3RM) as this has been shown earlier to reproducibly provide

reasonable dispersion quality [1]. The rolls (200 mm wide, �150 mm) of the

3RM (SDY-200 from Bühler, Switzerland) were permanently cooled to 25 ◦C
and rotated at 45 min−1, 110 min−1 and 220 min−1, respectively. In every pass

through the 3RM, the fastest roll was separated from the other two for the
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first 5 min, so that the suspension was only sheared between these. This step

served mainly for mixing rather than for dispersing. Afterwards, the fastest

roll was pressed onto the middle roll with a force of 12 kN so that the suspen-

sion was sheared in between them. One neat epoxy reference material was

produced with a WT403 of 44.0 phr after passing the DGEBA five times through

the 3RM in order to analyze if this treatment had a significant effect on the

material’s properties.

The processed master batches were then mixed with respective amounts of

additional DGEBA first manually with a spatula and then with an overhead

stirrer turning at 2000 min−1 for 5 min. These mixtures were homogenized by

passing them once more through the 3RM as mentioned above. They were

then mixed with respective amounts of T403 first manually with a spatula and

then with an overhead stirrer turning at 2000 min−1 for 5 min.

Afterwards, the mixtures were poured into a wide beaker (�140 mm) and

degassed in a vacuum oven at 80 ◦C to approx. 30 mbar. They had to reach be-

tween 47 ◦C and 77 ◦C until the air bubbles broke, which took 5 min to 15 min.

Subsequently, they were poured into a steel mold of 160×120×4 mm3, the

surfaces of which had been coated with a mold release agent (trade name

QZ 13 from Huntsman). The mold was placed in a pre-heated oven at 80 ◦C for

4 h and then cooled down slowly. The cured plates were demolded and ma-

chined to appropriate geometries for testing. After machining, these samples

were post-cured in an oven that was heated at 1 ◦C/min to 125 ◦C held there for

3 h and then cooled down at 1 ◦C/min. This was done to finish the cure reac-

tion and to let internal stresses relax; there was no measurable change in the

geometry of the samples. All samples were stored in a desiccator over CaCl2 in

vacuum until testing.
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5.4.3 Characterization

The epoxide content in the DGEBA was determined by titration according to

ISO 3001 [25] and the amine group content in T403 was determined by titra-

tion with 10 mmol/l HCl.

The agglomerate size distribution in the master batches was measured

via dynamic light scattering (DLS) at 25.0 ◦C (device Zetasizer Nano Z from

Malvern, UK). For that purpose, the master batches were dissolved in acetone

(approx. 1:100 by mass, resulting particle volume fraction ϕp ≈ 10−6). The

viscosity of neat acetone was used for the calculation of particle diameters.

Presented values are the means of 15 individual measurements of 30 s each.

As recommended by the respective ISO standard [26], the intensity-weighted

average particle diameter x̄DLS is used for evaluation.

Dynamic mechanical analysis (DMA) was done in tension in a DMA equip-

ment (Eplexor 500 from Gabo Qualimeter Testanlagen GmbH, Germany) on

samples of 60×10×4 mm3. The specimens were deformed statically by

0.2 % and dynamically at 10 Hz by 0.015 % while heating them at 1 ◦C/min

to 140 ◦C. Tg was defined as the temperature at which the loss modulus E ′′

was maximum. The rubber equilibrium modulus Er, which is necessary for

eq. (5.1), was defined as the average complex modulus at temperatures be-

tween Tmin(E )−5 ◦C and Tmin(E )+5 ◦C during a DMA measurement, where Tmin(E )

is the temperature where the complex modulus is minimum.

The mass densityρwas determined at 22 ◦C using the immersion technique

according to ISO 1183 Method A [27].

DQ NMR measurements were performed on a time-domain NMR spec-

trometer (minispec mq20 from Bruker), operating at 0.47 T (1H resonance

frequency: 20 MHz). The 90° and 180° pulse lengths were 2.8μs and 5.6μs,

respectively, and the receiver dead time was 9μs. A temperature regulator

(BVT3000 from Bruker) was used for temperature control and dry air was used
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for sample heating. Cured neat epoxy samples (�8 mm, 8 mm high) were

placed inside NMR tubes, which were then flame-sealed in vacuum. The sam-

ples were measured at 160 ◦C after an equilibration time of at least 45 min. For

the generation of DQ coherence, the 3-pulse [28] (sometimes called 5-pulse)

sequence was used. From the real part of an in-phase, on-resonance signal,

the data points between 5μs and 10μs were averaged to get the intensity of

the experiment. Details on the measurement principle and the evaluation are

given in the Supporting Information.

Tensile tests were performed on neat epoxy at 1 mm/min in accordance

with ISO 527-1 [29]. Eight specimens per material were machined by water-

jet cutting to geometry 1A as given in ISO 527-2 [30] before post-curing and

their sides and edges were ground with P400 sand paper to remove notches.

The mechanical energy density at yield Uy and at break Ub were calculated by

numerically integrating the engineering stress σ over the engineering strain

ε until the yield and break point, respectively.

The fracture toughness of the nanocomposites was measured in single-

edge-notched bending (SENB) tests on specimens of 65×15×4 mm3 at a test

speed of 5 mm/min according to ISO 13586 [31]. A pre-crack was introduced

by manually tapping a sharp blade into the machined notch at room temper-

ature. The pre-cracks of most samples did not fulfill the recommendations of

the ISO 13586 with regards to their length or symmetry, but nevertheless all

samples were tested and evaluated (details in the Supporting Information).

Selected nanocomposite fracture surfaces were sputter-coated with 2 nm

Pt (sputtering machine EM ACE600 High Vacuum Sputter Coater from Leica)

immediately before their investigation with a scanning electron microscope

(SEM). The SEM (NovaNanoSEM 230 from FEI) had a Schottky field-emission

electron source operating at a voltage of 3 kV (beam current 220 pA), imaging

secondary electrons with an in-lens detector at roughly 3×10−4 Pa pressure.

All images were taken from regions close to the pre-crack.
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The AFM (MultiMode 8 from Bruker) was used with a 100μm scanner in

the Peak-Force Tapping mode in order to measure the surface topography of

fracture surfaces. The used AFM probes (ScanAsyst-Air from Bruker) had a

relatively soft triangular silicon-nitride cantilever (nominal spring constant

0.4 N/m) and a sharp tip (nominal tip radius 2 nm). All images were taken

from regions close to the pre-crack.

5.5 Results and Discussion

5.5.1 Dispersion quality

The average agglomerate size x̄DLS measured by DLS after 0, 1, 2 and 3 passes

through the 3RM was 942 nm, 486 nm, 285 nm and 272 nm for the flaky WS2

masterbatch and 318 nm, 203 nm, 196 nm and 192 nm for the IF-WS2 mas-

terbatch, respectively. After diluting these masterbatches with additional

DGEBA and passing them once more through the 3RM, the x̄DLS decreased

further to 240 nm to 270 nm for flaky WS2 mixtures and to 170 nm to 190 nm

for IF-WS2 mixtures. As the x̄DLS of the flaky WS2 was significantly larger than

its primary particles (nominally approx. 90 nm), we can expect that it is mostly

present in agglomerates. The non-spherical shape of its primary particles

should thus not affect the measurement significantly.

While the measured x̄DLS of IF-WS2 is in good agreement with earlier re-

ports [1], flaky WS2 seems to form significantly larger agglomerates. As the pri-

mary particle size of the investigated NPs is similar, this indicates that IF-WS2

can be dispersed more effectively within DGEBA than flaky WS2, possibly due

to their ability to roll off each other [4]. In contrast, the possible cohesive ef-

fect of H2O traces on IF-WS2 NP surfaces assumed elsewhere [23] seems to be

insignificant in the present case.
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5.5.2 Stoichiometry and cross-link density

From the material data sheets of the DGEBA and the T403, the WT403 neces-

sary for a stoichiometric mixture (λ= 1) was estimated to be roughly 43.9 phr.

Titration of DGEBA gave an epoxide group content of 5.38(1)mol/kg, which

corresponds to a mass of DGEBA per amount of epoxide groups MEP (also

called epoxy equivalent weight, EEW ) of 186.0(4) g/mol. Titration of T403 gave

an amine group content of 6.23(3)mol/kg, which corresponds to a mass of

curing agent per amount of amine groups MNH2 of 160.4(7) g/mol (MNH2 = 2 ·
AHEW , where AHEW is the curing agent’s amine hydrogen equivalent weight).

Thus, the WT403 necessary for a stoichiometric mixture was 43.13(22)phr. The

WT403 levels used in the present work correspond, therefore, to values of λ of

approx. 0.88, 0.93, 0.97 and 1.02, respectively.

A higher cross-link density usually results in a higher Tg, so that the max-

imum Tg is expected at λ = 1. As shown in fig. 5.4, the Tg peaks at about

44 phr, indicating that this is where the cross-link density is maximum. The

fact that the Tg reaches its maximum at λ > 1 has been observed earlier [11]

and can possibly be explained with the limited mobility of secondary amines:

Every T403 molecule can react up to six times, but as every reaction reduces

the T403’s mobility, some T403 will react only four or five times. In contrast,

DGEBA can react only twice so that its mobility does not decrease that much.

Consequently, a slightly higher than stoichiometric T403 content might help

to maximize the cross-link density. From these data, we assume that WT403 ≈
44.0 phr provides the maximum cross-link density.

The Supporting Information explains how the molecular mass per cross-

link Mc of the investigated epoxy system was estimated to

Mc(λ) =
6MEP +3λ ·MNH2

10λ−6
(5.2)
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Figure 5.4: Glass-transition temperature Tg = arg max E ′′(T ) of neat epoxy over the amount
of curing agent. The dashed line approximates the data.

under several assumptions (e.g., 0.5 � λ < 1.0). Fig. 5.5 shows the values

for Mc determined by DMA of neat epoxy samples via eq. (5.1) and compares

these to the Mc estimated by eq. (5.2).

The measured Mc values show quite low scatter and a strong correlation

with λ, which is not necessarily expected, given that this kind of calculation

is considered to be a “rather crude empirical relationship” [15]. Likewise, it is

noteworthy that eq. (5.2) agrees qualitatively with the measured values, even

though several assumptions had to be made beforehand.

These results show that the cross-link density can be controlled by varying

λ. Reducing WT403 from 44 phr to 38 phr resulted in an increase in Mc by 27 %,

while the Tg decreased by only 15 ◦C. Thus, the Mc could be varied more effec-

tively by varying λ than it was varied elsewhere by altering the type of curing

agent, which was shown to result in a Tg drop of 118 ◦C while increasing Mc by

only 18 % [9].
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Figure 5.5: The trend in the molecular mass per crosslink Mc as estimated theoretically by
eq. (8.16) agrees qualitatively well with that measured via DMA using eq. (5.1)

DQ NMR was used to further support these findings. As discussed in the

Supporting Information, the results suggested that the epoxy’s molecular net-

work consisted of two differently flexible fractions, 1 and 2, which might rep-

resent a rather stiff DGEBA fraction and a rather flexible T403 fraction, respec-

tively. Fig. 5.6 shows the Dres data for both fractions, which is related to a ma-

terial’s network rigidity. While it does not show the same clear trend as the

DMA data, Dres decreased as WT403 was reduced, which supports the finding

that the sub-stoichiometric system has a lower cross-link density.

5.5.3 Tensile properties of neat epoxy

Representative engineering stress–strain curves from tensile tests are given in

fig. 5.7 and the results of all tested specimens are summarized in table 5.1.

Decreasing λ resulted in a clear increase in the Young’s modulus E and in the

stress at yieldσy, and in a clear decrease in the strain at yield εy and in the me-
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Figure 5.6: The parameter Dres measured via DQ NMR for the more (1) and the less (2) rigid
part of the molecular network corresponds to the network rigidity, i.e., the cross-
link density

chanical energy density at yield Uy. The strain at break εb and the mechanical

energy density at break Ub did not show a clear dependence on WT403. Pro-

cessing the DGEBA with the 3RM did not affect the material’s tensile proper-

ties significantly (fig. 5.7).

The fact that E and σy increase as WT403 is reduced might be unexpected

given the decreased cross-link density, but can easily be explained by the

higher flexibility of the T403 molecule compared to the DGEBA molecule.

5.5.4 Fracture mechanics results neat epoxy

In contrast to the tensile properties, the fracture toughness of neat epoxy

dropped drastically as WT403 was reduced, as shown in fig. 5.8. Both the critical

stress-intensity factor KIc and the critical stress-energy release rate GIc (data

given in the Supporting Information) scatter strongly for sub-stoichiometric
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Figure 5.7: Representative tensile testing results of neat epoxy with different curing agent con-
tents WT403

materials, while they are fairly well defined for stoichiometric materials. Re-

ducing WT403 from 44.0 phr to 42.0 phr, 40.0 phr and 38.0 phr reduced the KIc

by 35 %, 51 % and 56 % and the GIc by 56 %, 79 % and 81 %, respectively. The

fact that the fracture toughness was maximum at a λ slightly higher than 1 is

consistent with an earlier report [11], although the measured fracture tough-

ness drop for λ< 1 is even more pronounced in the present work. Processing

the DGEBA in the 3RM did not affect the fracture toughness significantly.

The measured large fracture toughness differences are noteworthy, given

the fairly small differences in the tensile properties. In particular, the vari-

ations in εb, Uy and Ub were rather small, which might arguably lead to the

expectation that the fracture toughness should not vary strongly either.

The non-network signal from the mentioned DQ NMR measurements

might help understanding these large fracture toughness variations. This sig-

nal gives a measure for the defect fraction of the material, i.e., the fraction that

does not contribute to the molecular network. In the present system, this frac-
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Table 5.1: Results of tensile tests on neat epoxy (eight specimens per material)

WT403 σy εy εb Uy Ub E
/phr /MPa /% /% /(mJ/mm3) /(mJ/mm3) /MPa

38 67.0(1) 4.03(5) 6.97(38) 1.92(2) 3.69(23) 3034(42)
40 65.4(3) 4.31(5) 6.99(55) 2.07(5) 3.62(32) 2876(24)
42 63.0(3) 4.68(3) 7.94(28) 2.27(3) 4.04(16) 2737(43)
44 60.4(1) 5.20(4) 7.53(63) 2.58(3) 3.65(36) 2556(18)
44* 60.3(1) 5.13(5) 7.55(139) 2.49(4) 3.82(103) 2610(16)

* DGEBA passed through the 3RM five times
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Figure 5.8: Measured fracture toughness of neat epoxy with different curing agent contents
WT403. The KIc drops drastically forλ< 1. Some data points are slightly offset hor-
izontally to avoid overlapping. For the filled, diamond-shaped point, the DGEBA
had been passed through the 3RM five times.
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tion consists presumably mainly of dangling bonds with unreacted epoxide

groups (cf. fig. 5.2). As shown in fig. 5.9, the defect fraction depends strongly

on WT403. Reducing WT403 to 42.0 phr, 40.0 phr and 38.0 phr increased the de-

fect fraction to roughly 4, 7 and 12 times its value at 44.0 phr, respectively. This

drastic increase in the number of molecular defects might explain the fracture

toughness drop, for example if these defects act as stress concentrators.

5.5.5 Fracture mechanics results for nanocomposites

Given the strong dependency of the neat epoxy’s fracture toughness on WT403,

the toughening effect of the NPs was expected to differ strongly as well.

As mentioned, one toughening model suggests higher relative GIc increases

for epoxy systems with high initial εb and high GIc,neat as well as for higher

NP loadings [9]. Consequently, one would expect that stoichiometric epoxy

systems can be toughened much more effectively than sub-stoichiometric

systems. However, the same source found the highest toughening effect

for epoxy systems with a low Tg and a high Mc, which would be the sub-

stoichiometric epoxy systems in the present study.

