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PREFACE 
 
 
Materials science includes those parts of chemistry and physics that deal with the 

properties of materials. 
It encompasses four classes of materials, the study of each of which may be considered a 

separate field: metals; ceramics; polymers and composites. Materials science is often referred 
to as materials science and engineering because it has many applications. Industrial 
applications of materials science include processing techniques (casting, rolling, welding, ion 
implantation, crystal growth, thin-film deposition, sintering, glassblowing, etc.), analytical 
techniques (electron microscopy, x-ray diffraction, calorimetry, nuclear microscopy (HEFIB) 
etc.), materials design, and cost/benefit tradeoffs in industrial production of materials. This 
book presents new research directions in the very new field of nanomaterials. 
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Chapter 1 
 
 
 

WEAR RESISTANT THERMOSETTING 
POLYMER BASED NANOCOMPOSITES 

 
 

Ming Qiu Zhang1*, Min Zhi Rong1, 
Bernd Wetzel2  and Klaus Friedrich2 

1Materials Science Institute, Key Laboratory for Polymeric Composite and Functional 
Materials of Ministry of Education, Zhongshan University, 

Guangzhou 510275, P. R. China 

2Institute for Composite Materials (IVW), University of Kaiserslautern, 
D-67663 Kaiserslautern, Germany 

 
 

ABSTRACT 
 
Thermosetting resins are finding increasing use in a wide range of engineering 
applications because of their on-the-spot processing characteristics, good affinity to 
heterogeneous materials, considerable creep and solvent resistance, and higher operating 
temperature. For example, they have been frequently incorporated with various inorganic 
particles as the binder to formulate wear resistant composite materials. The tribological 
properties of these composites, however, are factually far from the specifications 
demanded by consumers for various working conditions, especially in the case of 
protective coatings that should shield the substrates against mechanical wear. This is due 
to both the poor interfacial adhesion around the particle boundaries and the 
heterogeneous dispersion of the particles.  
Since the predominant feature of nanoparticles lies in their ultra-fine dimension, a large 
fraction of the filler atoms can reside at the interface and can lead to a strong interfacial 
interaction when the nanoparticles are well dispersed on a nanometer level in the 
surrounding polymer matrix. As the interfacial structure plays a critical role in 
determining the composites’ properties, nanocomposites coupled with a great number of 
interfaces are expected to provide unusual properties, and the shortcomings induced by 
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the heterogeneity of conventional particles filled composites would also be avoided. On 
the other hand, the wear mechanisms involved in the nanocomposites are different from 
those of conventional composites because the fillers have the same size as the segments 
of the surrounding polymer chains. Severe wear caused by abrasion and particle pull-out 
associated with the accumulation of detached harder bulk particulate fillers adherent to 
the frictional surface is replaced by rather mild wear resulting from the fine individual 
debris which acts as a lubricant and contributes to material removal by polishing.  
This chapter gives a brief but thorough review of the state of the art in the area of wear 
resistant nanocomposites and then carefully describes the progress made by the authors, 
which is focused on the surface pre-treatment of the nanoparticles and its effect on the 
trobological performance improvement of thermosetting nanocomposites.  
 
 

1. INTRODUCTION 
 

1.1. Particulate Filled Polymeric Composites Used for Tribological 
Applications  

 
Composite materials have been employed in a vast range of applications because they 

offer combinations of properties unattainable with metals, ceramics or polymers alone. 
Especially particulate filled polymers form an interesting class of composites associated with 
specific microstructures, a viscoelastic nature, more preferable damage tolerance, chemical 
inertness, a better wear resistance, and, as a result, lower costs of routine maintenance. In this 
way, they can substitute traditional metallic components as self-lubricating materials 
employed in unlubricated, corrosive, low velocity and high loading circumstances. 

Over the years, many species of inorganic particles have been used as fillers for 
polymers, such as solid lubricants, metal powders and oxides, and inorganic compounds. 
They not only act as a reinforcing agent for the bulk properties of the composites, but also 
impart specific properties. Regarding the effectiveness of these fillers in the modification of 
the wear and friction performance, hypotheses and mechanisms have been proposed by a 
number of researchers [1, 2], but until now, the tribological behavior of particulate filled 
polymers is still clouded with mysteries. In the case of thermoplastic composites, effects of 
fillers were mainly attributed to the following objectives:  

 
I. modifying counterpart surface and supporting the applied load during 

wearing [3, 4];  
II. increasing the shear strength of matrix, preventing the occurrence of large-

scale destruction of polymer [5];  
III. improving the adhesion of the transfer film into the counterface [6-12].  

 
For thermosetting composites, relatively little works have been presented; recent studies 

were focused on fabric reinforced poly (vinyl butyral)-modified phenolic resin composites 
[13], unidirectionally oriented E-glass fiber reinforced epoxy composites [14], and silica 
filled epoxy-based coatings [15]. Nevertheless, some valuable findings are still available. For 
example, the adhesion between thermosetting binder and fillers should be strong enough 
because not only disintegration of the fillers but also detached particles were frequently 
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observed to be torn out of both the phenolic and epoxy resin composites when an indentor 
moved over the systems, resulting in sharp fluctuations in the measured coefficient of friction 
[16]. Yamaguchi et al [17] found that the wear rates of unsaturated polyesters and epoxy 
resins filled with different proportions of SiO2 decreased significantly only at a high loading 
of 40 wt%, which is factually detrimental to the coating applications. Sekiguchi et al [18] 
studied the effects of species of conventional solid lubricants (PTFE, MoS2, and graphite) on 
the tribological properties of newly synthesized thermosetting resins, i.e. condensed 
polycyclic aromatic (COPNA) resin. The results indicated that the most effective filler for 
wear reduction is graphite, while the friction coefficient is 0.35-0.8 times that of the unfilled 
version. Symonds and Mellor [15] stated that the silica particles in an epoxy matrix, exposed 
to wear loading, support a large fraction of the load. Since the particles fracture before they 
plastically deform, the true contact area and hence the frictional coefficient remain constant. 
Besides, the silica particles also reduced the wear of the coating by blocking the penetration 
of the steel asperity tips. 

As known from short fiber reinforced composites, the fiber/polymer interfacial adhesion 
is greatly responsible for the wear resistance of polymer composite materials [19]. Since the 
weakest link of a fiber reinforced system lies at the interface, disintegration of filled materials 
generally takes place along interfacial boundaries. To solve this problem, chemical 
modifications of the fiber surfaces are used to essentially improve the wettability of the filler 
particles with the binder. Other approaches have overcome this problem by the creation of a 
self-reinforcement in the original polymers, and this was especially introduced by Song and 
Ehrenstein for wear resistant systems [20, 21]. Regarding the particulate filled systems, 
however, self-reinforcement mechanisms for improving the filler/matrix adhesion are not 
possible. Other results showed that the conventional filler treatments usually did not perform 
as outstandingly as expected because the composites were distinctly characterized by a 
heterogeneity on a micron scale of their structure, so that crack initiation and coalescence 
became much easier in the particulate-rich phase. Therefore, not only filler/matrix bonding 
but also the dispersion and geometry of fillers should be carefully considered. On the basis of 
this analysis, it can be concluded that the inhomogeneous distribution of micron size particles 
inevitably resulting from the conventional compounding process provides the composites 
with a fatal weak side, which accounts for the common three-body abrasive wear caused by 
the entrapped hard grits removed from the rubbing composites. 

Nevertheless, incorporation of particulates was proved to be an effective way to modify 
polymers for tribological applications, because the latter mostly could not be used alone due 
to their higher coefficient of linear expansion, low thermal conductivity and unsatisfactory 
mechanical properties. Considering the above-stated inherent defects imparted by micron size 
particles, utilization of nanoparticles as fillers could be an optimum alternative to make the 
most of the technique based on the addition of particles. 

 
 

1.2. Polymer Based Nanocomposites 
 
Since the predominant feature of nanoparticles lies in their ultra-fine dimension, a large 

fraction of the filler atoms can reside at the interface and can lead to a strong interfacial 
interaction, but only if the nanoparticles are well dispersed on a nanometer level in the 
surrounding polymer matrix. As the interfacial structure plays a critical role in determining 
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the composites’ properties, nanocomposites coupled with a great number of interfaces could 
be expected to provide unusual properties, and the shortcomings induced by the heterogeneity 
of conventional particles filled composites would also be avoided. On the other hand, the 
wear mechanisms involved in the nanocomposites would be different from those of 
conventional composites because the fillers have the same size as the segments of the 
surrounding polymer chains. Severe wear caused by abrasion and particle pull-out associated 
with the accumulation of detached harder bulk particulate fillers adherent to the frictional 
surface might be replaced by rather mild wear resulting from the fine individual debris which 
acts as a lubricant and contributes to material removal by polishing.  

Recent progress indicated that polymer based nanocomposites acquired mechanical 
properties much higher than the usual systems at a rather low filler loading [22]. Although 
there are very few reports concerning the effect of nanoparticles on the tribological behavior 
of polymer composites, some scientists have made pilot investigations on 
nanoparticle/thermoplastics and nanoparticle/thermosetting composites. Wang et al [23, 24] 
investigated PEEK filled with nanometer-sized Si3N4 and SiO2 particles by sliding the PEEK 
composite block against a carbon steel ring. It was found that the nanocomposites exhibited 
much lower wear rates and frictional coefficients than the neat PEEK matrix. Moreover, a 
thin, uniform and tenacious transfer film was formed on the ring surface, improving the 
tribological behavior of the composites. In addition, Wang et al [25] reported that the 
incorporation of nano-ZrO2 (7wt %) into PEEK caused a considerable improvement in the 
tribological characteristics. It was found that the dominant wear mechanism changed from 
melting adhesive transfer wear to slight transfer wear, and finally to abrasive wear with 
increasing nano-ZrO2 content. He et al [26] prepared nanoscale ceramic (TiC, Si3N4, 
B4C)/PTFE multilayers by ion beam sputtering deposition at room temperature. Ball-on-disk 
tribological tests showed that the multilayers with optimized layer thickness arrangement had 
good performance in wear resistance. There was no obvious periodic variation in the friction 
coefficient. Schadler et al [27] produced silica/PA nanocomposite coatings using high-speed 
oxyfuel thermal spray processing; they found that the surface chemistry of the nano-silica 
affected the final coating properties. Silica particles with a hydrophobic surface resulted in 
higher scratch resistance than those with a hydrophilic surface. 

It should be noticed that the smaller the size of filler particles is, the larger becomes their 
specific surface area, and the more likely the aggregation of the particles. Consequently, the 
so-called nanoparticle filled polymers sometimes contain a number of loosened clusters of 
particles (Fig.1), where the polymer binder is impoverished. This may exhibit properties even 
worse than conventional particle/polymer systems. Extensive material loss would thus occur 
as a result of disintegration and crumbling of the particle agglomerates under tribological 
conditions. It is therefore necessary to break down these nanoparticle agglomerates and to 
produce nanostructured composites. Some approaches have been developed in this direction 
as follows [22, 28-34]:  

 
I. in-situ polymerization of metal alkoxides in organic matrices via sol-gel 

technique;  
II. intercalation polymerization by inserting polymer chains into the sheets of 

smectite clay and other layered inorganic materials;  
III. addition of organically modified nanoparticles to a polymer solution;  
IV. in-situ polymerization of monomers at the presence of nanoparticles.  
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Figure1. Aggregated nanopaticles dispersed in a polymer matrix. 

 
Since the above techniques are characterized by complex polymerization procedures and 

special conditions, and since they require polymerization equipment and solvent recovery, 
evidently a mass production of nanocomposites with cost effectiveness and applicability 
should better follow another route. 

By examining the current technical level and the feasibility of the available processing 
methods, it can be concluded that the widely used compounding techniques (characterized by 
a direct mixing of the components) for the preparation of conventionally filled polymers is 
still the most convenient way. The problem is that nanoparticle agglomerates are also hard to 
be disconnected by the limited shear force during mixing. This is true even when a coupling 
agent is used [35]. Since the latter can only react with the exterior nanoparticles, the 
agglomerates will maintain their friable structure in the composite and can hardly provide 
properties improvement at all [36]. 

 
 

1.3. New Solutions 
 
As convinced by the previous scientific achievements, the development of a new 

technique is always the most important methodology to overcome the difficulties. With 
respect to the above-mentioned strong tendency for nanoparticles to agglomerate, the particles 
should be effectively modified before being incorporated with polymer so as to obtain a 
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uniform dispersion state. According to our idea, nanoparticles are pretreated by irradiation to 
introduce grafting polymers onto the surface of the tiny particles not only outside but also 
inside the particle agglomerates. Owing to the low molecular weight nature, the monomers 
can penetrate into the agglomerated nanoparticles easily and react with the activated sites of 
the nanoparticles. In the course of grafting polymerization, the gap between the nanoparticles 
will be filled with grafting macromolecular chains, and the agglomerated nanoparticles will 
be separated further as a result (Fig.2). Besides, the surface of the nanoparticles will also 
become “hydrocarbon” due to an increased hydrophobicity resulting from the grafting 
polymer. This is beneficial for the filler/matrix miscibility and hence for the ultimate 
properties, as revealed in ref.[27]. When the pre-grafted nanoparticles are mechanically mixed 
with a thermosetting polymer, the former will keep their more stationary suspension state due 
to the interaction between the grafting polymer and the matrix. After curing of the mixture, 
filler/matrix adhesion would be substantially enhanced by the entanglement between the 
grafting polymer and the matrix polymer. This is different from composites filled with 
conventionally treated nanoparticle agglomerates, because direct contacts between the fillers 
would no longer appear due to the uniform coverage of grafting polymers on the surface of 
each nanoparticles even through the particles could not be dispersed completely in the form 
of primary nanoparticles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Schematic drawing of the possible structure of grafted nanoparticles dispersed in a polymer 
matrix.  
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In our preliminary work, polymerization by irradiation was applied to induce the grafting 
polystyrene, polymethyl methacrylate, polyethyl acrylate and polybutyl acrylate onto the 
surface of nanometer SiO2 and CaCO3 [37]. The experimental results showed that these 
grafting polymers were chemically bonded on the surface of the nanoparticles rather than 
physically coating them. When the grafted nanoparticles were incorporated with 
polypropylene by extrusion mixing, the dispersion homogeneity of the particles were 
improved remarkably, leading to a significant increase in the mechanical properties of the 
composites, and toughness in particular, at a filler concentration lower than 2% by volume 
[38].  

The current chapter is concentrated on the development of inorganic 
nanoparticles/thermosetting polymer composites with remarkable tribological performance, 
which can be used e.g. as a candidate for coatings on hard composite rollers. A viable surface 
treatment of nanoparticles through grafting polymerization will be explored to break up the 
commercially available nanoparticle agglomerates and to improve the interfacial adhesion 
between the particles and the matrix resin. The proposed graft technique should make it 
possible to control the molecular structure of the grafting polymers so that the performance of 
the target composite materials can be tailored. Knowledge for an optimum formulation and 
preparation will be provided from a careful investigation of the effects of the nanoparticles on 
the wear reduction of the thermosetting polymer. Further conclusions can be drawn from the 
relationship between particle dispersion status and mixing process, as well as from an 
understanding of the friction and wear mechanisms involved in the nanocomposites. It can 
therefore be expected that the results of this project will be of certain universal significance 
and thus applicable for many inorganic nanoparticles/thermosetting composites in 
consideration of their potential use in various industrial applications. 

 
 

2. PRETREATMENT OF INORGANIC NANOPARTICLES 
AND THE CORRELATED CHARACTERIZATION 

 
In the following work, Al2O3 and SiC nanoparticles were chosen as the fillers due to the 

fact that the bulk materials of these inorganic substances are known to be of high wear 
resistance. Considering the agglomeration of these nanoparticles, grafting pretreatment has to 
be carried out as stated above.  

Grafting polymer onto the surface of inorganic nanoparticles is a field of growing 
interests. Several works have been done with respect to improving the dispersibility of these 
particles in solvents and to their compatibility in polymer matrices [39-44]. Mostly, the 
grafting polymerization was conducted via two routes: (i) monomers were polymerized from 
the active compounds (initiators or comonomers) and then covalently attached to the 
inorganic particle surfaces; and (ii) ready-made polymers with reactive end-groups reacted 
with the functional groups on the particle surfaces. Various kinds of polymerization processes 
have been tried in the grafting investigations, including radical, anionic and cationic 
polymerizations. In our previous studies [38,45,46], the necessity of surface modification of 
nanoparticles in making polymer nanocomposites was elucidated. To develop an effective 
and versatile approach, an irradiation grafting technique was proposed to introduce polymers 
onto nano-silica. However, it was found that the molecular weight and the density of the 
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grafted macromolecules are quite difficult to be controlled, in addition to the complexity of 
the reaction details. A fine adjustment of the interfacial interaction in the subsequent 
composites is therefore restricted.  

To solve this problem, the authors tried to graft polymers onto the surface of 
nanoparticles by a simple chemical reaction, which would make it possible to control the 
grafting polymer chains more easily. Considering that some kinds of coupling agents contain 
polymerizable groups, a surface treatment using these coupling agents followed by radical 
grafting polymerization should be feasible. In this work, polyacrylamide (PAAM) and 
polystyrene (PS) were introduced onto the surface of silane coupling agent pre-treated Al2O3 
and SiC nanoparticles by aqueous and non-aqueous radical polymerization processes, 
respectively. The amide groups of PAAM would take part in the curing of epoxy resin and the 
encapsulation with PS is believed to be able to greatly increase the hydrophobicity of the 
particles and hence the compatibility with the polymer matrix. That is, these treatment 
approaches are selected for purposes of facilitating nanoparticles/matrix interfacial adhesion. 

 
 

2.1. Materials and Nanoparticles Pretreatment 
 
The nanosized alumina (γ-phase) was provided by Hua-Tai Co. Ltd., China, and 

possesses a specific surface area of 146.3m2/g and an averaged diameter of 10.4nm. The SiC 
nanoparticles (α-phase) were also produced by Hua-Tai Co. Ltd., China, and provide a 
specific surface area of 15.3m2/g, whereas the averaged diameter counts to 61nm. Prior to 
use, the particles were dried in an oven at 110oC under vacuum for 24h in order to get rid of 
the physically absorbed and weakly chemically bonded species.  