Table 5.2 lists the Tg and fracture toughness results of the various nanocom-

posites. As expected, adding any kind of WS2 NPs did not affect the Tg signif-

icantly (cf. fig. 5.4). Both types of NPs tended to increase the fracture tough-

ness for sub-stoichiometric epoxy systems when compared to the neat epoxy

references (cf. fig. 5.8), while they decreased it for stoichiometric epoxy sys-

tems. Notably, flaky WS2 had a superior toughening effect than IF-WS2. With

IF-WS2 clear improvements in the fracture toughness were obtained only for

WT403 = 40 phr and wIF = 0.50 %, which is the combination for which the sub-

stantial improvements in earlier reports were obtained [1, 2]. This raises the

question to what extent these improvements can be generalized.
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Figure 5.9: The defect fraction as measured by DQ NMR was rather small in the stoichiometric
system but increased drastically as the curing agent content WT403 was reduced

Fig. 5.10 highlights the dependency of the toughening effect on WT403

graphically. Here, the change in the fracture toughness is given by dK =�〈KIc〉− 〈KIc,neat〉�/〈KIc,neat〉, where 〈. . . 〉 stands for the arithmetic mean. While

it must be kept in mind that the uncertainty of these data is quite large

(approx. 10 %), there is a clear trend showing a toughening effect for sub-

stoichiometric epoxy only.

The results of both kinds of NPs do not confirm the expectations from the

above-mentioned toughening model as the toughness of the epoxy systems

with the highest GIc,neat and the highest εy was affected the most negatively. It

seems, therefore, that the mentioned model is valid only for certain nanocom-

posite systems, e.g., with certain particle sizes or a certain surface chemistry.

However, the present results agree with this earlier work in so far as the highest

improvements were obtained for high Mc.
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Table 5.2: Tg and fracture toughness results of nanocomposites

flaky WS2 IF-WS2

w Tg KIc GIc Tg KIc GIc

/◦C /(MPa
�

m ) /(J/m2) /◦C /(MPa
�

m ) /(J/m2)

WT403 = 38 phr
0.25 % 80.8 0.696(47) 146.2(205) 80.8 0.673(48) 142.0(195)
0.50 % 80.0 0.756(52) 167.2(236) 79.9 0.696(58) 143.8(205)
1.00 % 80.6 0.782(57) 183.8(266)
WT403 = 40 phr
0.25 % 85.7 0.748(67) 189.3(336) 85.9 0.733(53) 167.9(197)
0.50 % 85.9 0.745(82) 177.5(392) 84.8 0.815(95) 198.1(310)
1.00 % 86.0 0.737(56) 198.5(276)
WT403 = 42 phr
0.25 % 91.7 1.067(114) 378.0(871) 91.7 0.974(58) 306.8(400)
0.50 % 90.8 1.016(128) 362.7(897) 90.9 0.945(100) 323.9(756)
1.00 % 92.1 1.086(121) 386.4(843)
WT403 = 44 phr
0.25 % 94.0 1.478(42) 785.9(393) 94.6 1.415(56) 780.9(655)
0.50 % 95.3 1.409(86) 637.3(643) 94.1 1.420(76) 755.5(695)
1.00 % 94.6 1.410(68) 708.2(840)

However, a similar investigation with an anhydride-cured epoxy system has

recently come to the contrary result. After addition of silica NPs, Umboh et

al. [10] report the highest fracture toughness increase for the stoichiomet-

ric system, which had the highest cross-link density, i.e., the lowest Mc. This

contradiction might be explained by the different types of curing agent used.

Anhydride curing agents are rather inflexible, so that anhydride-cured epoxy

systems might be affected differently by NPs than epoxy systems cured with

more flexible curing agents. This shows once again that the toughening effect

of NPs can depend strongly on the investigated epoxy system.
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Figure 5.10: Relative fracture toughness change dK over the mass fraction w of flaky
WS2 (open symbols) and IF-WS2 (filled symbols) for all investigated levels of
curing agent content WT403. Fracture toughness increases were observed in
sub-stoichiometric epoxy systems only, while the stoichiometric epoxy system
(WT403 = 44 phr) decreased in its fracture toughness.

It is noteworthy that the epoxy systems with the highest defect fraction (cf.

fig. 5.9) could be toughened most effectively. This raises the question how

and to what extent molecular defects affect the toughening effect of NPs. For

example, molecular defects might concentrate around NPs, thus reducing in

number in the bulk epoxy. Further investigations should clarify this aspect.

The results suggest that flaky WS2 has a stronger effect on the epoxy’s frac-

ture toughness than IF-WS2, both positive and negative. It seems that the su-

perior toughening effect is due to the larger average agglomerate size of the

flaky WS2, although this contradicts the earlier finding that a good dispersion

quality is beneficial [1].
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5.5.6 Fractography

SEM images of nanocomposite fracture surfaces like those in fig. 5.11 confirm

that IF-WS2 was dispersed more effectively than flaky WS2 (additional images

in the Supporting Information). Agglomerates of various sizes could be ob-

served in all investigated nanocomposites, but large agglomerates (i.e., with

diameters in the micrometer range) were much more frequent in flaky WS2

nanocomposites, whereas IF-WS2 NPs were mostly present in small agglom-

erates that consisted of only a few primary particles. As the flaky WS2 was still

mostly present in the form of agglomerates, it seems that its primary particle

size was not the limiting factor for its dispersibility.

The used type of NPs had a significant effect on the fracture morphology, in-

dependently of the level of WT403: Flaky WS2 produced more somewhat conic-

section-shaped crack lines, whereas the IF-WS2 NPs usually debonded from

the epoxy matrix and the produced crack lines had only rarely a conic-section

shape. Such conic-section shaped crack lines have been observed earlier and

were often interpreted as an indication of a crack bowing mechanism [2, 32].

Other works, however, explained them with the formation of secondary cracks

at the NP surfaces, which might result in a toughening effect as well [1, 33],

and this viewpoint is shared in the present work. A possible interpretation of

the presented images could thus be that flaky WS2 have a much stronger ten-

dency to form secondary cracks, which would explain their overall superior

toughening effect. However, this might partly just be due to the larger size of

its agglomerates.

Varying WT403 hardly affected the fracture morphology, despite the large

fracture toughnesses differences. The most notable difference was the shape

of the crack lines in flaky WS2 nanocomposites: In stoichiometric systems,

most crack lines were rather parabolic in shape and often several hundred

nanometers separated from the NP agglomerates, whereas they were usually
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(a) wIF = 0.50 %, WT403 = 44 phr (b) wflaky = 1.00 %, WT403 = 44 phr

(c) wflaky = 1.00 %, WT403 = 40 phr

Figure 5.11: Representative SEM images of fracture surfaces of nanocomposites. The cracks
propagated from left to right. The white arrows highlight somewhat conic-section-
shaped crack lines.

rather elliptic and close to the NPs in sub-stoichiometric systems (cf. fig. 5.11).

The crack lines’ shape and their distance to the NP agglomerates have been

interpreted as an indication for how easily secondary cracks were formed and

how fast they propagated with respect to the primary crack [1, 33]. According

to this interpretation, secondary cracks were formed more easily and prop-

agated faster with respect to the primary crack in the stoichiometric epoxy

system.

There are contradicting reports in literature on how the fracture-surface

roughness correlates with the fracture toughness [8]. Shtein et al. [34]. found
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a coherent quantitative correlation for epoxy–WS2 nanocomposites. Table 5.3

lists two different roughness parameters for fracture surfaces as investigated

with AFM: Rrms is the root-mean-square roughness and dA = (Asurf/Aproj)− 1,

where Asurf is the measured surface area and Aproj is the projected image area.

The roughness increase does not correlate with the toughness increase. In

contrast, the nanocomposites with the highest relative toughness increase

showed only moderate roughness increase. This shows that the toughness

increases and decreases are not merely due to changes in the created fracture

surface areas, but that the observed effects are more complex.

5.6 Conclusion

Altering WT403 is an effective way to vary an epoxy’s cross-link density with-

out changing the chemical components. An estimation of the cross-link den-

sity under several assumptions agrees qualitatively with its measurement via

DMA and with the network rigidity measured by DQ NMR. Notably, the cross-

link density changes strongly with WT403 while the Tg changes only moderately.

Despite the decreased cross-link density, lowering WT403 increases the mate-

rial’s strength and modulus as DGEBA is less flexible than T403. Aλ< 1 results

Table 5.3: Roughness of fracture surfaces as determined via AFM (w = 0.50 %)

WT403 NP Rrms / nm dA

40 phr neat 8.0 0.13 %
IF-WS2 19.2 0.32 %
flaky WS2 89.2 0.62 %

44 phr neat 15.7 0.04 %
IF-WS2 99.8 0.37 %
flaky WS2 114.0 1.60 %
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in a rather moderate change in the material’s tensile properties, but in a sud-

den drop in its fracture toughness. This might be due to the drastic increase

in the defect fraction in the molecular network as measured via DQ NMR.

Both DLS measurements and fractographic images suggest that IF-WS2 can

be dispersed significantly more effectively within DGEBA with a three-roll mill

than flaky WS2, despite the similar primary particle size. It seems as if the

fullerene-like shape facilitates the dispersibility, potentially due to the NPs’

ability to roll off each other.

The toughening effect of NPs can depend strongly on the investigated epoxy

system. The investigated epoxy systems with low cross-link density mostly in-

creased in toughness after NP addition, while those with high cross-link den-

sity mostly decreased, even though the latter had higher strain at yield and

significantly higher initial fracture toughness, both of which were supposed to

facilitate a toughness increase. It is currently unclear how significant molec-

ular defects are for the NPs’ toughening effect.

Flaky WS2 exhibited a larger agglomerate size than IF-WS2 and tended to

result in better fracture toughness improvements. Fractographic images sug-

gest that IF-WS2 tends to debond from the epoxy matrix, while flaky WS2 tends

to introduce more secondary cracks. These seemed to be initiated easier

and propagated faster in stoichiometric than in sub-stoichiometric flaky WS2

nanocomposites. AFM investigation of the fracture surfaces showed that frac-

ture surfaces can become rougher even if the material’s toughness decreases.

While the presented results question the usefulness of IF-WS2 as a toughen-

ing agent for stoichiometric epoxy systems, its superior dispersibility means

that it might be a useful additive for other applications, e.g., in tribology.
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6.2 Abstract

This work deals with the toughening effect of inorganic, fullerene-like WS2

(IF-WS2) nanoparticles (NPs) on epoxy. It has been hypothesized that this

toughening effect depends on the epoxy’s cross-link density, its molecular

defect fraction or its reference fracture toughness KIc. Seven different epoxy

systems were filled with 0.5 % laboratory-made IF-WS2 NPs by mass and in-

vestigated in order to analyze which material properties are determining the

toughening effect. These NPs were similar to commercially available IF-WS2

NPs, but their agglomerates could not be broken up as successfully and they

yielded less toughening effect. The cross-link density of the epoxies mea-

sured via dynamic-mechanical thermal analysis agreed reasonably well qual-

itatively with the theoretical estimation. The glass-transition temperature

and the compressive yield stress were not affected significantly by the IF-WS2

NPs. The toughening effect of IF-WS2 depended entirely on the curing agent

type and quantity. Polyetheramine-cured epoxies behaved differently from

the others in their yielding behavior, but also in the IF-WS2 NPs’ toughening

effect: While some of the investigated material properties correlate strongly

with the toughening effect for polyetheramine-cured epoxies, the correlation

for all investigated epoxies is rather low. Thus, none of the mentioned hy-

potheses could be clearly confirmed.

Keywords: Epoxy, Tungsten disulfide, Fracture mechanics, Nanocomposite, ANOVA
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6.2.1 Graphical Abstract

6.3 Introduction

Epoxy is a thermosetting polymer that is frequently used for high-

performance applications like in fiber-reinforced polymers thanks to its

good mechanical and chemical properties and its good processability.

However, its applications are often limited by its low fracture toughness

KIc. This is why epoxy is usually toughened by toughening additives like

elastomeric or rigid particles. Recently, nanoparticle NP fillers have attracted

much attention as already small quantities showed considerable toughening

effects.

Inorganic, fullerene-like WS2 (IF-WS2) is a novel class of NPs that is known

mostly for their outstanding tribologic properties [1–3]. When used as an ad-

ditive in epoxy, IF-WS2 can considerably improve not only its friction and wear
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behavior [4, 5], but also its fracture toughness [6, 7]. The reported relative

toughness increases are impressive (up to 69 % in the critical strain-energy

release rate GIc), considering how little IF-WS2 was usually added (less than

0.1 % by volume) [6].

However, a recent investigation [8] showed that significant fracture tough-

ness improvements were only possible for certain epoxy systems. In partic-

ular, sub-stoichiometric epoxy systems increased in their KIc when IF-WS2

was added, while stoichiometric epoxy tended to embrittle. It was conse-

quently hypothesized that the effect of IF-WS2 on the epoxy’s KIc depended

on its cross-link density or on its molecular defect fraction, that is to say, the

fraction of the epoxy molecule that is not part of the molecular network [8]. In-

deed, it was frequently assumed that the molecular network morphology, in

particular the cross-link density, is an important factor determining the effec-

tiveness of NP toughening agents [8–10]. Nevertheless, it is unclear whether a

high cross-link density is beneficial [10] or detrimental [8, 9] for the toughen-

ing effect.

Likewise, some models predict that the epoxy’s yield stress [9, 11], its strain

at break [9] or its modulus [11] are determining for the toughening effect of

NP additives. Finally, it is possible that the toughening effect depends simply

on the KIc of the neat epoxy reference system [8, 9]. Indeed, combinations of

these parameters could explain the mentioned dependency of the toughening

effect on the curing agent concentration [8].

The aim of the present work is to separate these factors from each other

by investigating several different epoxy systems. IF-WS2 is dispersed within

an epoxy resin that is then cured with various different curing agents, both

stoichiometric and sub-stoichiometric. The resulting materials hence cover

a wide range of cross-link densities and KIc’s, but they also exhibit different

mechanical properties, molecular defect fractions, etc. The inter-correlation
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between these factors is much lower than when only the stoichiometry is var-

ied, which facilitates drawing conclusions.

Most published works on IF-WS2 in epoxy may be somewhat biased by the

fact that the used IF-WS2 was often from the same commercial source (Nano-

materials Ltd., Israel, formerly known as ApNano) [6–8, 12, 13]. Thus, it is pos-

sible that some of the reported effects are specific for NPs from this particular

source rather than for IF-WS2 in general. The present work uses laboratory-

made IF-WS2 from a different source in order to compare it with the earlier

results from the commercial product and to allow more general statements

on the effect of IF-WS2 on epoxy properties.

6.4 Experimental

6.4.1 Materials

The used IF-WS2 NPs were synthesized following a recently applied

patent [14] via a solid–gas-phase reaction using quasi-spherical WO3 NPs as

precursors and H2S/H2 as reactive gases. The synthesis was carried out at

800 ◦C using a home-made quartz-class set up, which was designed to sup-

port a continuous production of WS2 IF-NPs.

The epoxy resin was a diglycidyl ether of bisphenol A (DGEBA, trade name

EpiKote 828 LVEL from Momentive) with a mass per amount of epoxide groups

MEP (also known as epoxy equivalent weight, EEW ) of 186 g/mol as deter-

mined by titration according to ISO 3001 [15].

The methyl-tetrahydrophthalic anhydride (MTHPA, trade name EpiKure

3601 from Momentive) had an anhydride equivalent weight Manh of approx.

165 g/mol and was always used in combination with the tertiary amine cata-

lyst 1-methyl imidazole (1MI, trade name EpiKure Catalyst 201 from Momen-

tive).
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The diethylenetriamine (DETA) was delivered by Sigma Aldrich and had a

purity of 99 % (molecular mass MDETA= 103.2 g/mol).

The polyetheramine (PEA) curing agents were the bifunctional D230 (trade

name Jeffamine D-230 from Huntsman) and the trifunctional T403 (trade

name Jeffamine T-403 from Huntsman), with amine hydrogen equivalent

weights (AHEW ) of approx. 59 g/mol and 80 g/mol, respectively, as deter-

mined by acid–base titration with 10 mmol/l HCl. The structure formulas of

the DGEBA and the curing agents are given in the Supporting Information.

6.4.2 Processing

The DGEBA was mixed with MTHPA in an approximately stoichiometric ra-

tio and with the three different amine curing agents in an approximately sto-

ichiometric or in an approximately 10 % sub-stoichiometric ratio (i.e., with

appox. 10 % lower amount of curing agent). Table 6.1 shows a list of the seven

investigated epoxy systems with their respective type of curing agent and

its relative mass W (given in mass parts per hundred mass parts of DGEBA

resin, phr), as well as the respective post-cure temperature Tpost. For each of

these epoxy systems, at least two neat-epoxy reference plates and two IF-WS2

nanocomposite plates were manufactured.

For the preparation of the DGEBA–IF-WS2 suspensions, appropriate

amounts of DGEBA and IF-WS2 were mixed first manually with a spatula and

then with an overhead stirrer at 2000 min−1 for 5 min. These mixtures were

then processed with a three-roll mill (3RM) three times as this has been shown

to reproducibly yield good dispersion quality [7, 8]. The rolls (200 mm wide,

�150 mm) of the 3RM (SDY-200 from Bühler, Switzerland) were permanently

cooled to 25 ◦C and rotated at 45 min−1, 110 min−1 and 220 min−1, respectively.

For the first 5 min of each run, the fastest roll was separated from the other

two, so that the suspension was only mixed between these. Afterwards, the
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Table 6.1: Investigated epoxy systems. The relative mass W of curing agent added is given
in mass parts per hundred mass parts of DGEBA resin (phr). Tpost stands for the
post-curing temperature. At least two IF-WS2-filled materials and two neat-epoxy
references were produced for each material type.

Denomination Curing agent W / phr Tpost

EP/MTHPA–89 MTHPA, 1MI 89.2, 2.00 160 ◦C
EP/DETA–10 DETA 10.0 160 ◦C
EP/DETA–11 DETA 11.1 160 ◦C
EP/T403–40 T403 40.0 125 ◦C
EP/T403–44 T403 44.0 125 ◦C
EP/D230–29 D230 29.0 125 ◦C
EP/D230–32 D230 32.0 125 ◦C

fastest roll was pressed onto the middle roll with a force of 12 kN and the sus-

pension was dispersed between these rolls.

The neat DGEBA or these DGEBA–IF-WS2 suspensions were mixed with the

curing agents first manually with a spatula and then with an overhead stirrer

at 2000 min−1 for 5 min. Afterwards, they were poured into a wide beaker (di-

ameter 140 mm) and degassed in a vacuum oven at 80 ◦C to approx. 30 mbar.

The mixtures had to reach between 47 ◦C to 75 ◦C until all air bubbles broke,

which took approx. 3 min to 10 min. They were then poured into cold steel

molds of 160×120×4 mm3, the surfaces of which had been treated with a sil-

icone mold release agent (trade name QZ 13 by Huntsman). The molds were

than placed into a preheated oven at 80 ◦C for 4 h and then cooled down slowly.

One large neat-epoxy plate of 240×210×4 mm3 was produced for each

epoxy system to cut the tensile-testing specimens out of. For that, the mix-

tures were mixed in a high-speed shear mixer at 6000 min−1 in vacuum (ap-

prox. 50 mbar) for 5 min and then molded and cured the same way.

After demolding, the epoxy plates were milled to appropriate geometries

for the respective tests. Tensile testing specimens were produced by water-
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jet cutting instead. The machined specimens were then post-cured for 3 h at

125 ◦C or for 1 h at 160 ◦C, respectively (cf. tab. 6.1). Heating and cooling ramps

were 1 ◦C/min. All samples were stored in a desiccator over CaCl2 in vacuum

until testing.

6.4.3 Characterization

The agglomerate size distribution in the DGEBA–IF-WS2 suspensions was

measured via dynamic light scattering (DLS) at 25.0 ◦C (device Zetasizer Nano

Z from Malvern, UK). For that purpose, they were dissolved in acetone (ap-

prox. 1:100 by mass, resulting particle volume fraction ϕp ≈ 10−6). The vis-

cosity of neat acetone was used for the calculation of particle diameters. Pre-

sented values are the means of 15 individual measurements of 30 s each. As

recommended by the respective ISO standard [16], the intensity-weighted av-

erage particle diameter x̄DLS is used for evaluation.

For transmission electron microscopy (TEM), DGEBA–IF-WS2 suspension

was dissolved in acetone (approx. 1:100 by mass), then a droplet of this solu-

tion was placed on a TEM grid and allowed to dry. The image was gathered in a

Schottky-field-emission TEM (JEOL 2200FS TEM/STEM) operating at 200 kV.

Dynamic mechanical analysis (DMA) was done in tension (device Eplexor

500 from Gabo Qualimeter Testanlagen GmbH, Germany) on samples of

roughly 60×10×4 mm3. The specimens were deformed statically by 0.2 %

and dynamically at 10 Hz by 0.015 % while heating them at 1 ◦C/min to 200 ◦C.

The glass-transition temperature Tg was defined as the temperature at which

the loss modulus E ′′ was maximum. The rubber equilibrium modulus Er was

defined as the average complex modulus at temperatures between Tmin(E ) −
5 ◦C and Tmin(E ) + 5 ◦C during a DMA measurement, where Tmin(E ) is the tem-

perature where the complex modulus is minimum.
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The mass density ρ of neat epoxies was determined at 23 ◦C using the im-

mersion technique according to ISO 1183 Method A [17].

Tensile tests were performed on neat epoxy at 1 mm/min in accordance

with ISO 527-1 [18]. Eight specimens per material were machined by water-jet

cutting to geometry 1A as given in ISO 527-2 [19] before post-curing and their

sides and edges were ground with P400 sand paper to remove notches. The

mechanical energy density at yield Uy,t and at break Ub,t were calculated by

numerically integrating the engineering stress σt over the engineering strain

εt until the yield and break point, respectively.

Plane-strain compression (PSC) tests were conducted on tested fracture-

toughness testing specimens of all investigated materials as described by

Williams and Ford [20]: Five 4 mm thick samples per material were com-

pressed by a 3 mm wide stamp at 0.5 mm/min. The first maximum of the en-

gineering stress was used as the plane-strain compressive yield stress σy,PSC.

While this test is not as accurate as a tensile test, it allows measuring a pa-

rameter for the yield stress of materials that would otherwise fail before yield-

ing. Moreover, no additional material is needed, which allowed measuring

IF-WS2-filled epoxies.

The fracture toughness KIc of the materials was measured in single-edge-

notched bending (SENB) tests on specimens of 65×15×4 mm3 according to

ISO 13586 [21] at a test speed of 5 mm/min. A pre-crack was introduced by

manually tapping a sharp blade into the machined notch at room tempera-

ture. The pre-cracks of most samples did not fulfill the recommendations of

the ISO 13586 with regards to their length or symmetry, but nevertheless all

samples were tested and evaluated. The plastic zone radius r ′y was estimated

from the fracture toughness KIc andσy,PSC via: [22]

r ′y =
1

6π

�
KIc

σy,PSC

�2
(6.1)
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Selected nanocomposite fracture surfaces were sputter-coated with 5 nm

Au (sputtering machine EM ACE600 High Vacuum Sputter Coater from Leica)

before their investigation with a scanning electron microscope (SEM). The

SEM (NovaNanoSEM 230 from FEI) had a Schottky field-emission electron

source operating at a voltage of 2 kV (beam current 57 pA), imaging secondary

electrons with an in-lens detector at roughly 3×10−4 Pa pressure. All images

were taken from regions close to the pre-crack.

The atomic force microscopy (AFM) (MultiMode 8 from Bruker) was used

with a 100-μm scanner in the Peak-Force Tapping mode in order to measure

the surface topography of fracture surfaces. The used AFM probes (ScanAsyst-

Air from Bruker) had a relatively soft triangular silicon-nitride cantilever

(nominal spring constant 0.4 N/m) and a sharp tip (nominal tip radius 2 nm).

All images were taken from regions close to the pre-crack.

6.5 Results

6.5.1 Dispersion quality

Fig. 6.1 shows a TEM image of a typical IF-WS2 agglomerate. Its size, the diam-

eters of the primary particles and the imperfections of the crystal structures

are all well comparable to TEM images of commercial IF-WS2 published else-

where [6–8], indicating that the used NPs are comparable to the commercial

product.

After one run through the 3RM, the average agglomerate size x̄DLS was

240 nm to 290 nm as measured via DLS. After two runs, it was 220 nm to

250 nm and after the third run 210 nm to 240 nm. These x̄DLS values are some-

what larger than those reported elsewhere (160 nm to 180 nm [7] or 170 nm to

190 nm [8]), which indicates that the laboratory-made IF-WS2 NPs were more
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Figure 6.1: TEM image of the used IF-WS2 NPs

difficult to disperse than the commercial product. Nevertheless, the disper-

sion quality should still be sufficient for further investigation.

6.5.2 Thermal characterization

Fig. 6.2 shows the Tg values of all materials as determined via DMA. With the

exception of EP/MTHPA–89, the Tpost of all materials was well above their Tg,

so that it can be assumed that they were fully cured. An even higher Tpost for

EP/MTHPA-89 would increase its cure conversion even further, but was found

to lead to partial degradation and thus discarded.

The materials with the higher curing agent contents had higher Tg values in

all cases, which confirms the assumption that they were closer to stoichiom-

etry and had a more densely cross-linked molecular network than the oth-

ers [8]. In agreement with earlier reports [8], the addition of IF-WS2 had no

significant effect on the Tg.
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Figure 6.2: Glass-transition temperature Tg of the investigated neat (open symbols) and
IF-WS2 filled (filled symbols) epoxies. The lines give the respective post cure tem-
perature Tpost.

The molecular mass per cross-link Mc (basically the inverse of the cross-link

density) can be calculated from the DMA data by an empirical formula: [8, 9,

23–25]

log10

Er

3 MPa
= 293

ρ

Mc

mol

cm3 (6.2)

Mc can also be estimated from theoretical considerations under a few as-

sumptions from MEP, Manh, MDETA, AHEW and the ratio of the amount of

amine hydrogens to epoxide groups λ (derivation given in the Supporting In-

formation):

Mc,MTHPA(λ= 1) =MEP +Manh (6.3)
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Mc,DETA(λ) =
5MEP +λ ·MDETA

8λ−5
(6.4)

Mc,T403(λ) =
6MEP +6λ ·AHEW

10λ−6
(6.5)

Mc,D230(λ) =
6MEP +4λ ·AHEW

9λ−6
(6.6)

Fig. 6.3 shows the measured Mc and compares it to that estimated. Quali-

tatively, the two values agree reasonably well with each other. Considering

that the measured Mc was lower than theoretically possible, in particular for

the DETA-cured epoxies, it is likely that eq. (6.2) underestimates Mc, which is

not surprising, given that it is considered a “rather crude empirical relation-

ship” [23]. Nevertheless, it is still useful for a relative comparison of different

epoxy systems.

As expected, the stoichiometric materials always had a lower Mc (i.e., a

higher crosslink density) than their sub-stoichiometric counterparts. The

Mc values spanned a large range of 270 g/mol to 520 g/mol (measured) or

340 g/mol to 620 g/mol (estimated). This Mc range is much larger than in-

vestigated elsewhere (393 g/mol to 464 g/mol [9], 369 g/mol to 479 g/mol [8])

so that it should allow better evaluation of the Mc’s effect on the KIc.

6.5.3 Tensile properties

Fig. 6.4 shows representative tensile-testing curves of neat epoxy samples of

all investigated materials and fig. 6.5 shows the respective maximum stresses

σm,t and Young’s moduli Et measured. The PEA-cured epoxies showed clear

yielding before failure, so that σm,t can be seen as their yield stress and the

strain at the maximum stress εm,t can be seen as their yield strain. In contrast,

the epoxies made with MTHPA or DETA curing agents failed before yielding,

so that their σm,t does not reflect their actual yield stress and εm,t not their
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Figure 6.3: Molecular mass per crosslink Mc of neat epoxies as measured via DMA using
eq. (6.2) (symbols) and as estimated theoretically (lines)

yield strain. The clearly different yielding behavior of the PEA-cured epoxies

is likely due to their very flexible curing agent molecules.

The variations in both σm,t and Et are generally rather small, despite the

large Mc differences. Notably, Et strongly correlates positively with Mc, that is

to say, the less densely cross-linked materials exhibited the higher Et. In fact,

all sub-stoichiometric materials had a higher σm,t and a higher Et than the

(more densely cross-linked) stoichiometric ones. This was observed earlier [8,

25–27] and two different explanations were given: One explanation was that

the curing agents are more flexible than the DGEBA, so that less curing agent

might result in a stiffer molecular network [8]. However, this does not hold

for DETA, which has very short alkyl chains between its amine groups and is

therefore not more flexible than the DGEBA. Moreover, it is noteworthy that
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Figure 6.4: Tensile stress–strain curves of the investigated epoxy systems. The curves are hor-
izontally off-set for clarity.

the EP/D230–29 (rather flexible curing agent molecule, high Mc) was signifi-

cantly stiffer than EP/MTHPA–89 (very inflexible curing agent molecule, low

Mc). The second, more plausible explanation is that more highly cross-linked

epoxies shrink less after post-curing and thus contain more free volume [25].

This is confirmed by the ρmeasurements, which consistently showed higher

ρ for sub-stoichiometric epoxies (data in the Supporting Information).

6.5.4 Plane-strain compression tests

PSC tests are useful for measuring the yield stress of materials that fail before

yielding in tensile tests [9]. Although the MTHPA- and DETA-cured epoxies

also failed before yielding in the PSC tests, the curve shapes of EP/MTHPA–89

and EP/DETA–10 suggested that they were close to yielding (data shown in

the Supporting Information), so that σy,PSC is likely a representative value for
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Figure 6.5: Maximum stress σm,t (open symbols) and Young’s modulus E (filled symbols) as
determined in tensile tests for the investigated epoxy systems. Error bars are given
only if they are larger than the respective symbols. Theσm,t values that are marked
with an asterisk (*) are likely not representative for the material’s yield stress.

the yield stresses of these materials. EP/DETA–11, in contrast, seems to have

failed significantly prior to yielding, so that its σy,PSC is likely not representa-

tive for the yield stress. Fig. 6.6 shows the results from the PSC tests. Theσy,PSC

is clearly higher than the materials’ tensile yield stress, but it is nevertheless

useful for a relative comparison.

Again, theσy,PSC was generally higher for sub-stoichiometric materials. The

IF-WS2 filler did not affect the σy,PSC significantly. The materials that were

cured with the rather flexible PEA curing agents had a significantly lower

σy,PSC than the others. Notably, theσy,PSC correlates very strongly withρ (sam-

ple Pearson correlation coefficient r = 0.96), indicating that the residual free

volume within the epoxy determines its yield stress.
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Figure 6.6: First stress maximum in PSC testsσy,PSC for all neat (open symbols) and IF-WS2-
filled (filled symbols) materials. The σy,PSC of EP/DETA–11 is likely not represen-
tative for the material’s actual yield stress.

6.5.5 Fracture toughness

Fig. 6.7 shows the KIc results of all materials. The reproducibility was generally

very good. The epoxy system and its stoichiometry had a much higher influ-

ence on the KIc than the IF-WS2 NPs. The stoichiometric PEA systems yielded

the highest KIc values, while the sub-stoichiometric PEA systems were much

more brittle. In contrast, the EP/DETA–10 was a little tougher than EP/DETA–

11. EP/MTHPA–89 was the most brittle of the investigated materials.

The addition of IF-WS2 increased only the KIc of EP/D230–29 significantly.