A KH570 silane coupling agent (γ-methacryloxypropyl trimethoxy silane), provided by 
Liao Ning Gazhou Chemical Industry Co. Ltd., China, was employed to introduce the 
reactive functional groups on the surface of the nanoparticles. Styrene was obtained from 
Shanghai Guanghua Chemical Agent Factory, China, and acrylamide was supplied by 
Guangzhou Chemical Agent Factory, China. The two types of monomers were identified as 
being a reagent grade. In non-aqueous systems, the azobis(isobutyronitrile, AIBN) was used 
as an initiator, and toluene, tetrahydrofunan (THF) and cyclohexane were chosen as solvents. 
For aqueous systems, a mixture of ammonium persulfate and sodium hydrogen sulfite (1:1 in 
mole) was used as the initiator, and deionized water was taken as a solvent. All the 
components of the recipes were used as received from the suppliers without further 
purification. 

The introduction of reactive groups onto the surface of nanoparticles was achieved by the 
reaction of silane with the hydroxyl groups of the particles (Fig.3). A typical example can be 
given as follows: 2.0g alumina nanoparticles and 2.0g KH570 in 100 ml of 95% alcohol 
solution were charged into a 300ml flask equipped with a reflux condenser. The mixture was 
refluxed at the boiling temperature of the solution over different stirring times. After that, the 
alumina was centrifuged, and the precipitate was extracted with alcohol for 16h to remove the 
excess silane absorbed on the alumina. Then the treated alumina was air-dried and allowed to 
react at 80oC under vacuum for 24h. The content of the double bonds introduced onto the 
alumina surfaces by the above treatment was detected according to the method stated in 
ref.[47]. 
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Figure 3. Schematic illustration of the reaction of KH570 silane coupling agent with the hydroxyl 
groups of alumina.  

 
2.2. Graft Polymerization of Vinyl Monomers onto Nano-Al2O3 

 
The graft polymerization reactions for both styrene and acrylamide monomers were 

performed in air environment in a flask equipped with a condenser at 70oC and 50oC, 
respectively. Firstly, the modified alumina and the solvent were put in the temperature-
controlled reactor with stirring. When the reactant reached the desired temperature, the 
initiator and the monomer were added in four ways of feeding: (i) both the initiator and the 
monomer were added simultaneously in one batch; (ii) the initiator was charged alone, and 
then the monomer was added in one batch after 30min of reaction; (iii) similar to (ii), but the 
monomer was added by drip feeding; (iv) one third of the total dosage of the initiator was 
added, and then the monomer and the rest initiator were added in two equal batches after the 
alumina reacted with the first batch of initiator for a while. In all the cases, the concentration 
of the monomers and the initiators, as well as the reaction time, were changed in order to 
study their influence on the reaction processes and the degrees of reaction. 

Compared with the untreated version, the infrared spectrum of the modified alumina 
exhibits absorptions at 1731, 1457 and 1409cm-1, which are characteristic for the silane 
coupling agent (Fig.4). Correspondingly, a quantitative analysis indicates that the amount of 
double bonds introduced onto the particles increases with treating time (Fig.5). Having been 
treated for 4h, the double bonds reach a level of 0.77mmol/g, implying that about 66% 
hydroxyl groups on the surfaces of nano-alumina particles have been consumed for the 
introduction of these reactive groups. It can thus be deduced that the treatment employed in 
the present study resulted in a monolayer coverage of silane. Therefore, the nanoparticles 
with 0.77mmol/g of double bonds were used in the subsequent grafting reactions. 

Graft polymerization of styrene and acrylamide was carried out at the presence of 
modified alumina in different solvents (Table 1). The data of percent grafting indicate that the 
monomers were successfully grafted onto the surface of alumina through covalent bonding. 
The formation of grafted polymers can be confirmed by the typical FTIR peaks in Fig.4. For 
PS-grafted alumina (Al2O3-g-PS), a series of absorptions at 1634, 1601, 1492 and 1452cm-1 
evidence the existence of PS. For PAAM-grafted alumina (Al2O3-g-PAAM) a strong 
absorption of carboxyl groups in PAAM at 1666cm-1 occurs. 
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Figure 4. FTIR spectra of nanosized alumina before and after surface modification. Prior to the test, the 
non-grafted polymers were extracted from both Al2O3-g-PS and Al2O3-g-PAAM.  

 
Table 1 Graft polymerization of styrene and acrylamide on the surface  

of silane modified alumina a 

 
Grafted 
polymer 
on Al2O3 

Monomer 
concentration
(mol/L) 

Initiator 
concentration
(mol/L) 

Solvent Reaction 
temperature 
(oC) 

Reaction 
time (h) 

γc
 b 

(%) 
γg 

c 
(%) 

γe 
d 

(%) 

PS 0.5 0.001 Toluene 70 2 9.2 10.6 17.7 
PS 0.5 0.001 THF 70 2 9.7 9.9 17.8 
PS 0.5 0.001 Cyclohexane 70 2 9.6 10.9 18.5 
PAAM 1.0 0.02 Deionized water 50 3 85.7 29.1 6.0 

a The initiator and the monomer were added into the reaction system simultaneously. 
b γc = monomer conversion.  
c γg = percentage of grafting. 
d γe = grafting efficiency. 

 
On the other hand, Table 1 reveals that the reaction systems of Al2O3-g-PS with different 

solvents have nearly the same monomer conversion, percentage of grafting and grafting 
efficiency. This phenomenon may be related to the fact that all of these solvents are good 
solvents for PS. Under this circumstance, the grafted polymer exists in an extended 
conformation and hence has no blocking effect on the diffusion of the monomers towards the 
alumina surface. Based on this finding, the following reactions use toluene as the solvent 
because of its higher boiling point and convenience of temperature control. 

Table 2 shows the number average molecular weight (Mn) and mass average molecular 
weight (Mw) of PS grafted onto alumina. It is interesting to note that the molecular weights of 
grafted PS change with the percentage of grafting. The higher values of γg (i.e. 33.9 and 39.7) 
correspond to higher molecular weights, as compared to the case of lower γg (i.e. 12.1). In 
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fact, the polymerization conditions for these samples were different. The molecular weights 
of the grafted PS should be a function of the concentrations of the monomer and the initiator. 
In general, the degree of polymerization (kinetic chain length) during a radical polymerization 
increases with increasing polymerization rate and monomer concentration, while it decreases 
with increasing initiator concentration [48]. However, this relationship seems not to be 
completely adapted in the present graft polymerization on alumina. 

 
Table 2. Molecular weights of PS grafted onto alumina a 

 
γg 
(%) 

Monomer 
concentration
(mol/L) 

Initiator 
concentration 
(mol/L) 

Mn (x104) Mw (x104) Mw /Mn Grafted number 
µmol/g   µmol/m2 

fg
 b

 
(%) 

39.7 2.0 0.04 2.51 3.86 1.54 15.82   0.108 2.06 
33.9 6.0 0.04 3.10 3.95 1.28 10.96   0.075 1.42 
12.1 2.0 0.01 1.42 2.43 1.71 8.54    0.058 1.11 

a The initiator and the monomer were added into the reaction system simultaneously. Toluene served as 
solvent. 

b fg = (amount of double bonds consumed during polymerization)/(initial amount of double bonds) 
 
The number of PS chains grafted onto alumina surfaces was calculated from the number 

average molecular weight (Table 2). Accordingly, the percentage of double bonds used for 
the grafting of PS onto the alumina surfaces, i.e. the reaction efficiency of the double bonds 
attached to the surfaces (fg), can be obtained. The results reveal that only a few double bonds 
on the particle surfaces were utilized during the polymerization. For PAAM grafted 
nanoparticles, the molecular weight of the grafted polymer is not available due to the 
difficulty in separating the grafted PAAM from the particles as stated in the experimental 
part. Further efforts are needed in this aspect. 

To check the effect of surface treatment, the dispersibility of polymer grafted alumina in 
a solvent (Al2O3-g-PS in THF and Al2O3-g-PAAM in acetone) was compared with the 
untreated alumina (Fig.6). The results show a remarkable improvement of dispersibility 
resulting from the surface grafting. Untreated alumina completely precipitates after a few 
hours. On the contrary, PS-grafted and PAAM-grafted alumina give a stable colloidal 
dispersion in the solvent. In addition, the alumina with a higher percentage of grafting tends 
to be more stable than that with a lower amount of grafting, indicating that the grafting 
polymer chains interfere with the agglomeration of alumina nanoparticles. 

As different ways of feeding monomer and initiator were used in the course of graft 
polymerization, it is worth examining the effect of different ways of monomer feeding on the 
grafting reaction. It was found that these reaction procedures strongly influence especially the 
acrylamide grafting reaction (Table 3). In comparison with the results corresponding to the 
first way of feeding, the second feeding route hereby leads to a higher grafting percentage and 
grafting efficiency, but also to a lower monomer conversion. In the case of the third way of 
feeding, γc, γg and γe showed the lowest values. 
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Figure 5. Amount of double bonds introduced onto the alumina surface as a function of reaction time.  
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Figure 6. Dispersibility of Al2O3-g-PS in THF and Al2O3-g-PAAM in acetone at room temperature. 
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Table 3. Effect of feeding ways of monomer and initiator on the grafting reaction of 
PAAM a 

 
Feeding 
way b  

Monomer 
concentration
(mol/L) 

Initiator 
concentration
(mol/L) 

Reaction 
temperature 
(oC) 

Reaction time (h) γc 
(%) 

γg 
(%) 

γe 
(%) 

1 1.0 0.01 50 3 78.6 25.0 20.5 
2 1.0 0.01 50 3 49.2 52.0 30.0 
3 1.0 0.01 50 3 22.8 16.6 9.3 

a Deionized water served as solvent. 
b Details of the ways of feeding monomer and initiator are given in the experimental part. 

 
In a radical polymerization, decomposition of the initiator is usually considered to 

proceed gradually (non-instantaneously). When both the monomer and the initiator were 
mixed together, radicals can be formed freely on the surface of the alumina at the beginning 
of the polymerization. Unfortunately, the surface double bonds can not be initiated at a latter 
stage of the polymerization because growing polymer radicals and/or grafted polymer chains 
block the diffusion of radicals towards the particle surface (Fig.7). When the modified 
alumina was allowed to react with the initiator firstly (i.e. the second way of feeding), more 
double bonds could be initiated, leading to both a higher percentage of grafting and grafting 
efficiency. For the third feeding way, the monomer was in a starved condition. The initiated 
double bonds on the alumina surfaces had to be terminated more seriously. In addition, the 
initiator was remarkably consumed even before all the monomer dripped into the reactor. 
This caused the reaction time for the monomers to be relatively insufficient, as indicated by 
the lowest γc, γg and γe values observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Schematic drawing of the blocking effect of the growing polymeric radicals and/or grafted 
polymer chains on the diffusion of radicals towards the alumina surface.  

 
In contrast to the case of PAAM, the monomer feeding procedure scarcely influenced the 

styrene grafting reaction (Table 4). This may be due to the different solvent effect. Toluene is 
such a good solvent for PS that the blocking effect of grafted PS becomes no longer 
significant. Comparatively, water is not a very good solvent for PAAM, so that the monomer 
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feeding manner became a controlling factor for the grafting reaction. On the other hand, the 
initiator might have a longer life in the PS system. That is, the system had enough initiator 
even if the third feeding way was used. These resulted in an independence of the grafting 
polymerization of PS onto the alumina particles. 

 
Table 4. Effect of feeding ways of monomer and initiator on the grafting reaction of PS a 

 
Feeding 
way b  

Monomer 
concentration
(mol/L) 

Initiator 
concentration
(mol/L) 

Reaction 
temperature (oC) 

Reaction 
time (h) 

γc 
(%) 

γg 
(%) 

γe 
(%) 

1 1.0 0.005 70 3 8.8 12.3 26.8 
2 1.0 0.005 70 3 11.1 12.1 21.3 
3 1.0 0.005 70 3 10.9 12.1 21.4 

a Toluene served as solvent. 
b Details of the ways of feeding monomer and initiator are given in the experimental part. 

 
 

2.3. Graft Polymerization of Vinyl Monomers onto Nano-SiC 
 
The grafting polymerization of styrene and acrylamide monomers onto SiC nanoparticles 

was conducted in slightly different ways. For producing PAAM grafted SiC (SiC-g-PAAM), 
the silane treated particles were put into a flask filled with water. After a sonication of 30min, 
the initiator (mixture of NH4S2O8 and NaHSO3 at a mole ratio of 1:1) was incorporated into 
the system at 30oC in N2 atmosphere. Having been stirred for 30min, acrylamide was added to 
the mixture with stirring to carry out the grafting polymerization. Then the resultant 
suspension was centrifuged and washed. The sludge represented the grafted nanoparticles. 

To obtain PS grafted SiC (PS-g-SiC), the pretreated particles were mixed with toluene 
under sonication. When the reactor was kept at 80oC and filled with N2, AIBN was added 
with stirring. After one hour, styrene monomer was incorporated into the system. Similarly, 
the PS-g-SiC can be received from the precipitation of the resultant suspension. 

Fig.8 illustrates the infrared spectra of untreated and treated particles. Due to the strong 
absorption of SiC as-received over a broad wavenumber range, many characteristic peaks of 
the treated nanoparticles are no longer perceivable. Nevertheless, the stretching mode of SiC 
at 890cm-1 can be seen in the spectrum of silane treated SiC, suggesting that KH570 silane 
coupling agent has been reacted with the hydroxyl groups on the SiC nanoparticles. In the 
case of SiC-g-PAAM, although the absorption due to amide at 1659cm-1 is unclear, the peaks 
at 801 and 1258cm-1 represent N-H and C-N vibrations, respectively. For SiC-g-PS, the peaks 
of phenyl rings at 1500~1480cm-1and 1600cm-1 are hidden by the wide band of SiC, but the 
two peaks at 700~900cm-1characterize C-H absorption of benzene rings. The above results 
prove that PAAM and PS have been chemically connected to the surface of SiC particles, 
respectively. 
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Figure 8. FTIR spectra of nanosized SiC before and after surface modification. Prior to the 
measurement, the non-grafted polymers were extracted from both SiC-g-PS and SiC-g-PAAM.  

 
The experimental data of grafting polymerization of acrylamide monomer onto SiC 

nanoparticles are plotted in Fig.9. It is seen that the monomer conversion reaches the 
maximum of about 75% when the concentration of initiator approaches 3mmol/g. A 
comparatively lower or higher initiator concentration would result in a decreased monomer 
conversion. In the case of low initiator concentration, the fraction of free radicals generated in 
the solution is relatively low. As a result, the conversion rate of the monomers had to be low 
at a given monomer concentration. When the concentration of the initiator is rather high, the 
redox effect accompanied with the chain initiation would intensify the decomposition of 
PAAM chains and lead to a lower conversion of the monomers. With respect to the 
percentage of grafting, an increase in the concentration of the initiator always facilitates the 
initiation of the double bonds on the particles surface. This accounts for the continuous 
increase in the percentage of grafting. However, it should be noted that an unduly high 
initiator concentration would also increase the probability of radical termination between the 
growing chains. In this context, a proper selection of concentration of the initiator is 
necessary. 

 



Ming Qiu Zhang, Min Zhi Rong, Bernd Wetzel and Klaus Friedrich 16

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0

20

40

60

80

 

 

 Percentage of grafting
 Monomer conversion

Pe
rc

en
ta

ge
 o

f g
ra

fti
ng

  &
m

on
om

er
 c

on
ve

rs
io

n 
[%

]

Initiator concentration  [mol/L]

 
Figure 9. Grafting of acrylamide onto nano-SiC: effect of the initiator concentration on the monomer 
conversion and percentage of grafting (monomer concentration: 0.67mol/L, reaction time: 4h).  

 
Fig.10 shows the effect of monomer concentration on the percentage of grafting. An 

approximately linear dependence can be found, implying that the percentage of grafting is 
closely related to the rate of chain growth. In the case of radical polymerization, the kinetic 
chain length is generally proportional to the monomer concentration. If the monomer 
concentration increases, the polymerization rate rises too, and in the same way, the molecular 
weight of the grafting polymer expands. This directly coincides with the findings of Lin et al. 
[49]: the molecular weight of PAAM increases with increasing monomer content if the 
polymerization of acrylamide is carried out in aqueous solution. Because the polymerization 
of acrylamide completes within a relatively short period of time, the percentage of grafting 
has to be significantly influenced by the content of the monomer. 
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Figure 10. Effect of monomer concentration on the percentage of grafting of acrylamide onto nano-SiC 
(initiator concentration: 0.076mol/L, reaction time: 4h).  

 
The effect of reaction time is an important factor of grafting polymerization (Fig.11). It is 

found that a reaction time longer than 2h is somewhat detrimental to the increase of monomer 
conversion and percentage of grafting. This is due to the degradation of PAAM molecules in 
the redox system. At the beginning of the polymerization, chain growth plays the leading role. 
Then, when the polymerization proceeds to a certain extent, the effect of molecular 
decomposition emerges. With the lapse of time molecular decomposition counteracts the 
chain growth remarkably. A further increase in the reaction time results therefore in the 
increased amount of low molecular weight PAAM, and these molecules can easily be lost 
during the isolation of the homopolymerized PAAM. The measured monomer conversion is 
thus reduced apparently, when the reaction time is extended. On the other hand, if the short 
PAAM segments carrying radicals slip through to the surface of the SiC nanoparticles, an 
increase in the percentage of grafting can be observed as the case of a reaction time of 7h 
(Fig.11). In summary, the time dependence of monomer conversion and percentage of 
grafting is a joint result of both competitive effects: chain growth and chain degradation. 



Ming Qiu Zhang, Min Zhi Rong, Bernd Wetzel and Klaus Friedrich 18

0 1 2 3 4 5 6 7 8
0

15

30

45

60

75

90

 Percentage of grafting
 Monomer conversion

 

 

Pe
rc

en
ta

ge
 o

f g
ra

fti
ng

 &
m

on
om

er
 c

on
ve

rs
io

n 
 [%

]

Time  [h]

 
Figure 11. Grafting of acrylamide onto nano-SiC: effect of reaction time on the monomer conversion 
and percentage of grafting (monomer concentration: 0.67mol/L, initiator concentration: 0.076mol/L). 

 
Grafting polymerization of styrene onto SiC nanoparticles is characterized in Fig.12. 