It had minor effects on the KIc of most epoxy systems, and even significantly

embrittled EP/T403–44.
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Figure 6.7: Fracture toughness KIc of investigated neat (open symbols) and IF-WS2-filled
(filled symbols) epoxies

6.6 Fractography

The fracture surfaces of EP/MTHPA–89, EP/D230–29 and EP/T403–44 were

investigated with both SEM and AFM. The differences in the SEM images were

rather small (fig. 6.8), despite the large differences between these materials in

both the KIc and the toughening effect of the IF-WS2 NPs. The NP filler cre-

ated multiple microcracks in the brittle EP/MTHPA–89, while both EP/D230–

29 and EP/T403–44 showed clear conic-section-shaped crack lines from sec-

ondary cracks as they have been reported elsewhere [7, 8, 28]. These crack

lines have frequently been seen as a sign for a toughening effect, often de-

noted crack pinning,crack-front bowing or crack deflection [29]. However, as
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fig. 6.8 shows, these lines appear regardless of whether the material has been

toughened or not and should thus not be over-interpreted.

There are contradicting reports in literature on how the fracture-surface

roughness correlates with the fracture toughness [30]. While there are reports

stating that the roughness of epoxy–WS2 fracture surfaces correlates with the

fracture toughness [31], this was not always observed [8]. Table 6.2 lists two

different roughness values of selected fracture surfaces as measured via AFM:

Rrms is the root-mean-square roughness and dA is the change in surface area,

i.e., dA = (Asurf/Aproj)− 1, where Asurf is the measured surface area and Aproj is

the projected image area.

As observed elsewhere [8], the fracture surfaces always became significantly

rougher as NPs were added, even if the KIc decreased, and the magnitude

of this roughening did not correlate with the toughening effect. Notably,

EP/D230–29 had the lowest Rrms of the investigated materials, but the highest

dA, indicating that its fracture surfaces were rather smooth overall but had a

rough at small length scales. This suggests that dA might be a more useful pa-

rameter for the investigation of NP toughening effects than traditional rough-

ness parameters. As can be seen from the respective images (given in the

Supporting Information), EP/D230–29 did not exhibit large secondary cracks

Table 6.2: Roughnesses Rrms and dA of selected fracture surfaces compared to their fracture
toughness KIc

material KIc /MPa
�

m Rrms / nm dA / 10−4

EP/MTHPA–89 neat 0.457±0.015 10.5 7.0
EP/MTHPA–89 filled 0.501±0.032 71.5 38.6
EP/T403–44 neat 1.500±0.027 15.0 4.9
EP/T403–44 filled 1.244±0.065 108 46.0
EP/D230–29 neat 0.696±0.016 9.3 28.6
EP/D230–29 filled 0.847±0.047 35.3 87.4
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(a) EP/MTHPA–89 filled (b) EP/T403–44 filled

(c) EP/D230–29 filled

Figure 6.8: SEM images of selected fracture surfaces of nanocomposites with 0.5 % IF-WS2

by mass each

with tail formation, other than the other two. It rather appeared to experi-

ence more particle debonding. Both the debonding and the subsequent de-

formation of the debonded epoxy matrix are considered important toughen-

ing mechanisms [9], so that this might explain the superior toughening effect

of IF-WS2 in EP/D230–29.
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6.7 Discussion

The toughening effect, that is to say, the change in the mean KIc

when compared to the neat-epoxy reference, will be given by dK =�〈KIc〉− 〈KIc,neat〉�/〈KIc,neat〉, where 〈. . . 〉 stands for the arithmetic mean. The dK

measured in the present work is lower than those reported elsewhere [7, 8]:

The toughening effect on EP/T403–40 was smaller and the embrittling effect

on EP/T403–44 was higher as is highlighted in fig. 6.9. It is unclear whether

this is due to the different source of the IF-WS2 or due to the worse dispersion

quality. However, the relative effect of IF-WS2 on dK is comparable, so that

the conclusions drawn here are likely valid for commercial IF-WS2 as well.

6.7.1 ANOVA

When the MTHPA-cured epoxy is disregarded, the experiments performed

represent a full 2×2×3 factorial experiment with two replicates per factorial

point. An analysis of variance (ANOVA) can thus help to support the made

suggestions with statistical data. The factors are the ratio of the amount of

amine hydrogens to epoxide groups λ (factor A), the mass fraction of IF-WS2

(B) and the curing agent type (C), and we investigate the linear effect of each of

these factors on the mean of the KIc as well as the linear interactions between

them.

Table 6.3 shows the most important ANOVA results: the sum of squares

(SS), the degrees of freedom (df), the mean squares (MS), and the F -, p - and

η2
p -values, the latter two being the most important for interpretation: The p -

value gives the probability that the measured effect of the respective factor is

just coincidence, and η2
p gives what proportion of the total variance is associ-

ated with this factor.
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Figure 6.9: Relative fracture toughness change dK after addition of 0.5 % IF-WS2 by mass to
EP/T403–40 and EP/T403–44, respectively, in this work and in reference works
that used commercial IF-WS2 NPs [7, 8], respectively

Table 6.3: ANOVA results for effects on KIc

Factor SS df MS F p η2
p

model 1.64 11 0.15 133 * 0.99
A: λ 0.58 1 0.58 518 * 0.35
B: IF-WS2 * 1 * * 0.81 *
C: curing agent 0.45 2 0.23 202 * 0.27
A–B 0.026 1 0.026 23.5 0.0003 0.016
A–C 0.50 2 0.25 222 * 0.030
B–C 0.022 2 0.011 9.68 0.0027 0.016
A–B–C 0.017 2 0.008 7.47 0.0069 0.010
corrected total 1.66 24

* <10−5
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The high η2
p of the model shows that the KIc can be modeled very well by

these three factors. Within the chosen parameter window, the type (C) and

amount (A) of curing agent are by far the most important factors determining

the material’s KIc, while no clear statement can be made on whether the ad-

dition of IF-WS2 per se improves the KIc. There is some interaction between

factors A and C, meaning that the importance of the stoichiometry for the

KIc depends on the curing agent. The significant interactions of B with the

other two factors (A–B, B–C and A–B–C) means that the toughening effect of

the IF-WS2 depends to comparable extents on the curing agent type, on its

quantity, and on the combination of these. These data thus confirm that the

toughening effect of IF-WS2 depends strongly on the respective epoxy system.

6.7.2 Correlation of material properties

The main purpose of this work was to find out which material properties are

determining for the toughening effect of IF-WS2. One hypothesis was that

the molecular defect fraction might be one crucial factor [8]. However, if this

was the case, then all sub-stoichiometric epoxy systems would be expected to

profit in a similar way from the IF-WS2, irrespectively of the particular curing

agent type as they all have a significantly increased defect fraction. Since this

is not the case (cf. fig. 6.7 and tab. 6.3), it is unlikely that the molecular defect

fraction itself is of major importance for the toughening effect.

Another hypothesis was that the Mc is the most important factor determin-

ing the toughening effect. It is noteworthy that the only epoxy system that in-

creased significantly in its fracture toughness with IF-WS2 addition, D230–29,

was also that with the highest Mc. This confirms to some extent the earlier ob-

servation that epoxy systems with high Mc can be toughened more effectively

with IF-WS2 NPs [8]. Indeed, there seems to be a high correlation between

dK and Mc for PEA-cured epoxy systems (r = 0.96), however, the correlation
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is much smaller for the other epoxy systems (r = 0.21) or the entire data set

(r = 0.48), as is shown in fig. 6.10.

Table 6.4 shows the correlations of the dK with the means of the measured

material properties. Overall, dK correlates most strongly with Et and to a

smaller extent with r ′y , KIc, Mc and the strain at maximum stress εm,t.

The high correlation of dK with Et is somewhat surprising, considering that

the measured differences in Et were rather small, but it supports to some ex-

tent an earlier modeling work that predicted an important influence of Et as

well [11].

The fact that KIc correlates somewhat negatively with dK shows that brit-

tle epoxies can be toughened more successfully than tough ones. However,

this correlation is much less pronounced than observed elsewhere [8], so that

it does not seem as if there was a unique relationship. One mechanism that

could explain the influence of the KIc on dK is the size of the plastic zone r ′y at

crack initiation during an SENB test, in particular when compared to the ag-

glomerate sizes and the distances between agglomerates: If the plastic zone is

significantly larger than the NP agglomerates or if it contains multiple NP ag-

glomerates, it is possible that the NPs are essentially negated. The obtained r ′y
ranged from 0.6μm (EP/MTHPA–89) to 12.2μm (EP/T403–44). It is thus pos-

sible that the IF-WS2 NPs can affect the crack initiation of the brittle material

much better than that of the tough material. However, the correlation of r ′y
with dK is only slightly higher than that of the KIc, so that this hypothesis does

not seem to explain the observations either.

Once again, the correlations are much higher if only PEA-cured epoxy sys-

tems are concerned and very small if only non-PEA-cured epoxy systems are

concerned. This shows that the NPs work entirely differently in the PEA-cured

epoxy systems than in the other investigated epoxy systems, which may be ex-

plained with their different yielding behavior (cf. fig. 5.7). In particular, Mc, Et,

σm,t, εm,t and Uy,t correlate very strongly with dK for PEA-cured epoxies, sug-
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Figure 6.10: Relative fracture toughness change dK after addition of 0.5 % IF-WS2 by mass
over the molecular mass per cross-link Mc. These values correlate strongly for
the PEA-cured epoxy systems, but not for the others.

gesting that weakly cross-linked, stiff materials that yield at low strains, high

elastic energies and high stresses can be toughened most successfully. How-

ever, this statement does not hold true if all investigated epoxies are taken into

account.

These data do not show satisfying correlation of any material property with

the toughening effect to draw clear conclusions for the entire dataset. The

PEA-cured epoxies behave so differently that it is difficult to make any general

statements. It seems as if the toughening effect was determined either by a

combination of several material properties or by material properties that were

not measured in this work.
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Table 6.4: Correlation coefficients r for the correlation of the arithmetic means of material
properties with dk , for all investigated materials as well as only for PEA-cured ma-
terials and only for other materials, respectively

Property
r

all PEA other

KIc −0.55 −0.82 −0.21
r ′y −0.60 −0.84 −0.20
Mc 0.48 0.96 0.21
Tg −0.02 −0.88 0.28
Et 0.79 0.96 0.01
σm,t 0.32 0.97 −0.15
εm,t −0.41 −0.94 −0.21
Uy,t −0.34 −0.98 −0.27
Ub,t −0.23 −0.61 −0.27
ρ 0.16 0.78 −0.10
σy,PSC 0.20 0.87 0.05

6.8 Conclusions

The laboratoy-made IF-WS2 NPs are comparable to the commercial product,

but they tend to form larger agglomerates and have an inferior effect on the

material’s KIc. The investigated epoxy systems vary greatly in their Tg, their Mc

and their KIc, and to a lesser degree in their tensile properties and theirσy,PSC.

The addition of IF-WS2 does not affect the Tg or theσy,PSC significantly.

The KIc seems to be mostly determined by the particular epoxy system,

i.e., the type and amount of curing agent used. The toughening effect of the

IF-WS2 on the KIc can be positive or negative, depending on the particular

combination of curing agent type and quantity. Crack lines can be observed

on fracture surfaces independently of whether the KIc increases or decreases.

This makes it questionable to what extent crack lines can be seen as a sign for
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a toughening effect. Likewise, the fracture surface roughness does not neces-

sarily correlate with the KIc, but the fracture surface area might be more useful

than assumed so far.

The polyetheramine-cured epoxy systems behave significantly differently

to the others in the way the IF-WS2 NPs affect the KIc, so that it is difficult

to make general statements. It seems that stiff and brittle epoxy systems with

low cross-link density and yield strain can be toughened by IF-WS2 most effec-

tively. However, the very strong correlation of the toughening effect with the

amount of curing agent, the KIc and the Mc cannot be confirmed, suggesting

that none of these factors alone determines the toughening effect, but rather

a combination of several factors or a factor that has not yet been considered.

Likewise, the data do not support the hypothesis that the molecular defect

fraction was determining for the toughening effect.
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7 Conclusions

This Thesis deals with the toughening effect of tungsten disulfide (WS2)

nanoparticles (NPs) on epoxy, in particular with that of inorganic, fullerene-

like WS2 (IF-WS2) NPs. Earlier works have reported a significant toughening

effect that they explained with the formation of a nodular morphology, which

results in a region of higher modulus in the vicinity of the IF-WS2 NPs [1]. The

aim of this work was to investigate whether this claimed toughening effect

can be confirmed and generalized, and what mechanisms might be respon-

sible for it.

As pointed out in chapter 2, the nodular morphology in epoxy reported else-

where [2, 3] is unlikely to exist but rather seems to be an artifact from atomic

force microscopy (AFM) caused by a high surface roughness and not suffi-

ciently sharp AFM tips. This becomes obvious when the AFM tip radius is

reduced and the size of the apparent nodules changes. Super-sharp AFM tips

(nominal tip radius below 1 nm) are necessary to image epoxy fracture sur-

faces without any nodules [4]. While nodular morphology is still repeatedly

reported in recent publications [5–7], none of these works held to the sugges-

tions made in sec. 2.5.6, so that these claims must be taken with care.

AFM in the Peak-Force Tapping mode was found capable of measuring the

modulus distribution in epoxy, but this measurement is even more sensi-

tive to the surface roughness if high lateral resolution is desired: The surface

roughness has to be below 1 nm to avoid this artifact (chapter 2). The only

surface preparation technique that was found to give sufficiently smooth sur-
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faces was ultramicrotome cutting. If smooth surfaces are investigated, the

modulus can be measured to a precision of approx. 300 MPa and at a reso-

lution of approx. 10 nm (chapter 4). At this resolution, no modulus inhomo-

geneities were measured in bulk epoxy and neither in the close proximity to

NP fillers. In a nutshell, the claimed nodular morphology does not seem to

exist, nor do the claimed modulus inhomogeneities in the vicinity of IF-WS2

NPs.

Surface functionalization of the WS2 NPs is possible with silane modifiers,

but is not necessarily successful, as can be shown via X-ray photoelectron

spectroscopy (XPS) (chapter 3). Likewise, it does not seem to improve the

WS2’s dispersibility within epoxy nor their toughening effect (chapter 4), other

than stated elsewhere [1, 8]. This is not unexpected, however, since the surface

of WS2 is already very non-polar so that further functionalization might not

affect the miscibility with an epoxy resin. The surface functionalization ac-

tually deteriorates the IF-WS2 NPs’ dispersion quality after sonication within

ethanol, which could be measured well via DLS and modeled by an exponen-

tial approach function. Consequently, surface functionalization of IF-WS2

does not seem to be useful for its use in epoxy.

Three-roll milling was found to be much more effective in dispersing

IF-WS2 NPs within epoxy than sonication, while at the same time having less

degradation effect on the epoxy resin (chapter 4). The average IF-WS2 ag-

glomerate size obtained after 3RM within epoxy was 160 nm to 240 nm. This is

still significantly larger than the approx. 100 nm IF-WS2 primary particle size,

but considering that the IF-WS2 forms aggregates, it might not be possible to

obtain a significantly smaller agglomerate size without milling the NPs.

Epoxy can be toughened with WS2 NPs, but the success depends strongly

on the investigated epoxy system, in particular on the type and amount of

curing agent used (chapters 5 and 6). The highest obtained fracture tough-

ness improvements were +25 % in the critical stress-intensity factor KIc and
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+62 % in the critical strain-energy release rate GIc (both in chapter 4), but re-

ductions by−15 % in the KIc and by−27 % in the GIc were observed as well (in

chapter 6). The earlier work by Shneider et al. [1] that reported respectable

toughening effects was carried out on an epoxy system that was cured with a

sub-stoichiometric amount of T403 curing agent. This material is much more

brittle than the stoichiometric epoxy system and is likely not very relevant for

practical use. It is thus questionable whether WS2 NPs can be useful as tough-

ening agents at all. The used laboratory-made IF-WS2 is mostly comparable to

the commercial IF-WS2, but it is more difficult to disperse and has an inferior

effect on the epoxy’s fracture toughness (chapter 6).

Generally, IF-WS2 does not differ greatly from flaky WS2 with respect to its

effect on epoxy’s fracture toughness (chapter 5) and it is questionable whether

its toughening effect is significantly different from that of any other NP filler

with similar size, shape and surface chemistry. It is thus doubtful that these

rather expensive NPs might become an interesting option for a toughening

agent for thermosetting polymers. In fact, its high mass density might make

it an inferior choice to many alternatives, depending on the application. How-

ever, WS2 NPs are also used as additives for other purposes, most importantly

as tribologic additives [9, 10], so that even minor toughening effects can be rel-

evant as an additional benefit. Whether or not a given epoxy system’s fracture

toughness increases with addition of WS2 NPs cannot yet be forecast reliably

and must thus still be tested individually.
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8 Annex

8.1 Supporting Information for Publication 1

8.1.1 Manufacturing of other materials

In addition to the epoxy samples described in the main article, we investigated a se-

ries of additional materials that were frequently claimed to be either homogeneous

or particularly inhomogeneous.

There are contradicting reports on the roughness of fracture surfaces of amorphous

thermoplastics, namely PS and PMMA. In order to clarify this apparent contradic-

tion, we conducted measurements on commercial PMMA, delivered by Evonik Röhm

GmbH with the trade name Plexiglas, as well as on a PS sample from our lab.

It was mentioned by various authors that UP resins were intrinsically inhomoge-

neous due to the free-radical chain-growth polymerization reaction. In order to test

this statement, we mixed 100 parts of Aropol K 530 TB, a pre-accelerated isophthalic-

based UP resin mixture delivered by Ashland, with 1.50 parts of Trigonox 42 PR, a

tert-butyl 3,5,5-trimethylhexaneperoxoate delivered by AkzoNobel. The mixture was

stirred at 6000 rpm, degassed, and cured at 60 ◦C for 2 h.

Likewise, we created a so-called inter-penetrating network (IPN), a mixture of the

epoxy and the UP resin, which were cured simultaneously. Such IPNs were shown

to exhibit strong inhomogeneities. For that purpose, we prepared a standard epoxy

mixture and separately a UP resin mixture, both in the same way as mentioned above

and in the main article. The two mixtures were then mixed with each other 1:1 and

cured at 60 ◦C for 8 h. At this temperature, the epoxy part can cure only partly. This
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plate is hence supposed to be extraordinarily inhomogeneous. The resulting plate

was very brittle.

8.1.2 Fracture surface of polystyrene

There were different reports on the shape of fracture surfaces of polystyrene (PS).

Authors were claiming that they were extremely flat, exhibiting no surface features at

all, while others claimed that they had a distinct nodular morphology. As can be seen

in fig. 8.1 we found our PS fracture surfaces to be extremely rough when compared

with epoxy fracture surfaces. The apparent nodular morphology is present, but is

mostly covered by more dominant surface features.

8.1.3 Correlation between peak force and modulus

It is explained in the main article that the inhomogeneously measured modulus is

most likely due to a variation in the tip–sample contact area. Another possible expla-

nation could be the fact that the actual contact force Fpeak is not perfectly constant

during the scan.

Theoretically, small variations in Fpeak should not affect the measured modulus.

However, as experience shows the measured modulus does partly depend on Fpeak,

probably due to the fact that the system does not perfectly agree with the DMT model.

One could therefore argue that the deviation in Fpeak from its nominal value is the

reason for the modulus to be affected by artifacts. This deviation is the peak-force

Figure 8.1: AFM height image of a PS fracture surface, captured in soft contact. The surface is extremely
rough.
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error ΔFpeak. Depending on the surface roughness and the measurement settings,

ΔFpeak can easily exceed 10 % of Fpeak.

The assumption thatΔFpeak causes the apparent modulus variations is partly sup-

ported by the comparison of the trace and retrace scans. In a perfect measurement,

those scans would agree perfectly well with each other. As we can see in fig. 8.2 they

agree well indeed, but there is some skewness in the modulus images that seems to be

related toΔFpeak: In positions whereΔFpeak is positive, the AFM tip presses stronger

into the sample, which might cause the artificially highly measured modulus. The

question is if this effect is the only reason for the variations in the modulus?

ΔFpeak is a measure for the control quality and hence a function of the vertical dis-

tance between two measured pixels: If the height difference between two adjacent

pixels is large, ΔFpeak will be high as well. That means that we can reduce ΔFpeak by

scanning at very small scan sizes: There are more pixels measured per nanometer,

and the vertical distance between those is reduced as well.

In the example given in fig. 8.3, the scan size was chosen as small as 100×200 nm2

(at 512×256 pixels). The vertical distance between two adjacent pixels in that image

was always well below 1 nm. The remaining variance in ΔFpeak was mainly due to

noise and had only little correlation with the topography. In contrast, the modulus

was still the same as the one measured at normal scan sizes. If the modulus inho-

mogeneities were caused by variations in Fpeak, they would change strongly with the

scan size, which is definitely not the case. This demonstrates that those apparent

inhomogeneities are not due to variations in Fpeak.

8.1.4 PS reference sample

In this article, we compare the variance in the measured moduli of the individual

materials to that of the PS reference sample. To the sake of completeness, the Peak-

Force Tapping images of this reference are given in fig. 8.4. Some contamination is

visible on each of the images. These areas were excluded for the modulus calibration.
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Figure 8.2: Z ,ΔFpeak and Es profile curves of one scan line of the epoxy fracture surface, both in trace
( ) and in retrace direction ( ). The Es peaks are slightly skewed towards the side where
ΔFpeak is higher.
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Figure 8.3: Peak-Force Tapping image of the epoxy fracture surface, scanned at a very low scan size
of 200×100 nm2. While the peak-force error is strongly reduced, the apparent modulus
inhomogeneities remain.
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Figure 8.4: Peak-Force Tapping images of the PS reference.
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8.2.1 IR spectra

It is stated in the main article that the IR spectra of the functionalized IF-WS2 in KBr

did not differ qualitatively from those of unfunctionalized IF-WS2 in KBr, nor from

those of fresh KBr. Fig. 8.5 highlights the fact that there is no qualitative change in the

weak IR bands at 2962 cm−1, 2922 cm−1 and 2852 cm−1, which have been attributed to

– CH3 and – CH2 – groups from the functionalization [1]. The quantitative differences

are too small to draw conclusion from. The IR spectra do therefore not provide proof

of successful functionalization.

8.2.2 Titration curves not shown in the main article

The titration curves of AATMS-1-rest-EtOH, AATMS-1 and AATMS-3 are given in

fig. 8.6, together with the respective theoretical titration curves approximated by the

software [2]. AATMS-3 is basic at the beginning, while AATMS-1 is acidic, which

agrees with the results of the respective EtOH rests. However, the curve shapes are

not that well defined and the measured amounts of diamine/diammonium far ex-

ceed the expected amounts. This might be due to the IF-WS2 interacting in the acid–

base reaction during the titration. It seems, therefore, that acid–base titration is only

useful for determining the residual modifier left in the solvent, while it does not seem

to be useful for measuring the amount of modifier in a IF-WS2 powder directly.

8.2.3 Theoretical titration curve of a diprotic base

This section describes the calculation of the theoretical titration curve of a diprotic

base. Here, B stands for an unprotonated diprotic base, A– stands for the acid rest of

the strong acid AH that is added during the titration, KW is the dissociation constant

of H2O and the KB are the base dissociation constants:
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Figure 8.6: Measured titration curves of AATMS-1-rest-EtOH, AATMS-1 and AATMS-3 and theoretical
titration curves fitted to these data
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B+H2O
KB1

BH+ +OH−

BH+ +H2O
KB2

BH2
2+ +OH−

2H2O
KW

H3O
+ +OH−

AH+H2O A−+H3O
+

The KB are calculated by KB = KW/KA from the respective acid dissociation constants

KA, which can be looked up in literature [3]. The charges must stay balanced:

cH3O
+ + cBH+ +2 cBH2

2+ = cA− + cOH− (8.1)

where c denominates the concentration. The nominal (initial) concentration of each

substance will be denominated with F :

FAH = cA− (8.2)

FB = cB+ cBH+ + cBH2
2+ (8.3)

The individual concentrations are interrelated via the law of mass action:

KB1 =
cOH− · cBH+

cB
⇔ cB =

cOH− · cBH+
KB1

(8.4)

KB2 =
cOH− · cBH2

2+

cBH+
⇔ cBH+ =

cOH− · cBH2
2+

KB2
(8.5)

KW = cH3O
+ · cOH− (8.6)

Dividing eq. (8.4) by eq. (8.3) gives:

cB
FB
=

cOH− · cBH+/KB1

cB+ cBH+ + cBH2
2+

(8.7)
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Including eq. (8.4) and eq. (8.5) gives:

cB
FB
=

cOH− · cOH− · cBH2
2+/(KB1 ·KB2)

cOH− · cBH+/KB1+ cOH− · cBH2
2+/KB2+ cBH2

2+
(8.8)

Further including eq. (8.5) gives:

cB
FB
=

c 2
OH− ·����cBH2

2+

��KB2 · cOH− · cOH− ·����cBH2
2+/��KB2+KB1 · cOH− ·����cBH2

2+ +KB1 ·KB2 ·����cBH2
2+

(8.9)

Using a similar approach we get:

cBH+

FB
=

cOH− ·KB1

c 2
OH− +KB1 · cOH− +KB1 ·KB2

(8.10)

cBH2
2+

FB
=

KB1 ·KB2

c 2
OH− +KB1 · cOH− +KB1 ·KB2

(8.11)

Inserting eq. (8.2), eq. (8.6), eq. (8.10) and eq. (8.11) into eq. (8.1) leads to:

KW

cOH−
+ FB · cOH− ·KB1+2 ·KB1 ·KB2

c 2
OH− +KB1 · cOH− +KB1 ·KB2

= FAH+ cOH− (8.12)

⇔ 0= c 4
OH− + c 3

OH− · (FAH+KB1) + . . .

· · ·+ c 2
OH− · (KB1 ·KB2+ FAH ·KB1− FB ·KB1−KW) + . . .

· · ·+ cOH− · (FAH ·KB1KB2−2 · FB ·KB1KB2−KW KB1)−KW KB1KB2

(8.13)

With eq. (8.13) it is possible to calculate cOH− iteratively for any amount of strong acid

(e.g. HCl) added, and the pH can be calculated by:

pH =− log10

�
cH3O

+ · l

mol

	
=− log10

�
KW

cOH−
· l

mol

	
(8.14)

Note, however, that the calculations in the main article were done with a titration-

curve-fitting software that takes even more factors into account, e.g., the ion activ-

ity [2].
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8.2.4 TGA of untempered powders

As mentioned in the main article, all measurements shown were done on powders

tempered at 100 ◦C for 1 hour. Fig. 8.7 shows TGA curves of untempered HTCS-1, after

tempering it in vacuum at 50 ◦C, 80 ◦C and 100 ◦C, respectively, for 1 hour each. Signif-

icant mass was lost already below 200 ◦C depending on the tempering temperature.

As the modification with HTCS was done at room temperature, the surface function-

alization reaction had not fully finished before the measurements. The residual un-

reacted HTCS reacting during the TGA measurement resulted in evaporation of HCl

causing significant mass loss. As XPS and TG/MS measurements showed, no HCl was

measurable after tempering at 100 ◦C for 1 h.

8.2.5 TG/MS results and discussion

TG/MS measurements were done on AATMS-3 and HTCS-3 in order to obtain addi-

tional information on the origin of the mass loss in the TGA; the analyzed ratios of

ion mass m to ion charge q were chosen in a way to analyze possible traces of CO2,

H2O, HCl and ammonium compounds in the gas (see fig. 8.8).

The strongest MS signals were detected for m/q of 28 and 14. As these did not

change with temperature, however, it is very likely that they are due to N2 traces in

the He flow gas rather then due to CO. The same is true for an m/q of 16 which is

most likely O+•. The fact that the signals for m/q of 35 and 36 do not change with

temperature indicates that no HCl was created, so that we can assume that the silan-

zation reaction of HTCS-3 has finished after tempering.

The strongest signals that correlate with the derivative of the mass loss are those

with m/q of 17 and 18, which are created by OH+ and NH3, and by H2O and NH4
+,

respectively. This suggests that much of the mass loss is indeed due to H2O. The ratio

between the signals with m/q of 17 and 18 are constant in the case of HTCS-3, but not

in the case of AATMS-3; here, the signal with m/q of 18 increases disproportionately

around 300 ◦C, which indicates an additional NH4
+ signal and supports the assump-

tion that the large mass loss peak is due to decomposition of AATMS under secession

of ammonium.
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Figure 8.7: TGA curves of HTCS-1 after tempering at different temperatures
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There are many possible fragments that could produce a signal with an m/q of

44, e.g., C2H6N+. However, the signal originates most likely mainly from CO2
+•. This

indicates that there is a steady removal of some organic species from both samples,

enabled by O traces in the gas flow.

Finally, signals from m/q of 30 and 60 were detected, which indicate CH2NH2
+ and

H2N(CH2)2NH2
+•. The facts that these were only seen in the AATMS-modified sample

and that they appear most strongly around 300 ◦C support this interpretation further.

These data suggest that the functionalization of AATMS-3 and HTCS-3 was success-

ful and support the assumptions that the TGA mass loss is mainly due to H2O and CO2

and in the case of AATMS-3 also due to succession of ammonium compounds.

8.2.6 SEM imaging of IF-WS2 powders

Additional SEM images are given in fig. 8.9; arrows highlight visible agglomerates.

While there is some difference visible between samples sonicated for different times,

the final agglomerate size seems to be relatively large, likely due to inevitable reag-

glomeration of the nanoparticles upon drying.
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Figure 8.9: SEM images of IF-WS2 samples on Si wafers
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10 μm
(e) HTCS-1 after 60 min of sonication

Figure 8.9: (continued) SEM images of IF-WS2 samples on Si wafers
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8.3.1 Thermo-oxidative degradation of DGEBA

Ultraviolet–visible UV/Vis spectroscopy was done to quantify the discoloration of the

DGEBA after sonication (spectrophotometer Cary 50 Bio from Varian). The sonicated

DGEBA was filled in a 10 mm thick quartz cuvette for the measurement and the results

were corrected for the cuvette’s absorption.

Infrared (IR) spectroscopy was done in attenuated total reflection (ATR-IR) to in-

vestigate the chemical changes of the DGEBA caused by sonication (spectropho-

tometer Tensor from Bruker; 4000 cm−1 to 400 cm−1 with 1.9 cm−1 step size, 64 scans).

Sonicating neat DGEBA results in a clearly visible color change, indicating that

some material damage takes place. Depending on the lighting conditions, some

yellowness was visible after 1 min to 3 min, indicating material degradation. After

10 min, the yellowness was already clearly visible (see fig. 8.10). In those literature

reports where IF-WS2 were dispersed within epoxy, the sonication times were as long

as 60 min [1] or 240 min [2], even though it was stated elsewhere that already 2 min of

sonication damages IF-WS2 particles [3].

The color change can be quantified in the form of UV/Vis spectra as in fig. 8.11:

Neat, unsonicated DGEBA absorbs light below 305 nm, likely due to its aromatic

rings. After just 4 min of sonication there is already some measurable color change.

From the UV/Vis spectra it becomes obvious how severe the color change is after

10310.30

Figure 8.10: Photography of neat DGEBA after different sonication times, given in minutes.
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longer sonication times. After 60 min of sonication, light is absorbed over the whole

visible light spectrum, resulting in a brownish color.

ATR-IR was done on each of the samples in fig. 8.11, but no monotonically changing

bands could be seen, despite the good signal-to-noise ratio of these measurements.

The IR spectra of DGEBA before and after 60 min of sonication and the difference be-

tween the two are given in fig. 8.12 as an example. There are barely any differences

between these two spectra. The largest difference is a 0.3 % increase in the C – O – C

streching peak at 828 cm−1. In particular, neither did the IR band of the epoxide group

at 914 cm−1 decrease, nor that of the ether group at 1033 cm−1, which are arguably the

weakest links in the DGEBA molecule. It does, therefore, not seem as if the chemical

composition of the DGEBA changed strongly due to sonication. Likewise, mechan-

ical tests indicated that sonication does not affect the mechanical properties of the

cured material significantly.