When the reaction time is shorter than 6h, the percentage of grafting is rather low. 
Afterwards, a linear increase in the percentage of grafting with rising time can be seen. In 
comparison to the data of PAAM grafting, the current percentage of grafting is quite low. 
This should be attributed to the morphology of the surface reactive groups on the SiC 
particles and the steric hindrance of the monomers. Since SiC contains C elements, the 
interaction between SiC particles and organics (i.e. the silane coupling agent and the growing 
chains) should be stronger than that between other inorganic particles and organics. In case 
the SiC particle-solvent interactions are weaker, the molecular chains containing reactive 
double bonds or radicals cannot take the extended form in the solution; they tightly wrap the 
particles. The attack on the particles launched by the monomers becomes rather difficult. 
Probably this effect is much severe in toluene. In addition, the steric hindrance of styrene is 
greater than acrylamide. At the early stage of polymerization it is more difficult for styrene 
monomers to get access to the reactive chain ends and start the chain growth. With increasing 
reaction time, some chain radicals are produced at the terminals of the coupling agent and the 
amount of the chain radicals in the solution keeps on increasing. The termination between the 
above two types of chain radicals results in the rise in percentage of grafting as shown in 
Fig.12. 
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Figure 12. Effect of reaction time on the percentage of grafting of styrene onto nano-SiC (monomer 
concentration: 1.0mol/L, initiator concentration: 0.01mol/L).  

 
The effect of initiator concentration on the percentage of grafting of styrene onto SiC 

nanoparticles is illustrated in Fig.13. Although there is an increasing trend in the percentage 
of grafting with the fraction of the initiator, the variation is not obvious enough. Within the 
entire range of initiator concentration, the percentage of grafting changes between 4.5~6.5%. 
As analyzed above, due to the steric hindrance effect between the monomers and the growing 
chains, an increase in the initiator concentration increases the quantity of the radicals in the 
solution but cannot effectively improve the ability of chain growth. Only when the probability 
of termination between the chain radicals on the nanoparticles and those in the solution is 
increased as a result of a rise in initiator concentration, the percentage of grafting can be 
increased accordingly. 
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Figure 13. Effect of initiator concentration on the percentage of grafting of styrene onto nano-SiC 
(monomer concentration: 1.0mol/L, reaction time: 4h).  

 
To check the quality of grafting polymerization on the nanoparticles, the dispersibility of 

the particles are compared in Fig.14. The untreated particles cannot give a stable dispersion in 
the solvent. Although the suspension was stirred by sonication, the particles completely 
precipitated within 15h. In contrast, the grafted particles exhibit good dispersibility in the 
solvent. About 40% of the particles remained in the suspension after 40h. Fig.14 shows 
furthermore that the dispersibility of SiC-g-PS is better than that of SiC-g-PAAM owing to 
the fact that the solvent THF possesses a better miscibility with PS than with PAAM. Based 
on these results it can be deduced that the grafted nanoparticles would also have a much better 
miscibility with other polymers when preparing polymer composites. The properties of the 
composites would thus be effectively enhanced. 
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Figure 14. Dispersibility of SiC nanoparticles in THF at room temperature.  

 
 

2.4. Treatment of SiO2 and Si3N4 Nanoparticles 
 
To make comparative investigations, nano-SiO2 and nano-Si3N4 particles were also 

involved in our work. The nano-SiO2 with an average primary particle size of 9nm was 
purchased from Zhoushan Nanomaterials Co., China. The nano-Si3N4 with a specific surface 
area of 52m2/g and an average primary particle size of 16.8nm were provided by Hua-Tai Co. 
Ltd., China 

The typical grafting of SiO2 proceeded as follows. The nanoparticles were preheated at 
120oC in vacuum for 24h to eliminate possible absorbed water on the surface of the particles. 
Then the particles were mixed with acetone solution of acrylamide by sonication. The 
mixture was irradiated by 60Co γ-ray at a dose rate of 1Mrad/h at room temperature. After 
exposure to a dose of 4Mrad, the solvent was recovered and the dried residual powder could 
be compounded with epoxy directly. To obtain homopolomerized PAAM individually, 
certain amounts of the irradiation products were extracted with water in a Soxhlet’s apparatus 
at room temperature. The residual material (i.e. SiO2 with the unextractable grafting PAAM) 
was immersed in 10~20% HF solution to remove the inorganic particles so that the grafting 
PAAM could be recovered. By using thermogravimetric analysis (TGA), it was known that 
percent grafting and grafting efficiency of the irradiation products are 10.3% and 53.7%, 
respectively. 

To confirm that PAAM has been grafted onto nano-silica, FTIR study of the particles and 
the products of graft treatment was conducted. As shown by the infrared spectrum of PAAM 
grafted SiO2 (SiO2-g-PAAM) in Fig.15, the stretching modes of carbonyl in amide and CN in 
amide appear at 1665 and 1454cm-1, respectively. The two peaks can also be observed in the 
spectra of homopolymerized PAAM and grafting PAAM, but the CN peak appears at a lower 
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wave number of 1427cm-1 in the spectra of grafting PAAM, suggesting the chemical 
environment of grafting PAAM is slightly different from that of homopolymerized PAAM. 
For the grafting PAAM isolated from SiO2-g-PAAM, the absorption due to inter-molecular 
hydrogen bonds at 2900~3700cm-1 is much broader than that of homopolymerized PAAM. In 
addition, there is a twin-peak at 3341 and 3413cm-1 that is absent in the spectrum of PAAM 
homopolymer. This can be attributed to the hydroxyl on PAAM generated when silica in 
SiO2-g-PAAM was removed by HF solution. That is, during the grafting polymerization, 
PAAM had been covalently connected with SiO2 besides physical absorption. 

Treatment of Si3N4 with coupling agent proceeded as follows. 2.0g Si3N4 nanoparticles 
was charged into the mixture of 8.0g KH550 (γ-aminopropyl trimethoxy silane) in 200ml of 
95% alcohol solution, and the reaction was kept for 8h under refluxing condition. Then, the 
particles were centrifuged, extracted with alcohol for 24hr, and dried in vacuum (60oC, 24h). 
The content of the attached silane is 6.5wt% as detected by element analysis. 
 

3750 3250 2750 2250 1750 1250

-OH

-CN

-C=O

4

3

2

1

Tr
an

sm
itt

an
ce

 

 

Wavenumber  [cm-1]

   

 
Figure 15. FTIR spectra of (1) SiO2, (2) SiO2-g-PAAM, (3) homopolymerized PAAM, and (4) grafting 
PAAM.  

 
 

2.5. Manufacturing of Nanoparticles/Epoxy Composites 
 
Bisphenol-A epoxy resin (type E-51) and 4, 4’-diaminodiphenylsulfone (DDS) were 

provided by Guangzhou Dongfeng Chemical Co., China. The composite materials were 
prepared by compounding the fillers (unmodified or modified) with preweighted quantities of 
epoxy at 80oC with stirring for 3h and sonication for 1h, respectively, to distribute the 
particles homogeneously within the matrix. Then the blends were heated to 130oC and the 
curing agent DDS was added with stirring for 10min. Finally, the mixture was filled into a 
mould and placed in vacuum for 50min to get rid of air bubbles. For curing the composites, 
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the procedures listed below were followed step by step: 3h at 100oC, 2h at 140oC, 2h at 180oC 
and 2h at 200oC. 

 
 

2.6. Curing Kinetics 
 
Study of the curing kinetics is essential for understanding and designing the curing 

process of thermosetting composites. As shown in Fig.16, the peak exothermic temperature of 
nano-Al2O3/epoxy composites increases with a rise in the heating rate of the differential 
scanning calorimetric (DSC) measurement. In addition, species and content of nanoparticles 
also have important influence on the composites curing reaction. At given heating rate, the 
peak exothermic temperatures of nano-Al2O3/epoxyand nano-Si3N4/epoxy composites shift 
towards low temperature regime as filler loading is increased (Fig.17(a) and (b)). Similar 
phenomena have been reported in other epoxy based composites [50]. In contrast, the peak 
exothermic temperature of nano-SiC/epoxy composites increased slightly with increasing the 
particles fraction (Fig.17(c)). Clearly, nano-Al2O3 and nano-Si3N4 accelerate the curing of 
epoxy, while nano-SiC decelerates the reaction.  
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Figure 16. DSC scans of nonisothermal curing processes of nano-Al2O3/epoxy composites at different 
heating rates (Content of nano-Al2O3: 1.92vol%).  
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Figure 17. DSC scans of nonisothermal curing processes of (a) nano-Al2O3/epoxy, (b) nano-
Si3N4/epoxy, and (c) nano-SiC/epoxy composites at a heating rate of 7.5oC/min.  

 
To quantify the above effects, Kissinger equation [51], Crane equation [52] and 

Arrhenius equation are used and the corresponding results are listed in Table 5.  
 

Table 5. Activation energy, E, pre-exponential factor, A, reaction order, n, and rate 
constant, K, of curing reaction of different nanoparticles/epoxy composites 

 

Composites Nanoparticles 
(vol%) E (kJ/mol) n K (s-1) 

Epoxy 0 62.1 0.89 7.0×10-4 
0.24 62.4 0.93 8.5×10-4 
0.72 67.9 0.93 5.0×10-2 
1.20 58.8 0.91 6.3×10-2 

Nano-Al2O3/epoxy 

1.92 53.8 0.90 5.1×10-2 
0.27 67.1 0.91 4.4×10-3 
0.83 65.0 0.90 2.0×10-3 
1.38 57.7 0.88 2.1×10-3 

Nano-Si3N4/epoxy 

2.19 50.7 0.93 2.1×10-3 
0.23 55.6 0.89 8.0×10-4 
0.71 65.0 0.90 7.1×10-4 
1.21 57.8 0.89 7.4×10-4 

Nano-SiC/epoxy 

1.97 68.0 0.91 6.6×10-4 
* K represents the rate constant of curing at 180oC. 
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As shown in Table 5, the activation energy of curing reaction of nano-Al2O3/epoxy 
decreases with increasing the filler content and the rate constant is greatly increased. Nano-
Si3N4 composites also exhibit similar dependence, but less as significant as the former 
system. These coincide with the results illustrated in Fig.17. For nano-SiC/epoxy composites, 
however, the changes in both E and K are marginal and the value of E becomes higher at 
higher filler loading.  

Basically, due to the strong interaction between the nanoparticles and the epoxy resin 
resulting from the specific surface feature of nanoparticles, the curing reaction kinetics of the 
nanocomposites might be different from neat epoxy resin. The above-observed accelerating 
effect results from the hydroxyl groups on the nanoparticles’ surfaces (donors of hydrogen 
bonding). The more the surface hydroxyl groups, the higher the activity of the particles. Since 
nano-Al2O3 particles possess much higher amount of hydroxyl groups than nano-SiC [53, 54], 
it is reasonable to understand the evident acceleration perceived in nano-Al2O3/epoxy system. 
On the other hand, the incorporation of the nanoparticles must raise the viscosity of the 
composite system (before curing) and/or the strong interaction between the nanoparticles and 
the matrix polymer would hinder the molecular motion of epoxy, which disfavor the curing of 
epoxy. Therefore, the effect exerted by the nanoparticles is a competition of the two opposite 
factors. In the case of nano-Al2O3 and nano-Si3N4 particles, the effect of acceleration is 
measured because of the higher amount of their surface hydroxyl groups. For nano-SiC, the 
hindrance effect plays the leading role as a result of the fewer surface hydroxyl groups. From 
Table 5, it is known that the curing reaction orders of the three composites are almost the 
same, suggesting that the nanoparticles don’t change the curing mechanism of epoxy. 

To look into the influence of graft treatment of nanoparticles, grafted nano-SiO2 particles 
are used. Similarly, when the particles are incorporated into epoxy, the curing kinetics of the 
resin is changed significantly (Fig.18). Evidently, the unmodified silica nanoparticles hinder 
the curing reaction to a certain extent and lead to a shift of the temperature dependence of 
conversion towards higher temperature. In contrast, the addition of grafted silica 
nanoparticles accelerates curing of epoxy, probably due to the catalytic effect of the active 
hydrogen atoms in amide of PAAM. This behavior is indicative of an improved processability 
of the system in practice. 
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Figure 18. Nonisothermal curing behavior of epoxy and its composites at a heating rate of 2oC/min.  

 
To further understand the curing reaction kinetics of the composites, the results of non-

isothermal DSC measurements are used to determine the activation energy, the pre-
exponential factor, and the reaction order of curing kinetics of the materials once more (Table 
6). 

 
Table 6. Curing characteristics of epoxy and its composites at 2.17vol% nanosilica 

content 
 

Materials Epoxy SiO2/Epoxy SiO2-g-PAAM/Epoxy 
E (kJ/mol) 68.9 69.4 57.8 
LnA 8.4 8.6 5.6 
n 1.25 1.35 1.23 

 
By comparing the kinetic data, it can be seen that the presence of the nanoparticles in 

epoxy does not change the overall reaction mechanism. In comparison with the neat epoxy 
resin, the increase in the activation energy of the SiO2/epoxy system suggests that the 
unmodified nanoparticles slightly decelerate the curing reaction. In contrast, the grafted 
nanoparticles tends to have a promotive effect on the curing of epoxy, as revealed by the 
decreased activation energy. Considering the fact that the pre-exponential factor of SiO2-g-
PAAM/epoxy composites is significantly reduced, probably due to the steric hindrance 
generated by the grafting polymers adhering to the nanoparticles, a comprehensive evaluation 
of the influence of the nanoparticles on the curing behavior of epoxy has to be made by 
examining the reaction rate constants. 

Fig.19 illustrates Arrhenius plots of rate constant lnK of the materials as a function of the 
reciprocal temperature. The results demonstrate that SiO2/epoxy has almost the same rate 
constant as epoxy. For SiO2-g-PAAM/epoxy, the rate constant is higher than that of the 
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former two systems at a temperature below 205oC, but it becomes lower when the 
temperature exceeds 205oC. It is generally agreed that the reaction mechanism for the 
addition of amine to epoxy takes into account the phenomenon of catalysis by hydrogen bond 
donors. Such a catalytic effect is via hydrogen bonding of the hydroxyl group to the oxygen 
of the glycidyl ether in the transition state [55]. Therefore, the appearance of the active 
hydrogen atoms in amide of PAAM grafted nanosilica favors the curing reaction. Since 
hydrogen bond formation and dissociation in a polymer are thermally reversible, a large 
portion of hydrogen bonds has to be dissociated at elevated temperature. As a result, diffusion 
control plays the leading role in SiO2-g-PAAM/epoxy composites at a temperature higher 
than 205oC (Fig.19).  

In fact, the composites used in this work were cured below 205oC (refer to the 
experimental part). It means that the grafted nanosilica accelerates the curing reaction of 
epoxy over the entire curing temperature range and thus improves the processability of the 
system in practice. 

 

Figure 19. Temperature dependence of rate constant characterizing curing processes of epoxy and its 
composites at 2.17vol% nanosilica content.  

 
 

2.7. Interfacial Interaction 
 
To examine the possible interaction between the nanoparticles and epoxy, a series of tests 

were carried out. For nano-Al2O3 and nano-Si3N4, the particles were mixed with epoxy, and 
then the blends were cured in the absence of any curing agent following the aforesaid 
composites curing procedures. Afterwards, the blends were extracted by acetone to remove 
the uncured epoxy, and Fourier transform infrared spectroscopy (FTIR) was adopted to check 
the changes in the chemical structures of the related materials. Due to the strong absorbability 
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of SiC particles, their FTIR spectrum were not collected. As shown in Fig.20, on the spectrum 
of epoxy one can find the peak corresponding to the stretching mode of C-H of arylene at 
3060cm-1, the vibration modes of phenyl rings at 1510 and 1606.7cm-1, the stretching mode of 
C-O-C of Ar-O-R at 1247.8cm-1. All these characteristic absorptions are not perceivable on 
the spectrum of either nano-Al2O3 or nano-Si3N4, but appear on the spectra of the blends with 
the nanoparticles. It means epoxy has been covalently adhered to the both the untreated and 
grafted nanoparticles.  
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Figure 20. FTIR spectra of epoxy and its composites filled with (a) nano-Al2O3 and (b) nano-Si3N4. In 
all the materials there is no curing agent.  
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For purposes of revealing the reaction details between the grafting PAAM onto the 
nanoparticles and epoxy, a model system consists of PAAM homopolymer and epoxy (1/2 by 
weight) excluding other curing agents was thermally treated following the same curing 
sequence as that applied for producing the composites. Visual inspection indicated that the 
blends of PAAM and epoxy became consolidated after curing and the resultant product can 
only be swollen by acetone instead of dissolve in the solvent. In addition, comparison of the 
infrared spectra of the materials can also yield interesting information. As illustrated by the 
spectrum of PAAM in Fig.21, the C=O peak at 1665cm-1, the NH2 peak at 1616cm-1 and the 
CN peak at 1454cm-1 correspond to the primary amide. In the case of PAAM/epoxy blends, 
however, the spectrum profile has been changed as a result of transformation of partial 
primary amide groups and band overlap due to the incorporation of epoxy. Since the CNH 
peak at 1530~1550cm-1, a characteristic peak of secondary amide, is not perceived, and the 
carbonyl peak appears at 1656cm-1 instead, it can be deduced that this carbonyl peak in 
association with the low wavenumber shift (compared with the carbonyl peak position of 
primary amide) represents the existence of tertiary amide connected with donor group. This 
evidences the reaction between PAAM and epoxy during curing. It can thus be concluded 
from the above visual observation and spectral analyses that PAAM is able to take part in the 
curing reaction of epoxy. Such a chemical bonding between the PAAM chains grafted onto 
the nanoparticles and surrounding epoxy networks would certainly enhance the filler/matrix 
adhesion in the composites. 
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Figure 21. FTIR spectra of (1) epoxy without any curing agent, (2) PAAM, and (3) cured blends of 
PAAM and epoxy (1/2 w/w). 

 
Dynamic mechanical analysis is a useful tool to monitor interfacial interaction in 

composite materials Fig.22 illustrates the mechanical loss spectra of mamo-Si3N4/epoxy 
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composites. In contrast to the conventional composites [56], whose damping factor at glass 
transition, Tan δTg, is lower than that of the matrix, the internal friction peak intensity of 
epoxy shown in Fig.22 is weaker than the filled versions. Besides, the glass transition 
temperature characterized by the α-peak temperature of epoxy is also higher than those of the 
composites. This phenomenon might result from (i) a weak interfacial interaction in the case 
of stiff interphase [57] or (ii) a strong interfacial interaction in the case of ductile interphase 
[58]. Considering that impact tests reveal the ability of the particles to induce plastic 
deformation, it can be deduced that the latter factor plays the leading role. In fact, this 
estimation is supported by the calculation of Kubat parameter B [59]: 

( ) 1
1

−
−

=
mf

c

TanV
Tan

B
δ

δ
     (1)  

where Tan δc and Tan δm denote the damping factors of the composites and the matrix, 
respectively, and Vf is the filler volume fraction. By using the Tan δTg data of the materials 
shown in Fig.22, the values of B for the composites are yielded: 0.04 (Vf=0.27vol%), 0.51 
(Vf=0.83vol%), 0.40 (Vf=1.38vol%), and 0.36 (Vf=2.19vol%). As B approaching 0 
corresponds to strong interfacial bonding in the composites, it is known that the 
nanocomposites at the lowest filler fraction (Vf=0.27vol%) has the highest filler/matrix 
adhesion. 
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Figure 22. Temperature dependence of internal friction, Tanδ, of nano-Si3N4/epoxy composites 
measured at 1Hz.  
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Table 7 further lists the peak temperatures and activation enthalpies of the β relaxation, 
∆Hβ, of the composites. The values of the latter parameters were obtained from Arrhenius 
regression. β relaxation has been assigned to motions of the O-CH2-CHOH-CH2 
hydroxypropylether units and cooperative motions involving hydroxypropylether units and 
amine crosslinking points that are present in all these systems [60, 61]. The greater ∆Hβ 

values of the composites than that of unfilled epoxy induced by the addition of nano-Si3N4 
means that the particles/matrix interaction is so strong that the motion of alcohol ether in 
epoxy is greatly obstructed and the crosslinking density is changed to a certain extent as well. 

The results of dynamic mechanical analysis of nano-SiO2/epoxy composites are given in 
Table 8. Activation enthalpies of the β relaxation are ranked in the order: epoxy < SiO2/epoxy 
< SiO2-g-PAAM/epoxy. According to the above discussion, it is known that the strong 
interactions between the particles and the matrix have been established. This is particular true 
when grafted nanosilica appears. With respect to the glass transition temperature, the 
composites filled with treated and untreated nanoparticles have almost the same values. The 
increase in Tg can be attributed to the decreased mobility of chain segments of epoxy resin as 
a result of the filler/matrix interaction. Considering molecular mechanisms, it is evident that 
the additional chemical bonding between grafting PAAM and epoxy exerts a more significant 
influence on the secondary relaxation of epoxy than on the primary transition. 

 
Table 7. Characterization of β relaxation of nano-Si3N4/epoxy composites 

 
Vf (vol%) Peak temperature of β relaxation (oC) ∆Hβ (kJ/mol) 
 30Hz 10Hz 3Hz 1Hz  
0 -13.8 -22.8 -31.4 -35.9 56.6 
0.27  -16.8 -25.2 -33.6 -41.3 75.8 
0.83  -19.5 -26.2 -33.2 -41.0 103.6 
1.38  -16.4 -22.34 -29.8 -37.6 80.7 
2.19  -16.2 -23.8 -30.4 -36.6 78.7 

 
Table 8. Characteristic parameters of dynamic mechanical performance 

of epoxy and its composites at 2.17vol% nanosilica content 
 

Materials Epoxy SiO2/Epoxy SiO2-g-PAAM/Epoxy 
∆Hβ (kJ/mol) 48.3 54.0 73.9 
Tg* (oC) 217.5 225.1 225.8 

* Tg: glass transition temperature determined from the peak temperature of the α transition at 10Hz 
 
 

3. FRICTION AND WEAR PROPERTIES 
 

3.1. Friction and Wear Properties of Nano-Al2O3/Epoxy Composites 
 
The sliding wear rate of nano-Al2O3/epoxy composites is illustrated in Fig.23 as a 

function of nano-alumina particle content. The degrees of the particles pretreatments are 
listed in Table 9. From Fig.23, it is seen that the high wear rate of unfilled epoxy due to the 
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three-dimensional crosslinking network is greatly decreased by adding nano-Al2O3 particles. 
As compared to the composites with untreated nanoparticles, the low wear rates of the 
composites filled with treated nano-Al2O3 particles keep almost unchanged with filler content 
up to ~2vol%. The phenomenon is similar to what is reported in ref.[62] in spite of the fact 
that the testing configurations and conditions are different. Figs.24 and 25 give the results of 
other composites and clearly show that the wear resistance of unfilled epoxy is decreased by 
one order of magnitude when treated nano-Al2O3 is incorporated. 
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Figure 23. Specific wear rate, sw� , of nano-Al2O3/epoxy composites as a function of volume fraction of 

nano-Al2O3. Test conditions: p=3MPa, v=0.4m/s. 
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Figure 24. Specific wear rate, sw� , of nano-Al2O3/epoxy composites at a volume fraction of nano-Al2O3 

of 0.24vol%. Test conditions: p=3MPa, v=0.4m/s.  
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Figure 25. Specific wear rate, sw� , of nano-Al2O3/epoxy composites at a volume fraction of nano-Al2O3 

of 0.72vol%. Test conditions: p=3MPa, v=0.4m/s.  
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Table 9. Amounts of the chemicals adhered to Al2O3 nanoparticles 
 
Treated 
particles 

Al2O3-
KH550 

Al2O3-c-
PAAM 

Al2O3-c-
PS 

Al2O3-c-
PEA 

Al2O3-g-
PAAM 

Al2O3-g-
PS 

Al2O3-g-
PEA 

Wchem/alumina* 
(%) 

2.2 15 15.5 20.5 10 9.1 14.6 

*Wchem/alumina: relative amount of the chemical adhered to the particles = weight of the chemical adhered 
to the particles / weight of Al2O3. Al2O3-KH550 means the nanosized alumina particles have been 
treated by KH550 silane. Al2O3-c-PAAM, Al2O3-c-PS and Al2O3-c-PEA denote that the particles 
are grafted by polyacrylamide, polystyrene and polyethyl acrylate without removing the 
homopolymers generated during the graft polymerization. Having experienced extraction with 
proper solvents, the grafted nanoparticles are symbolized by Al2O3-g-PAAM, Al2O3-g-PS and 
Al2O3-g-PEA, respectively, meaning the particles are accompanied only with the unextractable 
grafting polymers. 
 
For untreated nano-Al2O3 filled epoxy composites, the decrement of wear rate is marginal 

especially when filler content is greater than 0.24vol%. It resembles the case of untreated 
nano-Al2O3/ultra-high-molecular-weight-polyethylene [63], meaning that the composites 
cannot effectively entrap the particles and prevent substantial material removal. 

Besides improving the wear resistance, the nanoparticles also reduce frictional coefficient 
of epoxy as shown in Figs.26, 27 and 28. Evidently, the composites with treated nanoparticles 
have lower frictional coefficients than those with untreated ones. At a content of nano-Al2O3 

of 0.24vol%, for example, the frictional coefficient of Al2O3-c-PAAM/epoxy is 0.35 that 
amounts to 61% of the value of unfilled epoxy and 69% of the value of untreated nano-
Al2O3/epoxy. Meanwhile, the specific wear rate of Al2O3-c-PAAM/epoxy with the same filler 
concentration is decreased by 97% and 88% respectively, as compared with the values of 
unfilled epoxy and untreated nano-Al2O3/epoxy. 
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Figure 26. Frictional coefficient, µ, of nano-Al2O3/epoxy composites as a function of volume fraction of 
nano-Al2O3. Test conditions: p=3MPa, v=0.4m/s.  
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Figure 27. Frictional coefficient, µ, of nano-Al2O3/epoxy composites at a volume fraction of nano-
Al2O3 of 0.24vol%. Test conditions: p=3MPa, v=0.4m/s.  
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Figure 28. Frictional coefficient, µ, of nano-Al2O3/epoxy composites at a volume fraction of nano-
Al2O3 of 0.72vol%. Test conditions: p=3MPa, v=0.4m/s.  
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The difference in improving the friction reducing and wear resisting ability of epoxy 
between the composites with untreated and treated nano-alumina should result mainly from 
the filler/filler adhesion strength. The treatments employed in the present work can either 
build up chemical bonding between the nanoparticles and epoxy (for the composites with 
KH550 treated nano-Al2O3 and PAAM grafted nano-Al2O3), or improving the interfacial 
miscibility (for epoxy reinforced by PS grafted nano-Al2O3 and PEA grafted nano-Al2O3). 
With respect to the untreated nanoparticles, they have to present themselves in the composites 
in the form of agglomerates because of the hydrophilic nature of the particles and the limited 
dispersion force during blending with epoxy. Inside the nanoparticle agglomerates, the 
particles are bound only by hydrogen bonds and van der Waals bonds. When the composites 
with the untreated nanoparticles are subjected to wearing, damage induced by localized shear 
stress concentration at the loosened nanoparticle agglomerates would occur on a relatively 
large scale and produce bigger blocks of wear debris. These are disadvantageous to the 
improvement of tribological performance of the matrix. In the case of the composites with 
enhanced interaction inside and outside the nanoparticle agglomerates, the resistance to 
periodic frictional stress is greatly increased. Detachment of nanoparticles and small amount 
of the surrounding matrix plays the leading role in material removal due to wear. The 
detached nanoparticles might also act as solid lubricants. These account for the low wear rates 
and frictional coefficients of the composites. 

On the other hand, the effect of homopolymers (generated during graft polymerization) 
on the grafted nanoparticles/epoxy composites is also revealed in Figs.24, 25, 27 and 28. In 
most cases, the presence of the homopolymers helps to further improve the wear and friction 
performance of the composites. For example, the wear rate of Al2O3-c-PAAM/epoxy is lower 
than that of Al2O3-g-PAAM/epoxy (Figs.24 and 25), and frictional coefficient of Al2O3-c-
PS/epoxy is lower than Al2O3-g-PS/epoxy (Figs.27 and 28). It is believed that the filler/matrix 
interaction is partially shielded by the homopolymers in the case of Al2O3-c-PAAM/epoxy 
and Al2O3-c-PS/epoxy composites. When the composites rub against the steel counterface, 
the nano-Al2O3 particles in Al2O3-c-PAAM/epoxy and Al2O3-c-PS/epoxy might break away 
from the binding of the matrix more easily than those in Al2O3-g-PAAM/epoxy and Al2O3-g-
PS/epoxy composites, providing solid lubricating effect. In addition, for the nano-Al2O3 
particles right on the rubbing surface of Al2O3-c-PAAM/epoxy and Al2O3-c-PS/epoxy, the 
surrounding grafting polymers and homopolymers can also lubricate the wear processes. 

The lubricating effect of the nanoparticles can be partly evidenced by the microhardness 
of the materials’ surfaces before and after the sliding wear tests (Fig.29). For unfilled epoxy, 
the microhardness of the worn pin surface is remarkably lowered as compared to the value of 
the unworn one. It reflects the deteriorated microstructure of epoxy led by the repeated 
frictional force and high frictional temperature. When nano-Al2O3 is added, the 
microhardness of the worn pin surface of the composites is either the same as or slightly 
lower than that of the unworn pin surface. Clearly, the severe wear in the case of unfilled 
epoxy has been changed to mild one due the nanoparticles. 
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Figure 29. Vickers microhardness, Hv, of the materials’ surfaces before and after sliding wear tests.  

 
To have more information about the variation in wear behavior due to the addition of the 

nanoparticles, morphologies of the worn pins’ surfaces are examined by SEM at an identical 
magnification (Fig.30). Severe damages characterized by the disintegration of top layer are 
observed in unfilled epoxy (Fig.30(a)). The material removal takes the form of larger blocks, 
which might be captured between the steel counterface and the test pin, and abrade the 
specimen surface leading to even more substantial material loss. In the case of filled 
composites, the appearances are completely different and become rather smooth. Although 
the ploughing grooves are still visible on the composites with untreated nano-Al2O3 

(Fig.30(b)), the groove depths are quite shallow on the composites with treated nano-Al2O3 
(Figs.30(c~f)) or simply invisible (Fig.30(g)). It suggests that polishing predominates the 
wear processes of the latter composites. 
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Figure 30. SEM photos of the worn surfaces of (a) unfilled epoxy and its composites filled with (b) 
untreated nano-Al2O3, (c) Al2O3-KH550, (d) Al2O3-c-PAAM, (e) Al2O3-g-PAAM, (f) Al2O3-g-PS, and 
(g) Al2O3-g-PEA at a volume fraction of nano-Al2O3 of 0.24vol%. The arrows indicate the sliding 
direction. Test conditions for the sliding wear: p=3MPa, v=0.4m/s.  

 
It is noted that some cracks across the wear tracks are perceivable on the composites’ 

worn surfaces (Figs.30(b), (c), (f) and (g)). They might be nucleated at sub-surface layer as a 
result of shear deformation induced by the traction of the harder asperities. The scale-like 
damage patterns (Figs.30(e) and (f)) resulting from the coalescence of the cracks imply that 
the effect of fatigue-delamination [64] is the main wear mechanism. It can thus be concluded 
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that the abrasive wear of unfilled epoxy is replaced by fatigue wear when the treated nano-
Al2O3 particles are compounded, while the wear mode of untreated nano-Al2O3/epoxy is a 
mixture of abrasive wear and fatigue wear. 

Table 10 lists the elements on the steel counterpart surface before and after the wear tests, 
which are determined by X-ray energy distribution spectra (EDS). Having rubbed with epoxy, 
sulfur appears on the surface of the steel ring, implying the transfer from epoxy to the 
counterface. When the specimen is changed into untreated nano-Al2O3/epoxy composite, both 
sulfur and aluminum can be detected. It further proves substances transfer across the frictional 
surfaces. It is worth noting that the contents of sulfur and aluminum on the steel ring surface 
are increased as the ring has rubbed against Al2O3-g-PAAM/epoxy composite. This suggests 
that tribochemically induced transfer film [65] can be more effectively built up on the steel 
counterface thereby decreasing wear, as compared to the case of untreated nano-Al2O3/epoxy 
composite. According to the X-ray photoelectron spectra (XPS) analysis of the worn surfaces 
of the composites (Fig.31), it is known that under the joint action of high frictional 
temperature and pressure the aluminum no longer presents itself only in the form of Al2O3 but 
additionally reacts with Fe and S, respectively. Therefore, the above-stated formation of the 
transfer film is thermodynamically favorable. 

 
Table 10. Surface elemental analysis of the steel counterpart 

 
 Elements and content (%) 

 Fe S Al Si 

Steel ring before wear test 98.65 0 0 0.22 

Steel ring rubbed against epoxy pin 98.55 0.42 0 0.21 

Steel ring rubbed against untreated nano-
Al2O3/epoxy composite pin at a volume 
fraction of nano-Al2O3 of 0.24vol%  

98.41 0.31 0.2 0.1 

Steel ring rubbed against Al2O3-g-
PAAM/epoxy composite pin at a volume 
fraction of nano-Al2O3 of 0.24vol% 

97.5 0.58 0.4 0.19 
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Figure 31. Al 2p spectra of the pin surface of (a) unworn nano-Al2O3/epoxy composites and (b) worn 
nano-Al2O3/epoxy composites at a volume fraction of nano-Al2O3 of 0.24vol%.  

 
 

3.2. Friction and Wear Properties of Nano-SiC/Epoxy Composites 
 
The tribological performance of epoxy and its composites filled with SiC nanoparticles 

are given in Fig.32. Both treated and untreated SiC nanoparticles are able to reduce the 
frictional coefficient of epoxy (Fig.32(a)). Especially when the content of the particles is 
0.2vol%, the composites’ frictional coefficients exhibit the lowest values among the results. 
Comparatively, the grafted SiC nanoparticles provide more significant solid lubricating 
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effect. With a rise in the filler loading, however, the frictional coefficients of the materials 
increase, suggesting that the particles cannot be dispersed homogeneously in the case of 
increased amount of the particles and agglomeration of the fillers is disadvantageous to the 
lubrication between the composites and the steel counterpart. The profiles of the worn pins’ 
surfaces (Fig.33) indicate that the resistance of the composites to surface shear failure is 
improved as a result of the incorporation of the nanoparticles. The roughness of the frictional 
surfaces decreases remarkably, and the wear process is actually characterized by polishing.  
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Figure 32. Friction coefficient (a) and specific wear rate (b) of nano-SiC filled epoxy composites as a 
function of filler content.  
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Figure 33. Profile scans of the worn surfaces of (a) epoxy, (b) SiC/epoxy and (c) SiC-g-PAAM/epoxy 
composites (Content of SiC: 0.2vol.%, Wear test conditions: block-on-ring, p=1MPa, v=1m/s).  

 
Similar to the results of frictional coefficient measurements, the addition of SiC 

nanoparticles can also lead to decreased wear rate (Fig.32(b)). It is worth noting that the wear 
rates of the composites with grafted SiC nanoparticles are lower than those of the composites 
with untreated SiC within the entire range of filler content of interests. Although the wear 
rates of the composites increase with a rise in the particles content, the variation is more 
significant in the system of SiC/epoxy. For the content of SiC of 1~1.2vol%, for example, 
SiC/epoxy exhibits wear rate even higher than that of unfilled epoxy. These manifest that 
smaller amount of well-distributed nanoparticles can reinforce the matrix effectively [45], and 
prevent the composites from wear failure. Owing to the introduction of the grafting polymer 
chains, the interfacial adhesion between the nanoparticles and the matrix is further enhanced 
and thus the wear resistance can also be raised accordingly. When the concentration of the 
nanoparticles increases, the particles are hard to be dispersed and many weak interfaces form 
inside the agglomerated nanoparticles. As a result, the particles would be removed from the 
matrix easily under the action of frictional force and the composites’ wear rate has to be 
increased. Surface grafting treatment overcomes the aforesaid defects to a certain extent, so 
that SiC-g-PAAM/epoxy composites still have higher wear resistance than SiC/epoxy in the 
case of higher filler fraction. 