Mailhot et al. reported that thermo-oxidative degradation of amine-cured epoxy

results in strong discoloration but barely alters the obtained IR spectra [4]. They

reasoned that highly UV/Vis-absorbing products are formed in concentrations not

large enough to be detected by IR analysis. However, these authors observed discol-

oration after heating cured epoxy plates to 100 ◦C for several days [4], but already a

few minutes of sonication seem to be sufficient for the same effect here. While the

DGEBA’s average temperature during sonication was permanently around 90 ◦C to

100 ◦C, it is known that sonication can locally cause temperatures of up to 5000 K [5].

While smaller molecules like ethanol limit the temperature increase by vaporization,

DGEBA degrades before it vaporizes. It is therefore likely that the observed yellow-

ing is indeed due to thermo-oxidative degradation and it is unlikely that even best

cooling conditions could avoid it. However, this might have only minor effects on

the material’s mechanical properties as probably only small fractions of the DGEBA

have degraded.
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Figure 8.11: UV/Vis spectra of DGEBA after differently long sonication times. The yellowing is clearly
measurable.

Figure 8.12: IR spectra of DGEBA before and after 60 min of sonication and the difference between
the two. The absorbance spectrum of the DGEBA after 60 min of sonication is vertically
shifted for clarity.
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8.3.2 Structures of silane surface modifiers and curing agent

The structure formulas of the used silane surface modifiers and the used curing agent

Jeffamine T-403 are given in fig. 8.13.

8.3.3 Transmission electron microscopy

For transmission electron microscopy (TEM), a drop of ethanol–IF-WS2 suspension

(sonicated for 60 min) was placed on a TEM grid and allowed to dry. The images were

gathered in a Schottky field emission TEM (JEOL 2200FS TEM/STEM) operating at

200 kV. Figure 8.14 shows representative images of an individual primary particle and

of a small agglomerate, respectively. However, it is unclear whether the agglomerate

shown there has existed already in the ethanol suspension or formed upon drying on

the TEM grid.

8.3.4 Conic-section-shaped crack lines due to secondary cracks

It was stated in the main article that the initiation of secondary cracks around a par-

ticle might explain the conic-section-shaped crack lines visible in SEM micrographs.

This hypothesis will be dealt with in more detail here.

Consider a particle with radius R0 embedded in a brittle matrix. In a fracture me-

chanics test, a crack (denominated primary crack) propagates through this matrix

with a given velocity vp in the same plane as the center of the particle. When this

crack is a given distance A apart from the particle, the stress field in front of the prop-

agating primary crack and the stress concentration around the rigid particle [6] cause

a secondary crack to initiate at the particle–matrix interface, which then propagates

radially with a velocity vs. After initiation, the secondary crack propagates due to

the same macroscopic stresses as the primary crack, thus it will be propagating in a

nearly parallel plane. For the sake of simplicity, let’s assume that both velocities vp

and vs are constant (but not necessarily equal), that they propagate both in parallel

planes and that the secondary crack propagates in all radial directions with the same

velocity. Mind that none of these assumptions will generally be true.
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Figure 8.13: Silane surface modifiers and curing agent Jeffamine T-403
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Figure 8.14: Representative TEM images of the used IF-WS2
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A graphical representation of this situation is given in fig. 8.15. At time t after the

initiation of the secondary crack, the distance of the secondary crack from the center

of the particle is R (t ) = R0 + vs · t . As the origin is in the center of the particle, the

position of the primary crack is xp(t ) = vp · t −A. The intersection of xp(t ) and R (t ) is

given by r (t ), which describes the shape of the resulting crack line.

Note that for

vp = vs ⇒ R (t )−R0 = xp(t ) +A ⇔ R (t ) = xp(t ) + (A+R0) (8.15)

which describes a parabola with its focus in the center of the particle. For vp > vs , this

would result in an ellipse, and for vp < vs it would result in a hyperbola. Animations

of these three possible crack line formations are available in the online version of this

article.

8.3.5 AFM nanomechanical imaging of ASA

A sample of acrylonitrile–styrene–acrylate (ASA, trade name Luran S) was cryo-

ultramicrotomed at −110 ◦C and imaged with AFM the same way as described in the

main article in order to measure how precisely the AFM can measure modulus dif-

ferences on plane surfaces of known samples. Figure 8.16a shows a topographic im-

age of the created surface. The elastomeric regions are visible as clear depression in

the elsewise very smooth surface. Figure 8.16b shows height and modulus images of

a smooth region on this surface where a modulus inhomogeneity can be observed.

This inhomogeneity is supposedly due to a submerged elastomeric particle that re-

sults in a more compliant region on the surface. The height difference of approx.

4 nm in this region is smaller than the nominal AFM tip radius (8 nm, so that the DMT

model is reasonably well suitable, and the measured modulus image supports this as-

sumption. The rectangular region visible in the center of fig. 8.16b is due to a small,

permanent deformation by an earlier AFM scan at this position.

These measurements show that local modulus (or rather, stiffness) inhomo-

geneities can indeed be measured with this AFM technique given that the surface
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Figure 8.15: Geometric representation of the creation of a conic-section-shaped crack line. The line to
the left represents the position of the primary crack, the filled half-circle represents the
nanoparticle and the dashed half circle represents the position of the secondary crack.

is sufficiently smooth. A stiffness difference corresponding to an apparent modu-

lus difference of a few hundred MPa can clearly be discerned from the bulk stiff-

ness/modulus.
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Figure 8.16: (a) AFM height image of cryo-ultramicrotomed ASA. (b) AFM height and modulus images
of a smooth region therein. (c) Profile curves of the lines highlighted in (b). Images courtesy
of the authors.

8.3.6 Additional fractographic images

This section shows a series of additional fractographic images in order to help the

reader get a better image of the obtained dispersion quality and the observed frac-

ture phenomena. Figure 8.17 shows that small agglomerates and individual primary

particles exist also in the sonicated sample, but they are very sparse. Likewise, the

images of the samples produced by 3RM (fig. 8.18 to 8.22) show that larger agglom-

erates are present in each material. However, the distribution is clearly much more

narrow than in the sonicated nanocomposite.

Fractography does reveal certain differences between the individual nanocompos-

ites. For instance, the fracture surface of EP/GTMS seems to be rather smooth and

the rather homogeneously dispersed nanoparticles tend to detach from the epoxy
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Figure 8.17: Fractographic images of sonicated EP/IF-WS2
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Figure 8.18: Fractographic images of EP/Ref-EtOH

A24



8.3 Supporting Information for Publication 3

matrix (fig. 8.19). In contrast, the fracture surface of EP/HTCS-1 seems to be much

rougher, establishing multiple crack lines, and the less perfectly dispersed nanoparti-

cles tend to adhere to the matrix (fig. 8.20). While this might explain the differences in

the measured standard deviation, the effect on the mean fracture toughness is rather

small.

Table 8.1: GIc and KIc of those n samples that were evaluated in this work and according to ISO 13586,
respectively. The values in brackets give the respective sample standard deviation (e.g.,
144.9(227) stands for 144.9±22.7).

this work ISO 13586
GIc KIc n GIc KIc n

/ (J/m2) / (MPa
�

m ) / (J/m2) / (MPa
�

m )

neat epoxy 1 144.9(227) 0.698(57) 11 155.9(269) 0.731(71) 8
neat epoxy 2 139.1(163) 0.677(38) 18 145.9(179) 0.689(44) 7
IF-WS2 sonicated 160.8(109) 0.742(25) 10 170.1(375) 0.753(52) 7
IF-WS2 3RM 206.7(511) 0.791(96) 11 288.7 0.938 1
Ref-EtOH 213.3(313) 0.804(56) 11 216.8(344) 0.812(58) 8
Ref-CHCl3 230.1(247) 0.858(55) 10 216.6(125) 0.824(33) 4
GTMS-1 217.1(301) 0.804(55) 10 196.1(276) 0.723(136) 10
GTMS-3 224.6(115) 0.834(19) 10 235.6(77) 0.851(9) 2
HTCS-1 206.3(278) 0.799(63) 10 202.0(231) 0.793(54) 4
HTCS-3 214.5(214) 0.827(38) 8 254.7(568) 0.903(100) 5
AATMS-1 206.9(245) 0.793(52) 11 201.1(248) 0.784(56) 8
AATMS-3 216.5(320) 0.826(73) 10 289.0(1063) 0.960(175) 2
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Figure 8.19: Fractographic images of EP/GTMS-3

1 μm 1 μm

1 μm 1 μm

Figure 8.20: Fractographic images of EP/HTCS-1
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Figure 8.21: Fractographic images of EP/AATMS-1
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Figure 8.22: Fractographic images of EP/AATMS-3
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8.3.7 Individual results of the fracture mechanics tests

According to the respective ISO standard, ISO 13586, the majority of the samples

would have to be excluded, either because the average pre-crack length 〈a0〉was not

within 0.45 to 0.55 times the specimen width w , or because the difference between

the longest part of the pre-crack along the pre-crack front, max(a0), and its shortest

part, min(a0), was more than 10 % of min(a0). However, as most measured values

agreed very well with each other, only a few were actually excluded in the present

work (mostly because of a split pre-crack). Table 8.1 lists the fracture toughness re-

sults used in this work compared to those one would obtain when evaluating strictly

according to ISO 13586, and table 8.2 lists all individual samples’ results. Generally,

the average values agree quite well with each other, indicating that both evaluations

are reasonable.

Table 8.2: Individual fracture mechanics test results. The initial pre-crack lengths at different positions
are denominated with a0 and the specimen width is denominated with w . The last two
columns indicate which measurements were to be excluded according to ISO 13586, and
which ones were excluded in the present work, respectively. A: Sample broken before measure-
ment. B: Measurement rejected due to inadequate average pre-crack length. C: Measurement rejected
due to slanted pre-crack. D: Other criteria of ISO 13586 not met. E: Measurement rejected due to split
pre-crack.

Material KIc GIc 〈a0〉
w

max(a0)−min(a0)
min(a0)

rejected
sample / (MPa

�
m ) / (J/m2) ISO this work

neat epoxy 1
1 0.796 176.3 0.54 4.3 %
2 0.719 152.9 0.44 7.1 % B
3 0.659 128.4 0.64 9.2 % B
4 0.633 120.6 0.52 7.4 %
5 0.631 119.8 0.48 10.3 % C
6 0.642 121.6 0.52 12.9 % C
7 A A
8 0.785 178.8 0.51 5.4 %
9 0.761 166.7 0.67 4.0 % B

10 0.759 170.3 0.51 6.8 %
11 0.680 133.6 0.52 6.6 %
12 0.709 156.5 0.61 5.5 % B

neat epoxy 2
1 0.683 145.7 0.46 7.6 %
2 0.687 152.0 0.69 12.6 % B, C
3 0.657 137.1 0.52 6.7 %
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Table 8.2: (continued) A: Sample broken before measurement. B: Measurement rejected due to inadequate
average pre-crack length. C: Measurement rejected due to slanted pre-crack. D: Other criteria of
ISO 13586 not met. E: Measurement rejected due to split pre-crack.

Material KIc GIc 〈a0〉
w

max(a0)−min(a0)
min(a0)

rejected
sample / (MPa

�
m ) / (J/m2) ISO this work

4 0.725 131.1 0.61 7.3 % B
5 0.653 157.8 0.53 5.2 %
6 0.677 118.6 0.50 17.2 % C
7 0.721 139.2 0.51 4.0 %
8 0.667 153.5 0.44 14.2 % B, C
9 0.655 135.3 0.60 5.2 % B

10 0.628 128.3 0.48 11.9 % C
11 0.643 116.2 0.60 7.1 % B
12 0.620 124.7 0.57 14.7 % B, C
13 0.620 114.3 0.49 4.1 %
14 0.713 159.4 0.51 7.5 %
15 0.666 129.7 0.43 11.7 % B, C
16 0.749 167.6 0.55 8.3 %
17 0.723 153.5 0.50 12.2 % C
18 0.740 176.9 0.56 3.0 % B

IF-WS2 sonicated
1 0.753 159.4 0.52 1.9 %
2 0.862 252.7 0.50 6.8 % E
3 0.723 156.2 0.55 10.8 % B, C
4 0.781 178.8 0.41 6.8 % B
5 0.703 142.1 0.51 3.9 %
6 0.713 146.4 0.52 9.5 %
7 0.772 172.2 0.57 6.0 % B
8 0.754 166.4 0.46 2.2 %
9 0.736 162.7 0.51 7.7 %

10 0.881 233.5 0.67 4.6 % B B, E
11 0.732 162.9 0.55 6.2 % B
12 0.749 161.3 0.47 4.7 %

IF-WS2 3RM
1 0.820 221.2 0.63 4.9 % B
2 0.757 170.7 0.57 24.8 % B, C
3 0.726 166.6 0.50 22.1 % C
4 0.934 279.2 0.44 5.5 % B
5 0.740 191.5 0.78 1.7 % B
6 0.705 161.4 0.67 1.0 % B
7 0.938 288.7 0.49 5.6 %
8 0.885 265.6 0.51 12.7 % C
9 A A

10 0.832 217.5 0.48 13.6 % C
11 0.677 157.4 0.63 9.6 % B
12 0.691 154.4 0.50 16.2 % C

Ref-EtOH
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Table 8.2: (continued) A: Sample broken before measurement. B: Measurement rejected due to inadequate
average pre-crack length. C: Measurement rejected due to slanted pre-crack. D: Other criteria of
ISO 13586 not met. E: Measurement rejected due to split pre-crack.

Material KIc GIc 〈a0〉
w

max(a0)−min(a0)
min(a0)

rejected
sample / (MPa

�
m ) / (J/m2) ISO this work

1 0.845 230.3 0.48 5.0 %
2 0.811 207.0 0.54 7.8 %
3 0.925 283.5 0.45 7.7 %
4 0.736 189.7 0.56 8.8 % B
5 A A
6 0.754 182.3 0.55 6.3 %
7 0.763 183.4 0.50 16.9 % C
8 0.779 186.7 0.54 7.1 %
9 0.795 208.5 0.58 11.0 % C

10 0.770 202.5 0.52 8.1 %
11 0.867 247.1 0.61 13.0 %
12 0.797 225.0 0.53 5.2 %

Ref-CHCl3
1 0.942 281.8 0.44 3.8 % B
2 0.780 203.2 0.53 3.8 %
3 0.835 219.6 0.47 6.5 %
4 0.825 211.1 0.49 6.3 %
5 0.781 199.3 0.66 6.2 % B
6 0.851 221.2 0.61 3.3 % B
7 A A
8 0.899 241.0 0.61 3.8 % B
9 0.895 245.7 0.64 2.1 % B

10 0.858 232.5 0.48 7.2 %
11 0.917 245.2 0.58 8.8 % B
12 0.959 290.2 0.74 1.3 % D E

GTMS-1
1 0.930 284.9 0.61 8.7 %
2 A A
3 0.523 160.2 0.50 7.0 %
4 0.775 216.0 0.75 4.6 %
5 A A
6 0.769 202.2 0.54 5.1 %
7 0.826 227.1 0.47 8.2 %
8 0.766 193.0 0.63 6.6 %
9 0.780 201.2 0.62 8.5 %

10 0.774 194.9 0.48 9.4 %
11 0.797 223.4 0.60 3.4 %
12 0.792 210.3 0.62 6.2 %

GMTS-3
1 0.835 219.9 0.67 3.0 % B
2 0.830 229.0 0.52 13.2 % C
3 0.837 231.6 0.47 10.5 % C
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Table 8.2: (continued) A: Sample broken before measurement. B: Measurement rejected due to inadequate
average pre-crack length. C: Measurement rejected due to slanted pre-crack. D: Other criteria of
ISO 13586 not met. E: Measurement rejected due to split pre-crack.