As in-situ polymerization was employed during surface grafting onto the nanoparticles, 
homopolymers of the monomers were inevitably produced. For simplifying the influencing 
factors, however, the grafted nanoparticles used in the composites cited in Figs.32 and 33 
were extracted prior to the composites preparation to remove the homopolymerized PAAM. 
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In consideration of the fact that large quantity of solvent and longer time are required for 
separating homopolymers from the grafted products in practical applications, it is necessary 
to study the influence of the homopolymers accompanying the grafted nanoparticles on the 
tribological performance of the composites. As shown in Fig.34, in the case of relatively low 
filler content (0.2vol%), the appearance of the homopolymers in the grafted nanoparticles 
leads to higher wear rate of the composites (SiC-c-PAAM/epoxy) than that of the composites 
with grafted SiC particles excluding the homopolymerized PAAM (SiC-g-PAAM/epoxy). At 
the particle content of 0.98vol%, on the contrary, the wear rate of SiC-c-PAAM/epoxy 
becomes slightly lower than that of SiC-g-PAAM/epoxy. It is interesting that SiC-c-
PAAM/epoxy (0.98vol%) and SiC-c-PAAM/epoxy (0.2vol%) have similar wear rates 
regardless of their particles content, implying the shielding effect of the homopolymers.  
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Figure 34. Effect of homopolymers generated during grafting onto nano-SiC particles on the wear rate 
of epoxy based composites. 

 
For obtaining more information about the roles of the nanoparticles and their grafted 

versions, the pressure dependence of the wear rate of the composites is illustrated in Fig.35. 
Clearly, the wear rate of unfilled epoxy is increased by two orders of magnitude when the 
contact pressure increases from 1 to 3MPa. As the pressure is 5MPa, rupture of the epoxy 
specimen occurs and the value of wear rate can no longer be determined. In contrast, although 
the wear rates of SiC/epoxy and SiC-g-PAAM/epoxy composites increase with a rise in 
pressure, under the pressure of 3MPa they are only 1/5 and 1/40 of that of unfilled epoxy, 
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respectively. Even in the case of 5MPa, steady wear is perceived in the two composites, and 
SiC-g-PAAM/epoxy composites exhibit much higher wear resistance than SiC/epoxy. 
According to the effect of reinforcement on the friction and wear of polymers [66], it is 
known that well dispersed nanoparticles are able to effectively bear the load transferred from 
the matrix and reduce the probability of fatigue wear of the composites. Since the grafting 
polymers (i.e. PAAM) of SiC-g-PAAM has taken part in the curing reaction of epoxy [67], 
the strong interfacial bonding would inhibit the fatigue induced crack propagation. Therefore, 
the wear rate of SiC-g-PAAM/epoxy composites is still lower than that of SiC/epoxy 
composites under higher pressure (i.e. 5MPa).  

 

0 1 2 3 4 5 6
100

101

102

103

. SiC: 0.2vol.%
v=1m/s

 

 

w
s  

[x
10

-6
m

m
3 /N

m
]

p  [MPa]

 Epoxy
 SiC/Epoxy
 SiC-g-PAAM/Epoxy

 
Figure 35. Effect of contact pressure on the wear rate of nano-SiC filled epoxy composites.  

 
Surface morphological observation is a useful tool to estimate wear mechanism of 

materials. From the worn surfaces in Fig.36 it is seen that the cracks originate beneath the 
surface layer of unfilled epoxy block (Fig.36(a) and (b)). Due to the repeated friction, severe 
fatigue wear is presented on the neat epoxy and large fragments are detached from the surface 
as characterized by rather high wear rate (Fig.32(b)). Comparatively, the worn surfaces of 
SiC/epoxy composites are much less rough and the cracks are initiated right on the surfaces of 
the specimens (Fig.36(c) and (d)). When the grafted SiC nanoparticles are added, the worn 
surfaces become very smooth and remain high integrity (Fig.36(e) and (f)). Only trifling 
deformation that produces tiny wear debris appears (Fig.36(f)). 
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Figure 36. SEM photos of worn surfaces of (a, b) epoxy, (c, d) SiC/epoxy and (e, f) SiC-g-
PAAM/epoxy composites (The arrows show the sliding directions. Content of SiC: 0.2vol.%, Wear test 
conditions: p=3MPa, v=1m/s).  

 
Surface microhardness of the composites is plotted in Fig.37. The SiC nanoparticles 

either before or after the grafting treatment can raise the hardness of epoxy resin. Even though 
the content of the particles is quite low, composites’ microhardness is higher than that of the 
unfilled epoxy. It means the load bearing ability of the nanoparticles has been brought into 
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play at low filler loading. This coincides with the above results of frictional coefficient and 
wear rate of the composites. With a rise in the particulates content, agglomeration of the 
fillers becomes severe so that the composites’ surface microhardness tends to decrease. 

Unlubricated sliding wear is closely related to the frictional heat. It is thus important to 
examine the thermal deformation behavior of the composites, which would help to understand 
the tribological properties of the composites. As shown in Fig.38, the addition of grafted SiC 
nanoparticles improves the resistance to thermal deformation of epoxy. Both the deformation 
at the same temperature and the maximum deformation of SiC-g-PAAM/epoxy composites 
are evidently lower than those of unfilled epoxy and SiC/epoxy composites. Therefore, it is 
expected that material removal of SiC-g-PAAM/epoxy composites due to wearing is more 
difficult as compared to the case of unfilled epoxy and SiC/epoxy composites. 
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Figure 37. Microhardness of (a) SiC/epoxy and (b) SiC-g-PAAM/epoxy composites.  
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Figure 38. Heat distortion behavior of epoxy and its composites.  

 
 

3.3. Friction and Wear Properties of Nano-SiO2/Epoxy Composites 
 
Fig.39 and Fig.40 show the sliding wear properties of the composites as a function of 

silica content. Frictional coefficient, µ, of the composites with unmodified silica nanoparticles 
keeps almost the same as that of neat matrix up to a filler fraction of about 4vol% (Fig.39). In 
contrast, the grafted particles can obviously reduce the value of µ even at low filler loadings. 
Similarly, a substantial decrease in specific wear rate, sw� , can be observed in SiO2-g-PAAM 

filled composites with a rise in filler content and all of the sw�  values are lower than those of 
untreated nano-SiO2 filled versions, although the untreated nanoparticles can also result in 
decreased sw�  with respect to the unfilled epoxy. In the filler content varying from 2 to 
6vol%, the wear resistance of epoxy is increased by a factor of about 20 by the addition of 
SiO2-g-PAAM. Compared with the fact that 40wt% micron-sized SiO2 (180µm) particles 
were needed to acquire a significant decrease in wear rate of epoxy [17], the present systems 
are clearly characterized by broader applicability.  
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Figure 39. Filler content dependence of frictional coefficient, µ, of epoxy and its composites.  
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Figure 40. Filler content dependence of specific wear rate, sw� , of epoxy and its composites.  

 
As manifested by ref.[68], nanoparticles are able to significantly reduce the wear rate of 

epoxy because the wear mechanism changes from severe abrasive wear to mild sliding wear. 
A further improvement of the tribological performance of SiO2-g-PAAM/epoxy composites 
may be caused by the excellent interfacial coupling between SiO2 nanoparticles and epoxy 
resulting from reactions of amide groups of PAAM grafted on the particulates with epoxy 
groups of the matrix. In addition, the remarkably reduced material removal due to wearing 
(Fig.40) and the lubricating effect provided by the nanoparticles tightly embedded in the 
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matrix [69] should account for the low frictional coefficient characteristics of SiO2-g-
PAAM/epoxy composites over the filler range examined (Fig.39). Comparatively, lack of the 
above-mentioned interfacial chemical bonding between untreated SiO2 nanoparticle 
agglomerates and matrix resin results in higher wear rates and higher µ values of SiO2/epoxy 
composites. The epoxy splinters due to severer materials loss entrapped at the interface 
between the steel counterpart and the composite pin might form a three-body abrasive wear 
situation, and thus counteract the lubricating effect of the nanoparticles, leading to µ values of 
SiO2/epoxy composites similar to that of unfilled resin when SiO2 content ≤ 4vol%. 

In addition to the examination of the filler content dependence of the tribological 
performance at constant pressure and sliding velocity, effect of pressure should also be 
investigated. Fig.41 gives the coefficient of friction of epoxy and its composites determined at 
the pressures 3MPa and 5MPa under a constant sliding velocity v=0.4m/s. It is seen that the 
frictional coefficient of epoxy keeps almost unchanged when the pressure increases from 3 to 
5MPa. This coincides with the results reported in ref.[70]. The frictional coefficients of 
nanosilica filled composites are lower than that of unfilled epoxy and decrease with 
increasing pressure. The lowest value of µ is recorded at a load of 5MPa for SiO2-g-
PAAM/epoxy composites. These phenomena imply that nanosilica can improve the friction-
reducing ability of the composites especially under higher load [24]. The introduction of 
grafting PAAM further enhances the role of the particles. 

 

Figure 41. Frictional coefficient, µ, of epoxy and its composites at 2.17vol% nanosilica content.  

 
The specific wear rates of the materials are exhibited in Fig.42. By comparing Fig.42 

with Fig.41, it is seen that the decrement of wear rate is greater than that of frictional 

0.0

0.2

0.4

0.6

0.8

1.0

p=5MPa
v=0.4m/s

p=3MPa
v=0.4m/s

SiO 2
-g-P

AAM/Epoxy

SiO 2
/Epoxy

Epoxy

SiO 2
-g-P

AAM/Epoxy

SiO 2
/Epoxy

Epoxy

 µ



Wear Resistant Thermosetting Polymer Based Nanocomposites 

 

51

coefficient when other conditions being equal. Silica nanoparticles seem to be more effective 
for improving the anti-wear property of the composites. Moreover, in the same way as it was 
observed for the materials' frictional coefficient µ, the additional surface modification of the 
nanoparticles helps to further decrease the wear rare of the composites. On the other hand, 
Fig.42 shows different pressure dependencies of the wear rate. With a rise in testing pressure, 
the wear loss of epoxy is increased but that of the composites is decreased. This phenomenon 
reflects that different wear mechanisms must be involved.  
 

 

Figure 42. Specific wear rate, sw� , of epoxy and its composites at 2.17vol% filler content.  

 
Fatigue wear has been regarded as a main mechanism responsible for the sliding of epoxy 

against a hard counterpart [24, 71]. The model is based on the sub-surface crack nucleation 
and coalescence due to shear deformation of the softer surface induced by the traction of the 
harder asperities [64]. As shown in Fig.43(a), scale-like removal of materials has left traces 
on the worn surface of unfilled epoxy. Clearly it is indicative for fatigue-delamination 
generated under repeated loading during sliding. When a higher load was applied, large 
cracks appear on the surfaces (Fig.43(b)). The reason is that the fatigue mechanism of wear, 
which strongly depends on the load, plays a more and more important role. It gives rise to a 
substantial increase in the specific wear rate of epoxy (Fig.42). For SiO2 reinforced 
composites, the basic wear patterns (Fig.43(c~f)) are characterized by mild fatigue wear, 
resembling that of the matrix tested at 3MPa (Fig.43(a)). A careful examination of the wear 
grooves manifested that the flaws’ distribution produced on the worn surface change from a 
discontinuous mode (Fig.43(a)) to a continuous mode (Fig.43(c~f)). In particular, the uneven 
stress concentration built up inside epoxy might have been homogenized to some extent in the 
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composites due to the effect of dispersion strengthening of the nanoparticles [68, 69]. This is 
certainly beneficial for reducing the amount of material loss. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 43. SEM micrographs of the worn surface of (a, b) epoxy, (c, d) SiO2/epoxy composites and (e, 
f) SiO2-g-PAAM/epoxy composites. Nanosilica content: 2.17vol%. Conditions of the sliding wear tests: 
(a, c, e) p=3MPa, v=0.4m/s; (b, d, f) p=5MPa, v=0.4m/s. The arrows indicate the sliding direction.  

 
Studying the tribological behavior of epoxy sliding against inox steel, Bassani and co-

workers [70] suggested that the nominal pressure controls the interfacial stress between the 
counterparts involved in the contacts and hence the stability of transfer films. Considering 
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that the addition of inorganic nanoparticles into polymers may increase the adhesion strength 
of a transfer film on the counterface [23, 72], it can be deduced that nanometer SiO2 not only 
acts as a load carrier in the composites but also helps to improve the bonding between the 
transfer film and the steel counterface. Moreover, the stability of the transfer film might be 
increased with the applied pressure. As a result, the wear rates of the composites are 
remarkably lower than that of the unfilled resin, and decrease with increasing load, as 
observed in this work. Further studies on the nature of the transfer film are required to have a 
better understanding of the above analysis. 

It should be noted that it occurred very difficult to detect large differences in the 
characteristics of the wear traces between the composites filled with treated and untreated 
particles (e.g. Fig.43(c) and (d), Fig.43(e) and (f)). According to the experimental results 
plotted in Fig.42, however, it is believed that an increased interfacial interaction between 
SiO2 nanoparticles and epoxy favors the aforesaid positive effects. These interactions result 
from reactions of the amide groups in PAAM grafted on the particles with the epoxy groups 
of the matrix. The SiO2-g-PAAM/epoxy composites have therefore the highest wear 
resistance. Besides, the remarkably reduced material removal (Fig.42) and the lubricating 
effect provided by the nanoparticles tightly embedded in the matrix [69] should account for 
the low frictional coefficient characteristics of SiO2-g-PAAM/epoxy composites. 

 
 

3.4. Friction and Wear Properties of Nano-Si3N4/Epoxy Composites 
 
In general, epoxy is not an ideal material used in sliding wear applications due to its 

three-dimensional network structure as compared with thermoplastics. As shown in Fig.44, 
both frictional coefficient and specific wear rate of unfilled epoxy is quite high. The situation 
is changed greatly when nano-Si3N4 is incorporated. It is seen that there is a significant 
reduction in the values of  µ and sw�  at filler content as low as 0.27vol%. With a rise in the 
concentration of the nanoparticles, the declining trend becomes gentle and is replaced by a 
slight increase from 1.38vol% on. It means the nanometer Si3N4 particles are very effective in 
improving the tribological performance of epoxy.  
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Figure 44. Frictional coefficient, µ, and specific wear rate, sw� , of nano-Si3N4/epoxy composites as a 

function of filler content. 

 
Fig.45 exhibits the SEM micrographs of the worn surfaces of epoxy and the composites. 

The wear scars on the epoxy pin are characterized by obvious scale-like traces (Fig.45(a)). A 
close view (Fig.45(b)) shows that micrometer size blocks of epoxy resin have left the 
materials surface. This is indicative for fatigue-delamination generated under repeated 
loading during sliding. Fatigue wear has been regarded as a main mechanism responsible for 
the sliding of epoxy against a hard counterpart [70, 71]. The model is based on the sub-
surface crack nucleation and coalescence due to shear deformation of the softer surface 
induced by the traction of the harder asperities [64]. For filled composites, the worn surfaces 
are full of smoothly polished grooves (Fig.45(c), (e), (g) and (i)). This is particularly evident 
in the case of Vf=0.83vol% (Fig.45(e)), which corresponds to the lowest sw�  as shown in 
Fig.44. When the surfaces are observed at high magnification (Fig.45(d), (f), (h) and (j)), they 
still look quite smooth besides the thin resin sheets to be removed (Fig.45(d), (j)), tiny cracks 
several nanometers wide and hundreds nanometers long (Fig.45(f), (h)), and the exposed 
nanoparticle agglomerates dozens of nanometer in diameter (Fig.45(f)). Naturally, the 
transition from severe wear mode of unfilled epoxy to mild one of the composites results 
from the addition of nano-Si3N4 particles. 
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Figure 45. SEM images of the worn surfaces of (a, b), epoxy, (c, d) nano-Si3N4/epoxy composites 
(Vf=0.27vol%), (e, f) nano-Si3N4/epoxy composites (Vf=0.83vol%), (g, h) nano-Si3N4/epoxy 
composites (Vf=1.38vol%), and (i, j) nano-Si3N4/epoxy composites (Vf=2.19vol%). To ensure equal 
observation conditions, all the surfaces are examined at two magnifications. The white circles on 
Fig.45(f) indicate the agglomerated nanoparticles. 
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As surface hardness is generally taken as one of the most important factors that govern 
the wear resistance of materials, Vickers microhardness, Hv, of the composites is measured 
(Fig.46). Evidently, the surface hardness of the composites keeps almost unchanged until the 
filler content reaches 2.19vol%. In fact, the size of the micro-indenter is much larger than that 
of the nanoparticles. For the composites with lower nanoparticles concentration and better 
dispersion, the measured Hv values cannot reflect the true hardening effect around the 
particles but the performance of the matrix resin itself. In the case of higher particulate 
content (2.19vol%, for instance), agglomeration of the particles is rather severe, resulting in 
higher microhardness with considerable testing error, which also characterizes the uneven 
distribution of the nanoparticles [69].  
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Figure 46. Vickers microhardness, Hv, of nano-Si3N4/epoxy composites as a function of filler content.  

 
Since the measured microhardness is not qualified for analyzing the causes for the 

reduction of frictional coefficient and wear rate of the composites, the dynamic mechanical 
responses of the materials (Fig.47) are studied in correlation with the frictional property as 
follows. This is done also because of the viscoelastic nature of polymer composites that might 
influence the tribological behavior of the composites through hysteretic motion of the 
macromolecular chains. Considering that the transient surface temperature at rubbing surface 
is rather high, frictional coefficient of the composites is plotted as a function of the area under 
the α-transition peak in Tanδ~temperature (Fig.48). It is obvious that the relationship follows 
exponential growth, which is analogous to Arrhenius equation implying the frictional process 
is closely related to thermally activated motion of the molecular segments of epoxy. Since 
frictional coefficient increases with a rise in damping of the composites, the ability of the 
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materials to transform mechanical energy into heat contributes to the frictional behavior. In 
other words, the stiffer the composites, the lower the frictional coefficient, so that the stick-
and-slip phenomenon can be prevented [73]. Fig.49 shows the results of thermomechanical 
analysis (TMA) of the materials. The comparative measurements manifest that the thermally 
induced deformation of epoxy is decreased after the addition of the nanoparticles, especially 
when the filler content is high. It means dimensional stability of the composites is superior to 
that of unfilled epoxy when the specimens are heated up due to the repeated friction, which 
favors the reduction of frictional coefficient as concluded from Fig.48. 
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Figure 47. Temperature dependence of internal friction, Tanδ, of nano-Si3N4/epoxy composites 
measured at 1Hz.  

 
It is worth noting that when the curve in Fig.48 is extrapolated to the position at which 

the α-peak area=0, the corresponding µ doesn’t equal 0. Therefore, mechanical damping is 
not the only influencing factor. Fig.50 shows the microhardness values of the surfaces of 
epoxy and its composites before and after wear testing. Although no obvious variation can be 
seen in the case of nano-Si3N4/epoxy composites, microhardness of the worn surface of epoxy 
pin decreases significantly, suggesting structural decay of the top resin layer in the scale 
range of micrometer. On the basis of this finding, thermogravimetric analyses (TGA) of the 
surface layers of the same samples are carried out to check whether surface chemistry is 
involved. From Fig.51 it is seen that both unworn epoxy and nano-Si3N4/epoxy composites 
have similar pyrolytic behavior so that their TGA curves almost overlap. When the specimens 
had undergone sliding wear tests, however, the residual weights of the materials surface 
layers are much greater than those from the unworn specimens. The disproportional increase 
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in the residual weight strongly suggests transfer from the steel counterpart to the specimen 
pins besides variation of chemical structures of the components. It is thus necessary to further 
study the tribochemistry of the worn specimens in the following section. 
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Figure 48. Frictional coefficient,  µ, versus area under the α-transition peak in Tanδ~temperature curve 
shown in Fig.47. 
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Figure 49. Thermomechanical curves of epoxy and nano-Si3N4/epoxy composites.  
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Figure 50. Vickers microhardness, Hv, of pin surfaces of epoxy and nano-Si3N4/epoxy composites 
before and after the wear tests.  
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Figure 51. Thermogravimetric curves of pin surfaces of epoxy and nano-Si3N4/epoxy composites before 
and after the wear tests.  
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As friction and wear takes place between a pair of counterparts, examination of the 
surface of the steel ring would be a reasonable starting point. Table 11 records the EDS 
results of the steel rings before and after rubbing with epoxy and its composites. Having 
undergone the wear tests, the surface atomic ratios are changed. In the case of epoxy pin, for 
example, element S appears on the surface of the steel ring. Moreover, the addition of nano-
Si3N4 into epoxy brings about the rise in the content of Si on the surface of the steel ring. 
Hence the above results (Fig.51, Table 11) evidence the mutual transfer between the 
specimen pins and the steel rings. To have a clearer image of the tribochemical reaction 
involved, XPS spectra from the surfaces of epoxy and the nanocomposites should be carefully 
analyzed. 

 
Table 11. EDS analytical results of the surface of the steel counterpart 

 
Elements and content (%)  
S Si Fe 

Steel ring before wear test 0 0.22 98.65 
Steel ring rubbed against epoxy pin 0.42 0.21 98.55 
Steel ring rubbed against nano-Si3N4/epoxy 
composite pin (Vf=0.83%)  

0.46 1.08 97.82 

 
The low resolution XPS spectra of the pin surfaces of epoxy and nano-Si3N4/epoxy 

composites before and after the wear tests demonstrate that the atomic ratios of C/O have 
changed (Fig.52). The increased C/O ratios is indicative of carbonization, as evidenced by the 
decreased surface microhardness (Fig.50), manifesting partial chain scission and 
reorganization of epoxy macromolecules at the surface of the specimen pins during wearing. 
In consideration of the fact that the frictional surface temperature could be as high as several 
hundred degrees centigrade in the case of polymer/steel sliding pair [74, 75], tribochemically 
induced structure variation on top layers of the specimens has to take place inevitably [76]. 

Fig.53 illustrates the C1s spectra collected from the unworn and worn surfaces of virgin 
epoxy and its composites with 0.83vol% nano-Si3N4. It can be seen that the C1s peaks from 
the two worn surfaces (Figs.53(b), (d)) are somewhat broadened and shift slightly towards 
high binding energy regime as compared to those of the unworn surfaces of the materials 
(Figs.53(a), (c)). These phenomena suggest that the carbon atoms become electron-poor. 
Similar to the C1s spectra, the O1s spectra of the samples (Fig.54) also become broader and 
shift to high binding energy after sliding wear tests. As a result, it can be estimated that 
oxidation and carbonization are the main mechanochemical processes that had occurred on 
the specimen surfaces during wearing driven by the high frictional temperature and contact 
pressure. 

 



Wear Resistant Thermosetting Polymer Based Nanocomposites 

 

61

0 200 400 600 800 1000 1200

O1sC1s

C/O=4.27

C/O=3.70

(a)

 

Worn surface of epoxy

Unworn surface of epoxy

C
ou

nt
s

Binding energy  [eV]

 
 

0 200 400 600 800 1000 1200

O1sC1s

C/O=4.24

C/O=3.33

(b)

Worn surface of
nano-Si3N4/Epoxy
(Vf=0.83vol%)

Unworn surface of 
nano-Si3N4/Epoxy
(Vf=0.83vol%)  

C
ou

nt
s

Binding energy  [eV]

 
Figure 52. Low resolution XPS spectra of pin surfaces of (a) epoxy and (b) nano-Si3N4/epoxy 
composites before and after the wear tests.  
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Figure 53. C1s spectra of pin surfaces of (a) unworn epoxy, (b) worn epoxy, (c) unworn nano-
Si3N4/epoxy composites (Vf=0.83vol%), (d) worn nano-Si3N4/epoxy composites (Vf=0.83vol%).  
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Figure 54. O1s spectra of pin surfaces of (a) unworn epoxy, (b) worn epoxy, (c) unworn nano-
Si3N4/epoxy composites (Vf=0.83vol%), (d) worn nano-Si3N4/epoxy composites (Vf=0.83vol%).  
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Figure 55. S2p spectra of pin surfaces of (a) unworn epoxy, (b) worn epoxy, (c) unworn nano-
Si3N4/epoxy composites (Vf=0.83vol%), (d) worn nano-Si3N4/epoxy composites (Vf=0.83vol%).  
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S2p spectra are given in Fig.55. The S atom comes from the curing agent in epoxy. 
Deconvolution of the spectra indicates that a few new peaks appear on the spectra of the worn 
surfaces, meaning the generation of some S-containing compounds. According to the 
investigation in ref.[77], the new compounds are assigned to be FeS, FeS2 and FeSO4. That is, 
in the course of sliding wear the S atoms in epoxy react with Fe atoms at the metallic 
counterface and environmental water vapor under high contact temperature and pressure 
conditions. Then, the new products are attached to both counterfaces, as the trace of S atoms 
has been found on the steel ring surface (Table 11). 
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Figure 56. N1s spectra of pin surfaces of (a) unworn epoxy, (b) worn epoxy, (c) unworn nano-
Si3N4/epoxy composites (Vf=0.83vol%), (d) worn nano-Si3N4/epoxy composites (Vf=0.83vol%).  

 
Fig.56 exhibits the N1s spectra collected from the sample surfaces. The N atom comes 

from the curing agent in epoxy and nanometer Si3N4 particles in the composites. The spectra 
collected on the worn surfaces have different profiles from their virgin materials. Besides, the 
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peaks from the worn specimens slightly shift to high binding energy regime, and some new 
sub-peaks appear. All these imply that the chemical environment of N atoms also becomes 
more oxidative. The N atoms might react with atmospheric O2 under sliding wear condition. 
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Figure 57. Si2p spectra of pin surfaces of (a) unworn epoxy, (b) worn epoxy, (c) unworn nano-
Si3N4/epoxy composites (Vf=0.83vol%), (d) worn nano-Si3N4/epoxy composites (Vf=0.83vol%).  
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Fig.57 gives the Si2p spectra of the specimen surfaces. The Si atoms mainly come from 
the nanometer Si3N4 filler in the composites, but those transferring from the polishing paper 
to the materials’ surfaces during samples preparation and from the steel counterpart during 
wear testing can also contribute to the spectra. The most distinct information yielded from the 
spectra before and after wear tests lies in the formation of SiO2. It represents a tribochemical 
way of wear in which material is removed molecule to molecule, instead of the classic 
removal of fragments by fracture [78, 79]. In addition, the tribofilm of SiO2 protects the 
specimens and the steel counterpart, providing friction reducing ability [80]. 

Since no Fe peak can be found on the spectra from the pin surfaces of unworn epoxy, 
worn epoxy and unworn Si3N4/epoxy composites, Fig.58 only shows the Fe2p spectrum 
collected from the worn surface of the composites. Besides the reactions between the Fe 
atoms from the metal counterface, the S atoms from epoxy and Si3N4, the Fe atoms can also 
be oxidized, forming FeO and Fe3O4. Kong et al. reported on the effect of surface oxide 
layers on wear behavior [81]. FeO or Fe3O4 layers show a significant reduction in friction and 
wear, while Fe2O3 layer promotes the wear. Therefore, the decreasing of µ and sw�  of epoxy 
with the addition of Si3N4 nanoparticles can be partly attributed to the appearance of FeO and 
Fe3O4 on the counterfaces [82]. 
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Figure 58. Fe2p spectrum of pin surface of worn nano-Si3N4/epoxy composites (Vf=0.83vol%). 

 
To conclude the tribochemical reactions of epoxy and its composites, and those between 

the materials and the counterface metal Fe, the following Scheme I is given according to the 
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above discussion, which might help to have an overview of the role of the nanocomposites 
operating under sliding wear conditions. 

SO2S

 
O2 + .NH—CH2— → ON—CH2— 
SO2 + Fe + O2 → FeSO4 

Fe + H2O + O2 → Fe3O4 

Fe + O2 + H2O → FeO 
Fe + S → FeS 
Si3N4 + O2 + H2O → SiO2 

Si3N4 + Fe + H2O + O2 → Fe2SiO4 
Scheme I 

 
 

4. CONCLUSIONS 
 

1. Modification of inorganic nanoparticle agglomerates through grafting 
polymerization represents an attractive route to give full play to the nanoparticles 
in improving performance of polymer composites by enhancing the interfacial 
interaction between the particles and the matrix through chemical bonding. The 
addition of inorganic nanoparticles into epoxy can reduce wear rate and 
frictional coefficient of the matrix at low filler loading, but a further 
improvement of the tribological properties is obtained by incorporating the 
grafted nanoparticles. The mechanism for this improvement is ascribed to the 
matrix enhancement rather than the nanoparticles themselves. The key effects of 
the grafting polymers lie in the strengthening of the loose nanoparticle 
agglomerates besides the increase of the filler/matrix interfacial adhesion. 

2. Grafting of PAAM onto the nanoparticles can establish covalent bonding 
between the particles and epoxy during the subsequent curing process, while the 
presence of PS as grafting polymer improves the interfacial compatibility 
between the hydrophilic nanoparticles and the hydrophobic matrix. 
Comparatively, the composites filled with PAAM grafted nanoparticles receive 
higher enhancement of sliding wear performance than those with PS grafted 
particles. 

3. Unlike micrometer particles, nanoparticles can simultaneously provide epoxy 
with friction and wear reducing functions at rather low filler content. This 
provides the basis of utilizing the nanocomposites as coating materials for wear 
resisting and friction reducing applications in industries.  

4. The untreated nanoparticles have either accelerating effect on the curing kinetics 
of epoxy because of their surface hydroxyl groups, or decelerating effect due to 
the increased viscosity of the composite system (before curing) and/or the strong 
interaction between the nanoparticles and the matrix polymer that hinders the 
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molecular motion of epoxy. The ultimate result is a competition of the two 
opposite factors. For PAAM grafted nanoparticles, the curing behavior of epoxy 
is promoted as a result of the catalytic effect via hydrogen bonding of the 
hydroxyl group in amide of PAAM to the oxygen of the glycidyl ether in the 
transition state. On the whole, the incorporation of either untreated or treated 
nanoparticles don’t change the curing mechanism of epoxy.  

5. Basically, the surface micro-hardness data reflect the particles dispersion status 
and coincide with the wear performance improvement of the composites, but the 
relationship between the micro-hardness and the wear data is not straightforward 
enough. Furthermore, it is hard to estimate the wear performance of the 
nanocomposites from their mechanical properties. 
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ABSTRACT 
 
The mechanisms of structural transformations occuring in ion irradiated solids are 
summarized and an overview of the different types of nanostructures which can be 
obtained is presented. They are sorted on basis of the slowing down regime of ions and 
bonds nature in the material. Typical examples are given, instead of an exhaustive list. 
 
 

1. INTRODUCTION 
 
Nanostructured materials are presently the topics of many conferences and publications 

because their extremely small size and large surface-to-volume ratio lead to differences in 
their chemical and physical properties compared to bulk materials of the same chemical 
composition or to molecular clusters. The critical size range of the nano-domains with 
particular properties are quite well defined on basis of relevant dimensions in each field of 
physics, such as the Bohr radius of excitons in semiconductors or the correlation length of 
spins in magnets.  

Ions penetrating in a solid lose their energy in collisions with nuclei and in electronic 
excitations. The latter induce no significant deflection of the ion path and, in the absence of 
collision cascades, the perturbed tracks are cylinders of radii ranging from 1 to 20 nm, 
depending on the target structure (organic, metal, semiconductor....) and on the ion nature. 
The spatial extension of cascades is significantly broader because of their subdivision by 
secondary projectiles. The mean size of nano-domains created by ions is correlated to those of 
tracks and secondary cascades. These parameters can be varied via a proper choice of the ion 
mass and energy, which determine the densities Se(r,t) ans Sn(r,t) of energy transferred by the 
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ion to electrons and nuclei. The system perturbation lasts a very short time, typically of 10-13 s 
for the cascade and of 10-12 10-10 s for the relaxation of the lattice and electron gas. Transient 
melting or vaporization of the target material may occur beyond a threshold of energy transfer 
to the electronic system and, for this reason, such events are more characteristic of swift 
heavy ion irradiation (S.H.I.). On the contrary, the displacements number density decreasing 
with the ion velocity, low energy ion beams are generally used for producing topography 
changes resulting from the sputtering of surface atoms and for disordering superficial layers 
(disorder leading in some cases to the target amorphization). Changes of local composition 
are also induced by the migration of displaced atoms and by electronic spikes. A radiation-
induced diffusion of atomic defects over distances limited to the cascade extent occurs during 
the ballistic perturbation, then a radiation-enhanced diffusion occurs when the defects are 
mobile at the temperature of the experiment. These two types of diffusion have for effect a 
variety of chemical and structural changes, which are often similar to those obtained by 
thermal treatments, such as the mixing of overimposed layers, the segregation and 
precipitation of some species in metastable systems. However, the synergic effects of 
displacements and lattice excitations induce also some modifications which are specific to ion 
beam processing. 

These considerations of general nature give good reasons for believing that ion irradiation 
is a suitable means to synthesize nanostructures with well controlled sizes and metastable 
phases. Ion beam induced modifications of materials are localized either in a controlled range 
of depth, correlated to the ion implantation depth, or in a defined number of cylindrical 
tracks. In addition, the nano-patterning of thin films can be achieved by scanning a focused 
and pulsed beam. On the other hand, the major drawback of ion beam treatments is their cost. 
Therefore, most of the examples given in this overview of nanostructures produced by ion 
beams are the results of researches performed for fundamental purpose or for fabricating 
sophisticated devices and biomaterials. After a short summary of the ion-solid interaction 
physics, structures will be sorted on basis of the slowing down regime and of the bonds nature 
in the material. Ballistic disorder can for instance lead to the amorphization of metals, 
semiconductor or covalent compounds while ionic crystals are more sensitive to high 
densities of electronic excitations. Effects of electronic excitations in dielectrics will be 
emphasized because these materials absorb little the energy of visible laser beams and 
consequently an ion beam treatment constitutes an alternative route. 

 
 

2. PHYSICAL BASES 
 
The purpose of this paragraph is to provide general concepts of ions interaction with 

solids useful to the understanding of phenomena described hereafter. Fine reviews already 
exist on the subject of energy loss and fundamental expressions can be found in handbooks 
[1-3]. They are briefly summarized in the appendix. 
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2.1. The Slowing Down Process 
 
First let me start with tutorial definitions and description of the stopping process. Ions 

lose their energy in a series of elastic collisions with nuclei, screened by their electron shells, 
and inelastic collisions with electrons in various localized orbitals and in the conduction band. 
The nuclear and electronic stopping powers of the target are average values of energy 
transfers, T, occuring for different impact conditions, weighted by the probability dσ of these 
events. This probability has the dimension of a section because it is determined by the 
distance p of the atom or electron at rest projected upon the ion path, called impact parameter. 
For simplifying the problem of summing the energy lost to various atoms in compound 
targets, the travelled thickness (range R) is generally defined under the form of a number of 
target atoms per unit area and the unit of energy loss is a number of eV/atoms/cm2. The 
advantage of this unit is that the Bragg rule can be applied to calculated or measured stopping 
powers of elements (under different physical states), without having to assume a density 
value for compound targets.  

An important simplification made for solving the transport equations consists in 
considering nuclear and electronic stopping as independent processes. This hypothesis is 
justified by the fact that the slowing down of the projectile due to electronic excitations is 
similar to the friction of an electron gas (with local fluctuations of gas density, which can be 
modelized by a Hartree Fock Slater distribution). The interest of this simplification can be 
easily understood when remembering that, although the electronic stopping is always 
substantial, the projectile loses little energy in each electronic collision and does not deviate 
significantly from its original path. On the contrary, its trajectory and residual energy vary 
stochastically during each nuclear collision, depending on the impact parameter p. The energy 
transfer T(E0, p ), for a given impact parameter and projectile energy E0 before the collision, 
is determined by the screened repulsion potential V(r, E0, Z1, Z2) of colliding atoms, which 
has the simple form of a Coulomb potential for short distances of cloasest approach r. A 
universal expression of this potential for any r value has been established for solving transport 
equations or performing Monte Carlo simulations of binary collisions in solids (basis of the 
Stopping and Range of Ion in Matter program [1]). 