Material KIc GIc 〈a0〉
w

max(a0)−min(a0)
min(a0)

rejected
sample / (MPa

�
m ) / (J/m2) ISO this work

4 0.810 213.8 0.41 5.0 % B
5 0.831 216.8 0.65 16.2 % B, C
6 0.858 241.1 0.53 6.5 %
7 0.956 302.4 0.65 3.6 % B E
8 A A
9 0.801 205.0 0.44 3.8 % B

10 0.864 239.3 0.54 13.3 % C
11 0.844 230.2 0.49 4.9 %
12 0.831 219.4 0.49 10.1 % C

HTCS-1
1 0.690 165.0 0.55 18.1 % B, C
2 0.821 209.0 0.57 12.7 % B, C
3 0.845 228.5 0.70 9.0 % B B, E
4 0.877 262.6 0.77 3.1 % B B, E
5 0.807 208.7 0.50 9.9 %
6 0.846 238.2 0.67 12.8 % B, C
7 0.714 169.0 0.50 8.4 %
8 0.812 207.5 0.50 7.6 %
9 0.902 253.0 0.61 4.5 % B

10 0.839 222.8 0.47 4.4 %
11 0.765 188.2 0.48 10.4 % C
12 0.797 201.7 0.57 7.3 % B

HTCS-3
1 0.825 222.8 0.66 3.5 % B
2 1.055 342.0 0.48 9.4 % E
3 0.793 194.3 0.54 7.0 %
4 0.852 222.5 0.59 6.9 % B
5 A A
6 0.881 236.1 0.50 8.3 %
7 0.846 225.6 0.55 6.9 %
8 A A
9 0.851 237.2 0.65 6.8 % B

10 0.762 177.9 0.53 17.0 % C
11 0.808 199.9 0.53 12.1 % C
12 0.938 275.4 0.48 9.4 % E

AATMS-1
1 0.793 210.0 0.70 3.4 % B
2 0.856 246.3 0.53 5.8 %
3 0.861 243.9 0.56 4.2 % B
4 0.734 185.5 0.51 5.4 %
5 0.863 231.4 0.47 8.2 %
6 0.751 192.7 0.46 6.8 %
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Table 8.2: (continued) A: Sample broken before measurement. B: Measurement rejected due to inadequate
average pre-crack length. C: Measurement rejected due to slanted pre-crack. D: Other criteria of
ISO 13586 not met. E: Measurement rejected due to split pre-crack.

Material KIc GIc 〈a0〉
w

max(a0)−min(a0)
min(a0)

rejected
sample / (MPa

�
m ) / (J/m2) ISO this work

7 0.797 214.1 0.61 9.9 % B
8 0.744 182.3 0.52 3.9 %
9 0.824 204.0 0.53 4.5 %

10 0.727 182.0 0.53 6.6 %
11 0.770 184.1 0.53 9.3 %
12 0.673 149.3 0.68 12.5 % B, C B, C

AATMS-3
1 0.710 257.9 0.56 6.2 % B
2 0.830 182.0 0.53 15.9 % C
3 0.729 174.4 0.52 10.2 % C
4 0.802 198.8 0.69 6.0 % B
5 1.084 364.2 0.45 3.8 %
6 A A
7 0.897 249.9 0.66 6.8 % B
8 0.812 203.4 0.44 6.3 % B
9 0.915 259.3 0.63 7.8 % B

10 0.955 286.3 0.76 6.9 % B B, E
11 0.837 213.9 0.54 5.1 %
12 0.823 208.8 0.47 17.2 % C
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8.4.1 Crystal structure of flaky WS2

The crystal structure of the flaky WS2 was determined by X-ray diffraction (XRD).

The powder diffraction patterns were obtained using a PANalytical X’Pert PRO sys-

tem equipped with a Cu tube, a Johannson monochromator (Cu–Kα1, 154.06 pm) and

an X’Celerator linear detector operating in Bragg–Brentano geometry (θ/2θ ). The

diffraction patterns were recorded between 5° and 120° with a step size of 0.016° (2θ )

and a scan speed of 0.3 °/min.

Fig. 8.23 shows the diffraction pattern of the flaky WS2 together with a calculated

diffraction pattern based on the structural data presented elsewhere [1–3]. This pat-

tern suggests that the powder consists mainly of WS2 with the crystal structures

P63/mmc and R3m, in similar quantities. The unit cells of these WS2 polytypes are

usually denoted by 2H (hexagonal) and 3R (rhombohedral), respectively. Besides

these structures, there are signals that can be assigned to WO3 and SO2, which seems

reasonable, given that traces of these molecules have been reported earlier on the

surfaces of IF-WS2 NPs as well [4].

8.4.2 Estimation of the cross-link density

For estimating the cross-link density, we define a cross-link in a thermosetting poly-

mer as an atom that is connected to the molecular network by three or more covalent

bonds. In a sub-stoichiometric system (λ < 1), nearly every primary and secondary

amine group can be expected to react with an epoxide group. Assuming that all amine

groups in T403 are primary amines, every T403 molecule would thus react six times

with a DGEBA molecule. If each of these connected to the molecular network, this

would mean that all three amine groups in T403 would form one cross-link and the

central methanetriyl group in T403 would form one cross-link.

However, if some of the DGEBA molecules react only once, the amine groups they

bond to have only two connections to the molecular network and thus do not form

a cross-link. Every DGEBA molecule is expected to react at least once as unreacted
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molecules are much more mobile than those that have already reacted once (this as-

sumption can be made only for λ� 0.5).

In order to facilitate the calculation, every amine group is expected to react with

at least one DGEBA molecule that reacts twice. If an amine group reacted with two

DGEBA molecules that both do not react a second time, then the methanetriyl group

of the molecule it belongs to would not form a cross-link either. However, for each

such amine group, another amine group would react with two DGEBA molecules that

would both react twice so that this amine group does form an additional cross-link.

Consequently, this assumption does not affect the number of cross-links calculated

in total.

For nEP epoxide groups, there are only nNH2 = λ · nEP/2 amine groups available,

so that (1 − λ) · nEP DGEBA molecules react only once and thus, that many amine

groups do not form cross-links. Hence, nNH2 amine groups form nNH2− (1−λ) ·nEP =

nNH2 · (3− 2/λ) cross-links in addition to the nNH2/3 cross-links in the curing agent’s

central methanetriyl group, so nNH2 · (10/3−2/λ) cross-links in total.

The mass of epoxy resin per amount of epoxide groups (usually called epoxy equiv-

alent weight, EEW ) is MEP and the mass of curing agent per amount of amine groups

is MNH2 = 2 · AHEW , where AHEW is the curing agent’s amine hydrogen equivalent

weight. Therefore, a mixture with nNH2 amine groups consists of curing agent of the

mass nNH2 ·MNH2 and epoxy resin of the mass nEP ·MEP = 2/λ ·nNH2 ·MEP, so its total

mass is nNH2 · (MNH2+2/λ ·MEP ). The mixture’s mass per cross-link Mc can hence be

estimated to be

Mc(λ) =
6MEP +3λ ·MNH2

10λ−6
(8.16)

8.4.3 Background to DQ NMR measurements and their evaluation

In highly mobile media such as polymer melts or dilute polymer solutions, the chain

dynamic order parameter S is close to zero in a large time scale due to the isotropic

nature of motion. However, cross-links in networks (or other constraints in other

systems) introduce an anisotropic character, especially at longer times, since chain
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segments have a restricted conformational space. This results in a non-zero value of

S and the value itself which depends on the extent of this anisotropicity and the re-

sulting persistent orientation. A global dynamic order parameter of all the segments

would then be a measure of the extent of constraints (e.g., of cross-links in networks),

provided that the anisotropicity is induced only by these constraints and other factors

remain the same.
1H dipole–dipole coupling is also directly proportional to the orientation-

dependence of the inter-nuclear vector of the interaction spins with the magnetic

field. Practically, structural averaging due to multiple segments, and time-averaging

due to fast segmental motions result in an averaged residual dipolar coupling Dres,

which can be exclusively accessed by DQ NMR. In chemically simple monomers, i.e.,

assuming a homogeneous spin system, Dres can be used as a reliable probe to study

the dynamic order parameter, i.e., the amount of motional restrictions like cross-

links.

While different methods exist for determining Dres, DQ NMR [5] and relaxometry [6]

are the most frequently used methods. Among the two, the unique advantage of

DQ NMR is the ability to excite two different time-dependent signal functions and

subsequent manipulation resulting in delineating structural effects from dynamic

effects, resulting in a model-free approach to study the structure. The two signal

functions are (i) the DQ build-up curve1 SDQ(τ), which contains signals from coupled

spins embedding Dres and decay contributions related to multiple quantum coher-

ences at longer times (given in fig. 8.24 as ), and (ii) the decaying curve Sref (given

in fig. 8.24 as ) containing higher order contributions as well as contributions from

uncoupled mobile spins such as defects.

In the absence of contributions from non-coupled spins which are dynamic in na-

ture, a normalized curve SnDQ exclusively embedding DQ coherences (i.e., Dres) can

be obtained from (8.17).

1Although MQ coherences do contribute at longer times, their contribution is negligible at short
times so that the signal is dominated by DQ coherences.
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SnDQ =
SDQ

SDQ +Sref
≡ SDQ

SΣMQ
(8.17)

Such a normalized curve reaches an overall intensity of 0.5 in the long-time limit,

however fails to do so in presence of relaxation contributions due to motion. Such

contributions can be easily identified from the log-time tail in a semi-log plot of

SΣMQ over the DQ excitation time τDQ and fitted to a single exponential Sdefect,1 =

A ·exp(−2τDQ/T2,A), which can then be subtracted from SΣMQ to get SnDQ as follows:

SnDQ =
SDQ

SΣMQ −Sdefect
(8.18)

In cases where SnDQ still does not reach 0.5 in the long time limit, a second defect

contribution can easily be identified from the tail of the signal (SDQ−Sref−Sref ≡ Sdiff−
Sdefect) and can be fitted similarly to get Sdefect,2 = B ·exp(−2τDQ/T2,B). SnDQ can then

be similarly obtained by

SnDQ =
SDQ

SΣMQ −Sdefect,1−Sdefect,2
(8.19)

The total defect fraction is given by the sum of A and B .

The obtained normalized DQ build-up curves are fitted using an appropriate func-

tion to derive Dres, where any a priori information on the system can be taken into ac-

count. Thermosets such as epoxy are formed from nearly monodisperse molecules,

thus cross-linking does not introduce much heterogeneity. However, the differences

in mobility of the two molecules namely DGEBA and T403 can be reflected as distinct

Dres specially at high temperatures where thermal effects on dynamics can become

more pronounced. This can be seen in the work of Martin-Gallego et al. [7] where a

broad distribution is seen at lower temperatures while two distinct modes are seen at

higher temperatures.

A simple (inverted) Gaussian build-up of DQ coherences [8] was assumed and the

best fit was seen for the two-component Gaussian build-up given in (8.20), as is

shown in fig. 8.25.

A37



8 Annex

SnDQ(Dres,1, Dres,2, f ) = 0.5 f ·


1−exp
�
−2

5
D 2

res,1τ
2
DQ

	�

+0.5 (1− f ) ·


1−exp
�
−2

5
D 2

res,2τ
2
DQ

	�
(8.20)

Such bimodal fits were previously used in highly homogeneous but strongly bimodal

end-linked PDMS elastomers [5] and filled elastomers [9]. This heterogeneity arising

from a single network chain has been identified earlier [7] but not noted. This can

also be supported by a nearly constant fraction of the two components irrespective

of the stoichiometry.

8.4.4 Fracture toughness results

Table 8.3 lists the fracture mechanics results of the neat epoxy samples that were only

partly given in the main article.

As mentioned in the main article, the pre-cracks of most SENB samples did not ful-

fill the recommendations of the ISO 13586 with regards to their length or symmetry:

ISO 13586 recommends to discard a result if the average length a0 of the pre-crack of

the measured sample is shorter than 0.45b or longer than 0.55b , where b is the sam-

ple’s width, or if the difference between the shortest and the longest part of the pre-

crack is more than 10 % of a0 [10]. However, these recommendations were ignored as

more than two thirds of the results would have to be excluded. Instead, results were

discarded only if they were clear outliers.

For the sake of completeness, table 8.4 lists the fracture toughness results presented

in the main article, without excluding any outliers (all samples) as well as after exclud-

ing all results as recommended in ISO 13586, respectively. Furthermore, it gives the

number of samples n that were measured in total, that were evaluated for the main

article and that fulfilled the recommendations of the ISO 13586, respectively. While

the mean values are always comparable, the standard deviation depends strongly on

which results are evaluated.
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Table 8.3: Fracture toughness results of neat epoxy

WT403 KIc / (MPa
�

m ) GIc / (J/m2)

38 phr 0.598±0.058 119.6±14.7
38 phr 0.703±0.137 176.4±69.5
40 phr 0.682±0.049 140.8±21.3
40 phr 0.752±0.054 178.8±36.8
42 phr 0.938±0.082 410.1±65.4
42 phr 0.990±0.069 313.4±49.8
42 phr 0.927±0.054 283.1±36.2
44 phr 1.458±0.037 753.2±30.0
44 phr 1.447±0.024 758.2±26.9
44 phr* 1.500±0.027 799.4±18.9
46 phr 1.486±0.034 792.2±33.7

* DGEBA passed through the 3RM five times

8.4.5 Additional fractographic images

Figures 8.26, 8.27, 8.28 and 8.29 show additional fractographic images to support the

conclusions in the main article. Flaky WS2 exhibits significantly larger agglomerates

than IF-WS2 and results in more numerous and more distant crack lines.
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Table 8.4: Fracture toughness results of all measurements (no outliers excluded) and for those that
fulfilled the recommendations of ISO 13586 only. Column n lists how many samples
were measured in total, evaluated for the present work, and fulfilled the requirements of
ISO 13586, respectively. The values in brackets give the respective sample standard devia-
tion (e.g., 119.6(147) stands for 119.6±14.7).

all samples ISO 13586
wNP WT403 KIc GIc KIc GIc n

/ (MPa
�

m ) / (J/m2) / (MPa
�

m ) / (J/m2)

0 % 38 phr 0.598(58) 119.6(147) 0.663(37) 138.5(5) 12-12-2
0 % 38 phr 0.703(137) 176.4(695) 0.762(169) 208.0(872) 12-12-6
0 % 40 phr 0.682(49) 140.8(213) 0.691(55) 140.2(259) 17-17-5
0 % 40 phr 0.752(54) 178.8(368) 0.775(21) 190.8(153) 11-11-3
0 % 42 phr 0.938(82) 410.1(654) 0.976(7) 411.7(665) 12-12-3
0 % 42 phr 0.990(69) 313.4(498) 0.982(78) 306.0(544) 12-12-3
0 % 42 phr 0.927(54) 283.1(362) 0.913(24) 269.7(96) 10-10-3
0 % 44 phr 1.458(37) 753.2(300) 1.473(34) 773.6(259) 12-12-5
0 % 44 phr 1.430(59) 740.7(608) 1.444(27) 760.8(321) 10-9-3
0 %* 44 phr 1.472(98) 769.8(996) 1.496(34) 796.0(189) 11-10-5
0 % 46 phr 1.443(79) 763.4(586) 1.486(27) 785.7(268) 11-11-3

flaky WS2

0.25 % 38 phr 0.686(101) 150.7(374) 0.660(155) 143.5(302) 12-10-3
0.50 % 38 phr 0.756(52) 167.2(236) 0.774(2) 180.3(117) 12-12-3
1.00 % 38 phr 0.782(57) 183.8(266) 0.892 240.7 12-12-1
0.25 % 40 phr 0.623(297) 157.7(797) 0.781(73) 199.6(356) 10-10-3
0.50 % 40 phr 0.745(82) 177.5(392) 0.775(51) 202.3(312) 12-12-3
1.00 % 40 phr 0.737(56) 198.5(276) 0.704(30) 174.6(145) 12-12-3
0.25 % 42 phr 1.067(114) 378.0(871) 1.110(125) 386.9(935) 12-12-4
0.50 % 42 phr 0.931(318) 332.5(1352) 1.065(81) 389.5(607) 11-11-2
1.00 % 42 phr 0.905(437) 322.0(1686) 1.121(42) 402.6(561) 10-10-3
0.25 % 44 phr 1.478(42) 785.9(393) 1.505(25) 809.3(164) 12-12-4
0.50 % 44 phr 1.433(118) 647.7(710) 1.305 541.8 12-11-1
1.00 % 44 phr 1.410(68) 708.2(840) 1.464(9) 757.9(249) 12-12-3
IF-WS2