The expressions of T, scattering angle in a nuclear collision and stopping powers Sn, Se, 
as a function of the ion energy E0 before it penetrates in the target, atomic numbers and 
masses of ion (1) and target atom (2) are given in the appendix. Typical variations of Sn and 
Se as a function of E0 are shown in figure 1. Schematically, the electronic stopping power Se 

increases as the product of the ion velocity by the cube root of the electron gas density up to 
the Bohr velocity vB (e2/= , corresponding to an energy of 25 keV/amu) [2,3], then more 
steeply between vB and 2Z1vB , then it decreases as 1/E0 when the ion becomes stripped from 
its electrons (referred as Bethe in Fig. 1). When using the reduced energy unit ε (see 
appendix), Sn(ε) goes through a maximum at a same ε value of 0.3 keV for all combinations 
of ions and targets. This optimal energy for the atomic damaging corresponds to E0 values of 
1 to 400 keV for ion masses M1 in the range 1 to 200 penetrating in a silica target, chosen as 
example. Whatever the ion and target, this energy of maximum nuclear stopping is 2 to 3 
orders of magnitude smaller than the energy of maximum electronic stopping.  
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Figure 1. variations of electronic (Se) and nuclear (Sn) stopping power of Au ions in silica as a function 
of their energy 

 
 

2.2. Spatial Distribution of Damages in Collisional Regime 
 
In most cases the atom set in motion during a primary collision with the incident ion 

(primary recoil) produces secondary collisions, which don't interfere with those resulting 
from other primary collisions. This regime of linear cascade, i.e. of independent sub-cascades 
(which is the basic assumption of SRIM calculations), takes place when the density of 
moving atoms is much lower than the atomic density. In such a case, the depth distribution of 
secondary recoils is roughly the same as the distribution of primary recoils because of the 
short mean free path of the formers. When the collisions density exceeds a threshold, either 
because of the low incident energy or high ion mass, a collision spike occurs instead of a 
linear cascade [4]. Atoms which do not collide with the ion or a recoil acquire nevertheless a 
momentum under the effect of electronic interactions with moving neighbors. These ballistic 
spikes have some common features with the thermal spikes produced by high densities of 
electronic excitations under the impact of swift ions (with a velocity v0>Z1

2/3 vB, above which 
the charge state of the ion increases when it penetrates in the target) or by illumination with a 
laser, in this respect that they are modelled by using the same transport equations of heat (see 
paragraph 2.4). However, the expressions of the concentration of atoms set in motion and of 
the temperature at the end of the energy impulse are different and the heat is dissipated for a 
part by a transfer from phonons to the electronic system in the case of ballistic spikes, instead 
of the reverse in electronic spikes [4, 5]. 
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The basic quantity defining the concentration of displaced atoms Nd(R) and the threshold 
value for the occurence of a collision spike is the ratio of the density of nuclear energy 
transfer to the displacement energy Ed. The latter is the minimal energy which a recoil must 
receive in order that the formed Frenckel pair is not annihilated by direct recombination with 
the associated vacancy, located at a few interatomic distances, or by relaxation of the lattice. 
Ed depends on the crystallographic orientation of the displacement, because replacement 
collisions are favored along dense atomic rows and the binding energy is anisotropic (on the 
average it is correlated to the cohesion energy of the crystal). This anisotropy contributes to 
various phenomena, such as the preferential sputtering and disordering of some crystals in a 
polycrystalline target. Since nuclear collisions don't necessarily lead to effective 
displacements, the part of the primary energy, E0, which is converted in defects energy, 
Fd(E0), amounts to only 20 to 50% (according to the used model) of the energy transferred to 
nuclei over the whole ion path, ν(E0). According to the earliest estimate by Kinchin-Pease [6], 
the number of stable Frenkel pairs created by each ion is:  

 
Nd= ν (E0)/2Ed        (1) 
 
The most probable ranges of ions, <R1> and of defects, <Rd>, can be derived directly 

from mean values of energy losses given in tables by writing: 
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where Nat is the atomic density of the target. 
Due to the stochastic nature of the nuclear stopping process, the depth distributions of 

implanted atoms and of energy transferred to nuclei, f1(E1, R) by ions having a residual 
energy E1 at depth R (which is the derivative of ν (E0) also labelled F1(E0)), can be 
approximated by Gaussian functions in the case of amorphous or polycrystalline targets. 
These distributions are however estimated more accurately by using transport equations 
defined by Lindhart [1] and computing Monte Carlo simulations of binary collision cascades 
with the SRIM code. Molecular dynamics simulations attract more and more interest with the 
increasing speed of computers for their ability to simulate spikes and crystallographic effects 
which are randomized in Monte Carlo simulations. 

 
 

2.3. Cooperative Effects of Cascades 
 
The overlap of cascades produces a random walk of target atoms called radiation 

induced-diffusion (RID also called ballistic diffusion, cascade mixing). Note that the 
anisotropic relocation of primary recoils must be distinguished from this RID in the analysis 
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of transport processes such as the mixing of overimposed layers, especially when these layers 
are composed of atoms with very different masses [7]. In addition to RID, a migration of 
point defects occurs after the cascade when the temperature is sufficiently high (radiation-
enhanced diffusion, RED in abbreviated form). RID and RED lead in some cases to the 
segregation of an atomic species (one of the target components or the implanted ions), either 
due to its lower mass or its lower binding energy or its tendency to form complexes with 
defects [8-10]. Another factor to take into account in the analysis of diffusion fluxes is that a 
vacancy-rich zone is formed in the core of cascades and interstitials are more numerous at 
their periphery. As a result, a given atomic species diffuses towards Rd or interfaces, 
depending on its stability and mobility on interstitial and substitutional sites, and point defects 
segregate into dislocation loops. 

Another effect of the cascade overlap is the progressive change of surface geometry and 
composition related to sputtering. Let's just give here Sigmund analytical expression of the 
sputtering yield Y [11], obtained by applying Boltzman transport equation to describe the flux 
of particles. Sigmund equation is less accurate but more useful than simulations to outline the 
effects of the mass and binding energy of target atoms and of the beam orientation with 
respect to the surface normal on the yield Y and on surface modifications. An overview of 
these effects was given in [12] and a compilation of experimental data in [13]. The sputtering 
yield is proportional to the fraction Fd of the ion energy used to displace atoms in outermost 
layers (which includes displacements by all projectiles) and to the probability Λ that these 
displaced atoms escape to the surface. Fd differs from the energy deposited by the ion in the 
escape depth range Re (close to zero, so that F1(Re)≈Sn ) by a factor α. This factor represents 
the influences of the mass ratio M2/M1 and of the incidence angle θ on the anisotropy of ion 
scattering in outer layers of an amorphous or polycrystalline target. Its value αN for a normal 
incidence is a slowly varying function of M2/M1, increasing from 0.2 to 1, and the exponent f 
of the angular factor cos θ-f is equal to 5/3 for not too heavy target atoms. The escape 
probability is inversely proportional to the Born-Mayer screening factor of the interaction 
potential C0 (3/4π2C0 =0.0420) for slow recoil atoms and to the surface energy barrier Us (half 
the binding energy of target atoms). 
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Y presents the same periodic variation with Z2 in elemental targets as does the surface 

binding energy, with the result that volatile elements (H2, O2, N2..) are preferentially sputtered 
from compound targets. When the binding energies of target components are comparable, a 
superficial impoverishment in the lighter element is usually observed. The escape depth Re of 
sputtered atoms is of the order of 2 atomic distances [6], but the target composition is 
modified from the surface to the mean range of defects <Rd>. The surface topography 
changes progressively, due to statistical fluctuations in the number of atoms ejected in each 
point and to the differential sputtering of dislocation loops, or of precipitates in composite 
targets. Cones topped with precipitates are formed when their sputtering yield is lower than 
that of the matrix and the precipitates number density changes in all cases. 

The depth profile of implanted atoms also changes with the implanted fluence, under the 
combined effects of lattice swelling and sputtering (disregarding the casualty of a 
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segregation). Schematically, the surface moves outward at a rate proportional to the ion 
fluence φ for keeping approximately constant the target atomic density when ions come at rest 
on substitutional sites, while sputtering induces an inward motion of the surface. The 
concentration profile becomes an error function with a plateau value equal to φNat(1+Y) close 
to the surface.  

At this point, mention must be made of the channeling phenomenon, which consists in a 
slighly oscillating path of ions and considerably increased penetration depth when their 
incident direction is parallel to dense packing planes and rows of a crystal. The lessening of 
scattering cross section is related to a large and constant impact parameter on the average. 
Channeling affects not only the depth profiles of implanted ions and defects in single crystals, 
but also their sputtering yield. In polycrystalline targets, the different sputtering yields of 
grains according to their orientation induces a surface relief.  

In some cases, residual defects segregate under the form of amorphous clusters instead of 
dislocation loops, because the configuration energy over short distance is lower in the 
amorphous state. This process is particularly efficient in all semiconductors and covalent 
compounds (such as quartz). The amorphization occurs locally when the amount of disorder 
exceeds a threshold value, either in the core of subcascades, when their density is sufficiently 
high, or by a statistical process of cascades overlap. On the contrary, ionic crystals are 
amorphized with difficulty because displacements produce two types of charged Frenckel 
pairs, which exhibit a stronger tendency to recombine than in covalent systems for 
minimizing the space charge. 

 
 

2.4. Electronic Damaging in Isolated Tracks Produced by Swift Heavy Ions 
 
Beside the linear density of energy transferred to the electronic system (product of Se by 

the atomic density), another parameter to take into account in the damaging process is the 
radial distribution of this energy in tracks, as long as they don't overlap. One generally 
distinguishes two regions: a high density of electronic excitations is produced in the track 
core extending over 1-3 nm and the energy is transported by fast secondary electrons (δ-
electrons) in a track halo with a radius of some hundreds nm. For a same Se value, the energy 
deposition is smeared out into a larger radius for high velocity projectiles [14]. The reason for 
this velocity effect is that the the maximum energy transferred to δ electrons is Tmax= 2 me 
vion

2. The swifter the ion is, the higher is the fraction of the ion energy swept away from the 
core by these electrons for a given Se value. Polymers are sensitive essentially to ionizations 
produced in the core, while damaging in metals results from lattice vibrations induced by 
elastic collisions of δ electrons outside the core. The damaging mechanisms of 
semiconductors and inorganic insulators are more intricate, since they involve various 
processes of electron-hole recombination and charge transfer.  

For most inorganic materials, there exist a threshold value of Se above which the 
damaging of crystalline targets increases dramatically (Figure 2) or on the contrary crystalline 
order is reconstructed in some amorphous targets [15-17]. The threshold effect is particularly 
clear for metals, in which electronic excitations cause a partial annihilation of the defects 
created by atomic collisions at low energies. Two different mechanisms have been proposed 
for the steep increase of damaging: ion explosion spikes and thermal spikes.  



J.C. Pivin  88

 
Figure 2. amorphous track in Bi2Sr2CaCu2O8 irradiated with swift Au ions (by courtesy of J. Wiesner et 
al [17]  

 
In the ion explosion spike theory one considers that the ion creates in its wake a cylinder 

of highly ionized matter which is very unstable due to Coulomb repulsion between 
electrostatic charges. Several models were derived from this theory, being the core-plasma 
model, the shock-wave model, and the modified lattice potential model [18)]. In fact, damage 
creation via electronic excitations in metals was considered during some time as unrealistic 
due to the high mobility of conduction electrons, which rapidly smear out the deposited 
energy and very efficiently screen the atoms that were ionized in the ion wake. However, a 
shock-wave mechanism is pertinent in the case of metals with a low phonon frequency. 
Moreover, even if the charge neutrality is re-established in the track core, the interatomic 
potentials remain during some time different from the equilibrium potentials, setting atoms 
into motion and producing an athermal melting of the track. On the other hand, mainly 
insulators are sensitive to Coulomb explosion spikes in the strict sense of the term [19]. Their 
effect may be annealed by thermal spikes occuring thereafter in the same material, because 
the returning time of electrons expelled from the track core in a Coulomb explosion is of 10-14 
to 10-13 s and the spreading of the energy in a thermal spike is much slower (10-13 to 10-12 s 
depending on the electron mobility). 

In the thermal spike model the transfer of energy from the bombarding ion to the lattice is 
a two-step process [20, 21] : thermalisation of the energy deposited in the electronic system 
via electron-electron interaction and transfer of this energy to the lattice via electron-phonon 



Use of Ion Beams to Produce or Modify Nanostructures in Materials  

 

89

interaction. Since the electronic system and the lattice are not in thermal equilibrium with 
each other, their temperatures, Te and Ta , respectively, are governed by a set of coupled 
nonlinear differential equations:  
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where T(e,a), C(e,a), and K(e,a) are the temperature, the specific heat, and the thermal 

conductivity for the electronic (e) and lattice (a) subsystem, respectively. E(r,t) is the radial 
density of energy transferred to electrons. The electron-phonon coupling constant g is directly 
linked to the electron mean free path λ: λ=Ke/g . The difference between metals and 
insulators is that in metals energy can be transferred from the hot lattice back to the electrons 
when Ta>Te ,while this transfer is inhibited in insulators. 

The damaging of materials by electronic excitations may lead to their amorphization (Fig. 
1), but those which are easily amorphized by collision cascades (such as Si) are little sensitive 
to electronic damaging. The reason of this difference of sensitivity is that the transient 
disordered phase formed within swift ion tracks tends to reconstruct in epitaxy with the 
surrounding matrix in the case of semiconductors or covalent compounds. The recovery of 
structural order is less easy in ionic compounds containing charged defects. Moreover, defects 
on one of the ionic systems may combine to form a gaseous species, as for instance in alkali 
halides and consequently metal atoms in excess segregate [22]. Note that pure metals (apart 
Ga, Bi) are disordered but not amorphized [23] and the topological order just changes on 
short range in metallic glasses. 

 
 

3.BALLISTIC EFFECTS 
 

3.1. Implantation 
 
Applications of ion implantation to the doping of semiconductors or of other materials 

(for chemical applications in catalysis, detection of gases,...) are out of the scope of this 
paper. Beside this undeniable interest of the ion implantation technique, it is also one of the 
most versatile means to create a supersaturated solid solution in the near-surface region of a 
solid. With regard to nanostructures, a precipitation may occur under the effect of radiation-
induced diffusion during implantation, when the local concentration of implanted atoms is 
much larger than the solubility limit at equilibrium. It is for instance the case of noble metals 
in oxides for concentrations over 1 at.% [24, 25] (Figure 3). The radiation-enhanced diffusion 
of interstitials is also effective in many matrices at room temperature (RT). However that may 
be, implantations are often followed by annealing treatments at high temperatures (or 
implantations performed in temperature), in order to induce a maximum yield of precipitation 
and to eliminate defects in the host lattice. This combination of treatments has been called Ion 
Beam Synthesis.  
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Figure 3. TEM images of silica implanted with 150 keV Ag+ ions at fluences of (a) 1016 and (b) 
1017/cm2 (3 and 28 at.% at the mean range) [24] 

 
3.1.1. Concentration Gradients in Implantation Layers 

In addition to the lattice damaging, the inhomogeneous depth gradient of concentration in 
implantation layers complicates the interpretation of their properties and may limit their 
performances. Multi-implantation at several energies permits to overcome this problem, with 
more or less success because diffusion processes are not taken into account in SRIM 
simulations. Other programs, such as TRIDYN [26], neglect also the casualty of RED but 
permit to estimate dynamic changes in the target composition induced by sputtering, ballistic 
mixing and lattice swelling. Variations in the displacement and binding energies of target 
atoms with the composition are also considered in the inputs of these simulations. 

The narrow depth distribution of ions implanted at a single energy is nevertheless 
interesting for some applications, as for instance the fabrication of non volatiles memories 
based on nanocrystals (NCs) embedded in the gate oxide of MOS transistors [27, 28]. By low 
energy Si+ implantation, NCs of Si can be formed a few nm above the SiO2 /Si interface. This 
allows charging of the NCs by direct electron tunnelling, which is a prerequisite for low 
operation voltages. Kinetic Monte Carlo Simulations (KMCS) [27] were developped for 
studying the process of phase separation in these systems. This process involves sequentially 
the nucleation and growth of particles at the expense of the Si supersaturated solution, then 
the Ostwald ripening of some of the Si NCs and a spinodal decomposition at higher Si 
concentrations. The simulations permit to predict the Si concentration threshold of 
percolation (which process hampers the charging of the NCs) and the optimal temperature 
range of implantation or post-annealing treatment, in which the trapping of Si solute atoms at 
the substrate interface together with a controlled growth of the NCs lead to a self alignment 
suitable for the fabrication of non volatile memories.  

An argument put forward by many authors to praise the usefulness of the IBS technique 
is the obtention of high filling factors of particles close to the surface [29-31]. In fact this 
characteristics is generally detrimental to the performances of nanocomposite systems, 
because of the well known effect of dipolar interactions in optics and magnetism. The 
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plasmon resonance in the visible of Ag particles shown in figure 3 becomes broader with the 
increasing Ag fluence, under the combined effects of the increase in their size scattering and 
in their interaction [24]. In current magnetic recording media, the written bits are comprised 
of an ensemble of weakly interacting magnetic grains, contrarily to what is obtained in 
insulators implanted with high concentrations of 3d metals (chosen high in fact in order to 
compensate the shallow range of doping) [30,31]. The confinement of excitons in 
semiconductors deteriorates also with the gathering of particles.  