0.25 % 38 phr 0.673(48) 142.0(195) 0.698(39) 156.6(132) 11-11-4
0.50 % 38 phr 0.696(58) 143.8(205) 0.755(39) 166.4(200) 11-11-2
0.25 % 40 phr 0.733(53) 167.9(197) 0.762(17) 177.0(117) 12-12-2
0.50 % 40 phr 0.815(95) 198.1(310) 0.784(36) 186.3(193) 12-12-4
0.25 % 42 phr 0.974(58) 306.8(400) 0.975(57) 308.5(418) 12-12-5
0.50 % 42 phr 0.984(154) 354.2(1194) 0.904(57) 293.1(500) 10-9-3
0.25 % 44 phr 1.415(56) 780.9(655) 1.479(41) 858.4(266) 11-11-2
0.50 % 44 phr 1.420(76) 755.5(695) 1.451(33) 771.2(458) 12-12-5

* DGEBA passed through the 3RM five times
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Figure 8.23: XRD spectrum of the flaky WS2 and of reference materials [1–3]
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Figure 8.24: Evaluation steps for DQ NMR data using the data of neat epoxy made with 38 phr T403.
The long-time tail of Ssum = Sref+SDQ is fitted by the mono-exponential function Sdefect,1.
Subsequently, Sdiff = Sref −SDQ is subtracted by Sdefect,1 and the tail of the result is fitted
by Sdefect,2.
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Figure 8.25: The normalized DQ curve SnDQ = SDQ/(Ssum − Sdefect) can be fitted much better by the
bimodal Gaussian model (8.20) than by a mono-functional Gaussian model
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Figure 8.26: SEM images of the fracture surfaces for wflaky = 1.00 % and WT403 = 40 phr
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Figure 8.27: SEM images of the fracture surfaces for wflaky = 1.00 % and WT403 = 44 phr
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Figure 8.28: SEM images of the fracture surfaces for wIF = 0.50 % and WT403 = 40 phr
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Figure 8.29: SEM images of the fracture surfaces for wIF = 0.50 % and WT403 = 44 phr
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8.5.1 Estimation of the cross-link density

The cross-link density will be estimated similarly to how it was done elsewhere [1]:

We define a cross-link in a thermosetting polymer as an atom that is connected to the

molecular network by three or more covalent bonds individually. We will assume that

every anhydride group or single amine hydrogen will react with an epoxide group.

As in the main article, the ratio of the amount of amine hydrogen atoms naH to the

amount of epoxide groups nEP will be described with λ= naH/nEP. The structures of

the molecules are given in fig. 8.30.

MTHPA

The anhydride system is the easiest system to investigate as only the stoichiometric

case must be considered. Under the mentioned assumptions, every epoxide group

would react twice, forming a cross-link. An epoxy resin with nEP epoxide groups has

a mass of mEP = nEP ·MEP, where MEP is its mass per amount of epoxide groups (also

known as the epoxy equivalent weight, EEW). If a stoichiometric quantity of anhy-

dride curing agent is added, the amount of anhydride groups nanh must be equal to

nEP, so that the mass of this curing agent must be manh = nanh ·Manh = nEP ·Manh,

where Manh is its anhydride equivalent weight. The molecular mass per cross-link of

the anhydride system can thus be estimated to be

Mc =
mEP +manh

nEP
=MEP +Manh (8.21)

Amine curing agents

In contrast, the amine groups are what form the cross-links in amine-cured epoxy.

Under the stated assumptions, every DETA molecule would form three cross-links,

every D230 molecule would form two cross-links and every T403 molecule would
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Figure 8.30: Molecular structures of the DGEBA epoxy resin and the four used curing agents

form three cross-links in addition to the one cross-link it already has in form of its

central methanetriyl group.

However, if some of the DGEBA molecules react only once (as is the case for λ< 1),

the amine groups they bond to have only two connections to the molecular network

and thus do not form a cross-link. Every DGEBA molecule is expected to react at least

once as unreacted molecules are much more mobile than those that have already

reacted once (this assumption can be made only for λ � 0.5). In order to facilitate
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the model, every amine group is expected to react with at least one DGEBA molecule

that reacts twice1.

DETA In the case of DETA, the amount of amine groups is namine = 3/5 ·naH = 3/5 ·λ ·
nEP, so that (1−λ) ·nEP DGEBA molecules react only once and thus, that many amine

groups do not form cross-links. Hence, namine amine groups form nc = namine − (1−
λ) ·nEP = namine · [8/3−5/(3λ)] cross-links.

DETA has a molecular mass MDETA, so that its mass per amount of amine groups is

Mamine =MDETA/3. A mixture of DGEBA and DETA with namine amine groups contains

DETA with a mass of mDETA = namine ·Mamine = namine ·MDETA/3 and DGEBA with a

mass of mEP = nEP ·MEP = 5/(3λ) ·namine ·MEP, so that the total mass of the mixture is

mtotal =mEP +mamine = namine · (5/(3λ) ·MEP +MDETA/3). Consequently, the mass of

the mixture per cross-link is:

Mc,DETA(λ) =
mtotal

nc
=

namine · (5/(3λ) ·MEP +MDETA/3)
namine · [8/3−5/(3λ)]

=
5MEP +λ ·MDETA

8λ−5
(8.22)

Polyetheramine curing agents The cross-link density of the PEA-cured epoxies can be

calculated in a similar way as that of the DETA-cured epoxies (described in section

8.5.1), but the amount of amine groups is now namine = 1/2 ·naH = 1/2 ·λ ·nEP. Hence,

namine amine groups form namine−(1−λ)·nEP = namine ·(3−2/λ) cross-links. In the case

of T403, additional namine/3 cross-links are formed due to its central methanetriyl

group (cf. fig. 8.30e), making namine · (10/3−2/λ) cross-links in total for T403.

As the PEA curing agents are not as pure as DETA is, we will use their amine hy-

drogen equivalent weights (AHEW ) instead of their molecular masses for the fur-

ther considerations: Mamine = 2 · AHEW . Therefore, a mixture with namine amine

groups consists of curing agent of the mass namine ·Mamine and epoxy resin of the

1This assumption serves only for facilitation and does not affect the result: If an amine group reacts
with two DGEBA molecules that both do not react a second time, this removes one cross-link, but for
each time this happens, another amine group will react once more, thus creating one cross-link, so that
the total number of cross-links is unchanged.
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mass nEP ·MEP = 2/λ ·namine ·Mamine, so its total mass is namine · (2/λ ·MEP +Mamine).

The mixture’s mass per cross-link Mc can hence be estimated to:

Mc,D230(λ) =
6MEP +4λ ·AHEW

9λ−6
(8.23)

and

Mc,T403(λ) =
6MEP +6λ ·AHEW

10λ−6
(8.24)

8.5.2 Plane-strain compression curves

Fig. 8.31 shows examples of stress–strain curves during PSC tests. The PEA-cured

epoxies showed clear yielding and failed at significantly higher stresses and strains.

EP/MTHPA–89 and EP/DETA–10 failed close to the presumable yield stress, so that

their σy,PSC is likely close to the actual yield stress. EP/DETA–11 failed even earlier,

so that itsσy,PSC might underestimate its actual yield stress.

8.5.3 Mass density

Fig. 8.32 shows the mass densities ρ of the neat epoxy references. All sub-

stoichiometric epoxy systems had a higherρ than the stoichiometric ones cured with

the same curing agent. This shows that the more highly cross-linked materials shrink

less after post-curing and thus contain more free volume at room temperature, which

in turn results in a lower E .

8.5.4 AFM images

Fig. 8.33 shows AFM images of fracture surfaces that were used to calculate the rough-

ness parameters listed in the main article. Notably, the material that was successfully

toughened, EP/D230–29, was that with the lowest roughness, the strongest fine struc-

ture and with the smallest secondary cracks.
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Figure 8.31: Examples of raw data from PSC tests. The crosses show which values were used forσy,PSC .
While some materials failed before yielding (e.g., EP/DETA–11),σy,PSC seems to reflect the
actual yield stress reasonably well.
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Figure 8.32: Mass densitiesρ of neat epoxy references. Error bars are given only if they are larger then
the symbols.
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(a) EP/MTHPA–89 neat (b) EP/MTHPA–89 filled

(c) EP/T403–44 neat (d) EP/T403–44 filled

(e) EP/D230–29 neat (f) EP/D230–29 filled

Figure 8.33: AFM images of selected fracture surfaces. Filled systems contained 0.5 % of IF-WS2 each.
Arrows indicate the crack propagation direction.
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8.5.5 ANOVA

The main article lists the most important ANOVA results. One of the key assump-

tions for a statistical analysis like that is that the ANOVA output data form a normal

distribution around the predicted values. Fig. 8.34 shows a normal probability plot,

indicating that the ANOVA data meet the requirements of a normal distribution.

8.5.6 Correlation of material properties

Fig. 8.35 shows the correlation of dK with the KIc. While there is some trend that

more brittle epoxy can be toughened more effectively than tough epoxy, once again

the correlation is high only for the PEA-cured materials.
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Figure 8.34: Normal probability plot of the ANOVA-modeled KIc data. When studentized according
to the suggested model, the data fit the normal distribution nicely.
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Figure 8.35: Fracture toughness change dK over the fracture toughness KIc. The correlation is high
(r = −0.82) if only PEA-cured epoxies are considered, but rather low for the entire data
set.
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List of Variables

〈. . . 〉 average over all elements of the enclosed expression

A (in chapters 1 and 5) area

A (in section 8.3) distance between a crack and a NP at t = 0

A (in section 8.4) molar fraction of component A

Asurf surface area

Aproj projected area

a crack length

a0 pre-crack length

b width of an SENB specimen

B (in section 8.4) molar fraction of component B

c concentration

2c (in chapter 1) mean inter-particle distance

ĉv coefficient of variation

D translational diffusion coefficient

d (in chapter 1) particle diameter

d (in chapter 2) tip–sample distance

d (in chapter 3) average agglomerate diameter

dA change in surface area with respect to projected area

ddef deformation (= d0−d )

dK change in KIcwith respect to neat epoxy reference

Dres residual dipolar coupling

e Euler’s number (2.71828 . . . )

E , Et tensile Young’s modulus

E ′ storage modulus

E ′′ loss modulus

E ∗ (in chapter 1) complex modulus

E ∗ (in chapter 2) reduced modulus
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Er rubber equilibrium modulus

Es sample Young’s modulus

Ēs mean Young’s modulus in an image

f (in chapter 1) fracture-mechanics geometry factor

f (in section 8.4) molar fraction of one component

F (in chapter 2) force

F (in section 8.2) nominal initial concentration

F (in chapter 6) F value calculated in an F test

Fadh adhesion force

Fpeak peak force

G strain-energy release rate

GIc critical strain-energy-release rate

hν radiation energy

k spring constant of an AFM probe

K dissociation constant

kB Boltzmann constant

KI stress-intensity factor

KIc critical stress-intensity factor

m ion mass

Mamine mass of curing agent per amount of amine groups

Manh anhydride equivalent weight

manh mass of anhydride curing agent

Mc molecular mass per cross-link

Mc,D230 estimated molecular mass per cross-link for D230

Mc,DETA estimated molecular mass per cross-link for DETA

Mc,MTHPA estimated molecular mass per cross-link for MTHPA

Mc,T403 estimated molecular mass per cross-link for T403

MDETA molecular mass of DETA

MEP mass of DGEBA per amount of epoxide groups (i.e., EEW)

MNH2 mass of curing agent per amount of amine groups
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N number of pixels in an image

n (in chapter 1) number density

n (in chapter 2) index of a pixel in an image

n (in chapter 3) average number of particles per agglomerate

naH amount of amine hydrogen atoms

namine amount of amine groups

nanh amount of anhydride groups

nc amount of cross-links

nend final average number of particles per agglomerate

nEP amount of epoxide groups

nNH2 amount of amine groups

p p value calculated in a statistical significance test

q ion charge

R radius

r sample Pearson correlation coefficient

r shape of a crack line

R0 particle radius

Ra average roughness

Rrms root-mean-square roughness

rtip AFM tip radius

r ′y plastic zone radius

S chain dynamic order parameter (for details on SDQ, SnDQ, Sref, SΣMQ, Sdiff

and Sdefect see section 8.4)

s standard deviation

T temperature

t time

Tg glass-transition temperature

Tmin(E ) temperature where the complex modulus is minimum in a DMA measure-

ment

Tpost post-cure temperature
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U mechanical energy

Ub, Ub,t mechanical energy density at break in a tensile test

Uy, Uy,t mechanical energy density at yield in a tensile test

V average agglomerate volume

vs velocity of the secondary crack

vp velocity of the primary crack

w mass fraction

w (in chapter 1 and section 8.4) width of a fracture mechanics specimen

W relative curing agent quantity by mass

WT403 relative quantity of T403 by mass

x̄DLS average particle diameter as measured via DLS

xp position of the primary crack

Z height

α ratio of current dispersion quality to final dispersion quality

Δ difference

δ loss angle

∂ partial derivative

ε, εt engineering strain in a tensile test

εb engineering strain at break

εm,t maximum engineering strain in a tensile test

εy engineering strain at yield

η viscosity

η2
p measure for the effect size in an ANOVA

Θ scatter angle

λ ratio of amine hydrogen atoms to epoxide groups

ν Poisson’s ratio

π circle number (3.14159 . . . )

ρ mass density

σ,σt engineering stress in a tensile test
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σm,t maximum engineering stress in a tensile test

σy engineering stress at yield

σy,PSC yield stress measured in a plane-strain compression (PSC) test

σyy nominal normal stress

τ time constant

ϕp particle volume fraction

List of Acronyms

The following table lists the acronyms used in the present work. It does not include

trade names like RTESPA, company names like BASF, states like USA, SI units like

MPa or chemical symbols like EtOH or WS2. When chemical symbols are used in the

work, they are used in a different font type in the text to facilitate their differentiation

from the other acronyms.

1MI 1-methyl imidazole

3RM three-roll mill

AATMS 3-(2-aminoethylamino)propyltrimethoxysilane

AFM atomic force microscopy or atomic force microscope

AHEW amine hydrogen equivalent weight

ANOVA analysis of variance

ASA acrylonitrile–styrene–acrylate

ATR attenuated total reflection

CFRP C-fiber-reinforced polymer

D230 Jeffamine D-230

DETA diethylenetriamine
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df degrees of freedom

DGEBA diglycidyl ether of bisphenol A

DLS dynamic light scattering

DMA dynamic mechanical analysis

DMT Derjaguin–Muller–Toporov

DOI digital object identifyer

DQ double-quantum

EEW epoxy equivalent weight

EP epoxy

ETD Everhart-Thornley detector

FRP fiber-reinforced polymer

GTMS 3-glycidoxypropyltrimethoxysilane

HTCS hexyltrichlorosilane

IF-WS2 inorganic, fullerene-like WS2

IPN inter-penetrating network

IR infrared

ISO International Organization for Standardization

LEFM linear-elastic fracture mechanics

MS mass spectroscopy

MS (in chapter 6) mean squares
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MTHPA methyl-tetrahydrophthalic anhydride

NMR nuclear magnetic resonance

NP nanoparticle

NT nanotube

PEA polyetheramine

phr parts by mass per hundred parts of resin

PMMA polymethylmethacrylate

PS polystyrene

PSC plane-strain compression

PTFE polytetrafluoroethylene

SE secondary electron

SEM scanning electron microscope or scanning electron microscopy

SENB single-edge-notched bending

SI International System of Units

SS sum of squares

SSA specific surface area

T403 Jeffamine T-403

TEM transmission electron microscope or transmission electron microscopy

TGA thermogravimetric analysis

TG/MS thermogravimetric analysis with mass spectrometry
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TLD through-the-lens detector

UP unsaturated polyester

UV/Vis ultraviolet–visible

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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