Beside their usefullness for the charge injection in MOS structures, Si NCs are also 
interesting for their luminescence or for activating rare earth elements with an excited level at 
an energy close that of excitons in the NCs [32-35]. Once again, the criterion of quality is a 
narrow size distribution of the NCs, in the range of 2-3 nm, so that their gap fits the excitation 
energy of Er3+ ions from the 4I15/2 to the 4I9/2 state for instance. The sensitization of Er ions 
implanted sequentially with Si ions has been extensively studied and the results constitute a 
school case of the difficulty to obtain simultaneously: (i) Si clusters with suitable size, (ii) Er 
atoms in solid solution in the oxide instead of in silicide particles [34], (iii) but at same depth 
[36]. However, some useful devices seem to have been fabricated [37-39] 

 
3.1.2. Variety of Obtained Structures and IBS Conditions  

IBS has been used to create a wide variety of nanocrystals and quantum dots made of a 
single element or of a compound, by sequential implantation [32, 40-42]. The nature of the 
precipitation may depend on the implantation order [40, 43]. Implantation of 2 metals, with 
the aim of obtaining alloyed particles with a controled plasmon resonance energy, results for 
instance in the formation of core-shell particles after annealing when the 2 elements exhibit a 
solubility gap [43]. NCs of almost all semiconductors have been synthesized in silica, 
alumina and silicon [32]. The ionicity of the host affects the crystalline nature of formed 
phases. As an example, it is possible to produce CdS and CdSe crystals with the hexagonal 
wurtzite or the cubic zincblende structure in α−Al2O3 by modifying the implantation 
conditions, because this matrix is little sensitice to ballistic damaging. When implantation is 
carried out at moderate temperature (~600°C), dynamic annealing keeps alumina crystalline 
and epitaxial relationships favor the formation of NCs with the hexagonal structure. On the 
contrary, when implantation is carried out at low temperature (LN2), the near surface region 
of alumina is amorphized. Upon annealing, the amorphous layer first crystallises with the 
metastable γ-Al2O3 cubic structure embedding NCs with same symmetry (zincblende). 
Particles with latter structure are formed whatever the implantation temperature in silica. 
Another example of structure modification correlated to the more or less efficiency of 
dynamic annealing is that observed during the synthesis of β-FeSi2 in Si single crystals. When 
implanting Fe atoms in silicon at sufficiently high temperature (about 400°C), precipitates of 
β-FeSi2 with their [100] axis aligned parallel to the [110] axis of Si are obtained [44]. 
Randomly oriented particles are formed when Fe is implanted at lower temperature. After 
further annealing at 800°C or more, the structure of the Si single crystal is restored perfectly 
in latter case while a large number of dislocation loops remains in the crystal containing 
particles in epitaxy. Taking that β-FeSi2 is often mentioned as a potential candidate for the 
solar energy convertion, it may be worth to note that these dislocations are more luminescent 
than the semiconducting compound and at a close wavelength. 
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Implantation in channeling conditions permits to increase significantly the ion range and 
to limit the damaging of the host material. Connectively to the increase in the range, the 
implanted species undergoes less self-sputtering and is more protected against oxidation. 
Buried layers of FeSi2 or ErSi2 were grown in such conditions [45]. 

Rare gas atoms usually form bubbles at high fluences in all materials, which effect is at 
the origin of the blistering of the walls of ion guns or reactors. These cavities can be used as 
preferential nucleation sites of particles, formed for instance from layers evaporated thereafter 
on the surface and mixed by means of a further heat or irradiation treatment. Let's mention for 
its exotic nature the formation of cubic porosities in MgO crystals, which were used as 
templates for fabricating cubic Ag and Au particles in this material [46, 47].  

 
 

3.2. Sputtering 
 

3.2.1. Cleaning, Roughening of Surface for Improving Coatings 
The growth of "good quality" films (adherence, homogeneity and eventually epitaxy) 

owes it success to an appropriate surface cleaning step prior to deposition. Among the few 
techniques available, sputtering is attractive for its simplicity and insensitivity to the nature of 
contaminants. However, the damages caused by ions can affect the epitaxy of susbsequently 
grown films on crystalline substrates and must be repaired by in situ thermal annealing. 
Technological studies show that the optimal energy of Ar ions, commonly used in sputtering 
experiments, for removing the native oxide and adsorbed molecules on Si substrates without 
extensive damaging is of 150-200 eV (while Sn is maximum at 14 keV).  

 
3.2.2. Surface Relief Induced by the Combined Effects of Erosion and Diffusion  

The stochastic nature of sputtering makes that the surface roughness would increase 
monotonously if this statistical effect was not balanced by the local change of ion incidence 
and by radiation-enhanced diffusion. Experimental studies on amorphous materials and on 
semiconductors (amorphized by the bombardment) show that off-normal sputtering generates 
a more significant relief and an anisotropic modulation of the surface. Depending on the ion 
incidence angle θ, the ripples can be either parallel (θ close to grazing) or perpendicular (θ 
close to normal) to the projection of the ion beam direction on the surface plane, while for 
normal incidence (θ=0) a periodic modulation of the topography is generally not observed. 
These results have been explained, on basis of Sigmund theory, in terms of a linear instability 
caused by the surface curvature dependence of the sputtering yield (formula 4), which 
dominates the smoothing due to the thermal surface diffusion [48]. Schematically, the top of 
crests is eroded faster than the bottom of trenches dug by ions at oblique incidence and the 
change in the ripple orientation is related to the ratio of interlayer/ superficial diffusion 
induced by collision cascades. On the contrary, at temperatures where thermal diffusion is 
noticeable, ion sputtering of single crystal metals produces features that reflect the substrate 
symmetry, without any relationship with the ion beam direction [49, 50]: square pits have 
been observed on Cu(001) and Ag(001) or hexagonal ones on Pt(111), Au(111) and Cu(111). 
This relief is ascribed to the coalescence of vacancies under the surface. In a critical range of 
temperature and ion flux, interlayer diffusion occurs along preferential directions (<110> in 
fcc crystals) and ripples are formed parallel to a direction of same family in the surface plane, 
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independently of the beam orientation with respect to the normal to the surface and to <110> 
directions in the plane, at least for θ<30°. At lower temperatures, the relief formation is 
controlled by erosion and depends on θ: ripples of smaller amplitude are formed as on 
semiconductors. The ripples with a crystalline orientation formed at intermediate 
temperatures find for example applications in the nano-patterning of epitaxial layers. The 
magnetic anisotropy of thin Co layers can be forced to be parallel to the <100> axis by 
modulation of the film thickness perpendicular to this direction [51]. 

Arrays of asperities with a conical or sinusoidal shape were observed recently at the 
surface of InP, GaSb, InAs and InSb sputtered at normal incidence, or at oblique incidence 
with simultaneous sample rotation [52]. A theory for their formation has not yet been 
developped. They are characterized by a uniform size distribution (around 100 nm) and a 
large degree of spatial ordering. They self-organize in hexagonal or square close-packed 
patterns, depending on the incidence angle and temperature (in the range of 280 to 330 K).  

 
 

3.3. Ion Beam Assisted Deposition (Ibad) 
 
Similar effects of diffusion occur during the vapor deposition of thin films. Adatoms 

diffuse faster along dense directions at moderate temperatures and interlayer diffusion takes 
place at high substrate temperatures. Shadowing of hollows for the atom flux plays the same 
role as for ions in sputtering experiments. As a result, different regimes of deposition can be 
distinguished as a function of the temperature, T: (i) at low T where the grains growth is 
controlled by the transport geometry, the coating exhibits a columnar structure and porosities; 
(ii) at intermediate T, the structure densifies and the columnar grains become coarser, with 
their axis oriented preferentially parallel to the dense packing direction; (iii) a fully dense and 
equiaxed structure is formed at high T [53, 54].  

Now, ion beams can be used to modify this texture through the effect of ion channeling. 
Molecular dynamics simulations predict the preferential growth of crystals with channeling 
directions parallel to the beam, due to the reduced sputtering and damaging [55]. The energy 
stored under the form of lattice defects leads to a migration of grain boundaries, towards the 
most damaged grains. This effect can be used to favor the epitaxial growth of some coatings 
or to alter their natural growth anisotropy. For instance, an ion bombardment at normal 
incidence of a fcc metal film will cause a shift from a <111> texture favored by surface 
energy considerations to a <110> texture, because the sputtering decreases by 2 to 5 times 
when the beam is parallel to <110> directions of easiest channeling in fcc crystals. MgO 
films, which naturally grow under the form of islands with a <001> axis perpendicular to the 
surface, can be forced to grow with, in addition to the <001> texture, a preferential 
orientation of one of their <110> axes parallel to the ion beam if θ=45° [56]. 

The ion bombardment tends also to improve the film density and adhesion [57-59]. The 
adhesion improvement may be due for a part to the mixing of interfacial layers or in other 
cases to the formation of precipitates anchoring the coating. Indeed, huge increases of 
resistance to indentation cracking and wear of diamond-like carbon coatings are obtained for 
instance by pre-implantation of C in the substrate, having for result the formation of carbide 
nanoparticles, or by irradiation throughout the coating thickness (taking care to not destroy 
the diamond-like pilling of atoms by cascades) [60, 61]. 
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When implantation is performed at very low energy (some 100 eV to a few keV), the 
concentration of implanted atoms tends progressively towards 100%, if their coefficient of 
self-sputtering is lower than 1. Their segregation by RED at the surface is facilitated by the 
shallow implantation depth when their solubility in the host material is limited. This ion beam 
deposition technique (IBD), shows common features with IBAD, in this respect that in both 
cases the structure of deposited layers is affected by erosion and diffusion effects. However, 
the ratio of ion/deposited atom fluxes in IBD experiments is of 1, so that outermost layers are 
strongly shaken and eventually frozen in an out of equilibrium state with ultimate properties. 
Films of pure amorphous diamond, with a proportion of sp3 bonds larger than 80% and a 
hardness close to 100 GPa, were grown by this method [62,63]. There is no upper limit to 
their thickness (apart a reasonable implantation time) and they are found indestructible in 
friction tests [60].  

 
 

3.4. Cluster Beams 
 
Beside other interests which are out of the scope of this paper, the use of a cluster beam 

allows an easier control of the kinetic energy of atoms impinging a target than that of 
monoatomic ions. Indeed, the energy of cluster ions is shared betwen the atoms when they 
break during the collision with the target atoms. If the energy per atom is below the cohesion 
energy, the clusters can be deposited on the surface without destroying their structure. 
Nanostructured silicon films with controlled particle size obtained by cluster beam deposition 
(CBD) show a higher photoluminescence yield than porous silicon [64]. The proportion of sp2 
rings in C clusters is intrinsically connected to their size, so that the size selection of cluster 
beams permits to grow coatings with various degrees of diamond-like hybridization [65]. The 
formation of composite materials characterised by a monodisperse size and an homogeneous 
spatial distribution of particles, which constitute quality criteria for applications in opto-
electronics and magnetism, were also obtained by combining CBD with an evaporation of 
matrix atoms [66, 67]. B10H14 clusters were used to fabricate shallow junctions (of 7 nm) in p-
type Si, which cannot be obtained by atom beam implantation due to boron enhanced 
diffusion. [68] 

 
 

3.5. Mixing 
 
The ion beam mixing of superimposed layers of different materials under the effects of 

RID and RED deserves a place in the synthesis of nanostructures by the fact that the thickness 
of formed alloys or compounds is often nanometric (when the target is not made of multiple 
layers). One can put forward several advantages of using mixing instead of ion implantation 
for synthesizing compound layers: 

 
- Alloying to high concentration by ion implantation is time consuming and 

uneconomical.  
- The maximum concentration that can be reached in the surface region is 

generally limited by sputtering.  
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- Ion implantation is not well suited to obtain flat concentration profiles, even 
when using multi-energy implantation, and to form alloys over thicknesses larger 
than a few hundreds of nanometers 

- Implantation also requires to make use of a different ion source in each case. 
 
These limitations are in principle overcome by using the alternative route of ion beam 

mixing. A good illustration is the mixing of metal/silicon systems, which was extensively 
studied in the 80th because of the technological interest for the fabrication of electronic 
components. Making simply use of noble gas ions selected for their mass, Xe, with an energy 
of the order of 100 keV, about 1017 atoms/cm2 can be mixed with Xe fluences as low as 
1015/cm2. The indicated value of mixing yield corresponds to a silicide thickness of 20nm and 
in many cases the composition of the formed silicide is homogeneous, because the enhanced-
diffusion of Si atoms in metals is efficient at room temperature [69-72]. In the case of a metal 
implantation in Si at same energy, the sputtering yield is of same order of magnitude as the 
implanted dose.  

An advantage of mixing over fast anneal by laser or electron beams may come from the 
fact that ions transfer kinetic energy to target atoms without necessarily involving melting. 
Thus, one may expect to form metastable alloys with zero solubility in the liquid state. In fact, 
numerous experiments have shown that the concentrations of crystalline solid solutions 
formed from overimposed layers of two metals are generally extended to the detriment of 
intermetallic phases and the result of mixing is the formation of a metallic glass when the 
metals are not miscible at high T [73]. Several authors argued that in many metal-metal or 
metal-silicon systems mixing occurs during the thermalizing stage of the ion-solid interaction 
after the cascade (for a comprehensive review of models see [74]). Indeed, they estimated the 
mean kinetic energy of atoms during the time wherein mixing occurs to kTeff = 1-2 eV, from a 
fit a experimental diffusion rates [75]. If this was true, there should not be much advantage 
over laser or electron beam heating (apart that transparent materials cannot be heated with a 
laser beam) since ion mixing would involve melting. However, other experiments give 
evidence of a dependency of the mixing rate on the temperature of the experiment or of a 
diffusion anisotropy which may be explained by the occurence of RED or of recoil 
implantation, but certainly not by thermal spikes.  

Whatever the collisional regime, linear cascades, localized or global spikes all along the 
ion path [74], the mixing extent is correlated to the heat of alloying in most systems. This 
phenomenological law was verified as well for silicides [76] as for metals in covalent 
compounds and insulators [77]. The metal silicide formed by mixing of a single metal layer 
on silicon is generally the stable phase that lies near an eutectic composition and its 
composition is forced by the ratio of layers thicknesses in multilayers. In a regime of low 
displacements density (linear cascades), the mixing rate may be controlled by recoil 
implantation, diffusion or an interfacial reaction, according to the system. A diffusion 
controlled kinetics is characterized by a variation of the number of mixed atoms N and a 

widening of interfaces Dt2W=  as φ1/2 (D being the effective diffusion coefficient and t the 
equivalent time, ratio of the fluence φ to the flux), while in the two other cases N and W vary 
as φ (examples are given in [72]). 

The above mentioned enthalpy rule is of little use to predict the mixing efficiency in the 
most insulating materials, such as alumina, because the charged defects which are formed in 
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the oxide are unstable, so that displaced atoms tend to move back to the interface [77, 78]. On 
the other hand, when insoluble metal atoms are pushed in an insulator with a sufficient 
velocity (by primary collisions with ions of comparable mass), they migrate over short range 
before precipitating under the form of nanoparticles. Taking that, when the interface energy 
of metal layers embedded in oxides or on their surface is high, they spheroidize under 
irradiation as they do during heat treatments, complex structures are obtained, made of large 
particles surrounded by a halo of smaller particles created by the mixing-reprecipitation 
process (Figure 4). Particles of noble metals with this bimodal distribution of sizes in silica 
exhibit a plasmon-related resonance peak in the visible which is abnormally narrow, 
compared to a same ensemble of particles that are apart from each other. The effect is 
ascribed to a screening by nanoparticles arranged in a halo around each large particle of the 
polarization induced by other large particles (nanoparticles contributing directly to the 
absorption for less than 10%). The strong dipolar interaction between particles in 
implantation systems of same nature has an opposite effect because of their random 
distribution of size and spatial arrangement [24, 79].  

 

 
Figure 4. TEM image the cross section of a 50 nm SiO2/ 8 nm Ag / bulk SiO2 sample irradiated with 
1016 Au ions/cm2 of 4.5 MeV  

 
 

3.6. Amorphization and Recrystallization 
 
A discussion of amorphization and recrystallization mechanisms under ion irradiation 

may appear irrelevant in a review concerning nanostructures. It finds its justification by the 
fact that amorphization is the most probable change of structure in semiconductors and 
insulators and it proceeds from the coalescence of amorphous nuclei. This particular type of 
precipitation was studied first and most others obey same kinetic laws. On the other hand, the 
recrystallization of semiconductors after implantation treatments is a topics of major 
importance for applications in electronics and an understanding of the recrystallization 
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mechanism of bulk semiconductors under irradiation (IBIEC) is needed for applying the same 
principles to the formation of heterostructures. 

Experiments on semiconductors and metallic compounds presenting an amorphous 
counterpart (like Ni3B, NiAl, NiTi) showed that amorphization can occur by two different 
mechanisms, depending on the energy density deposited in nuclear collisions. In the case of a 
displacements spike regime, amorphous clusters are formed under the impact of each ion, 
while the number of displacements per atom (dpa) must be accumulated until it reaches 
locally a critical value in a linear cascade regime. Consequently, the amorphization kinetics is 
a linear function of the fluence in the former case and presents a sigmoidal shape in the latter, 
described by the following law [80, 81]: 
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The probabililty Pn of cluster formation is proportional to that for an area of the target σ 

to be perturbed by n impacts and nc is the critical number of impacts to obtain a stable 
nucleus. In fact σ is the cross section of damaging, product of the stopping power by its 
efficiency. The same law applies to many precipitation processes in regimes of nuclear or 
electronic stopping.  

Ion implantation of high ion fluences in pure metals has also been used for synthesizing 
amorphous alloys, generally of same nature as those obtained by quenching from the melt but 
interesting for their high purity [82] . The study of amorphization kinetics has shown that the 
decisive parameter is the chemical ordering in the amorphous phase, which lessens the 
configuration energy on short range [80, 83]. At low T, where the implanted atoms are not 
mobile, clusters are formed where the local concentration of implanted atoms exceeds a 
theshold value and the amorphization kinetics obeys the Poisson law given above (equation 
7). At higher T, the short range diffusion of implanted atoms favors the formation of clusters 
for very low concentrations of implanted atoms, so that the kinetics is a linear function of the 
fluence.  

Epitaxial recrystallization of amorphous implantation layers may be promoted by ion 
irradiation at lower T than purely thermal recrystallization (called solid phase epitaxial 
regrowth). The ion-beam-induced epitaxial crystallization (IBIEC) is not an effect of beam 
heating and numerous experiments have demonstrated that only the defects which are created 
at the a-c interface contribute to the process [84]. Each ion produces in the vicinity of the 
interface the amorphization of some atoms and in the meanwhile king-like defects (along 
[110] ledges connecting two (111) terraces in Si). IBIEC and ion-beam-induced interfacial 
amorphization (IBIIA) are competing processes and the direction and rate of the a-c interface 
motion depend on the temperature and ion flux: (i) at low T and/or at high flux, a planar 
layer-by-layer amorphization occurs; (ii) IBIIA and IBIEC are in balance at a critical 
temperature Tr and (iii) the IBIEC rate increases above Tr. A residual amorphous layer often 
remains close to the surface and planar growth is blocked at too high temperatures by the 
formation of crystallites inside the amorphous layer [85]. Dopants such as B, P and As 
enhance the IBIEC rate while C, O, F produce a retardation by pinning interfacial defects. 
The recrystallization of implanted layers can be obtained by subsequent irradiation with an 
energetic ion beam having an implantation range well beyond the a-c interface or by a proper 
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choice of implantation flux and T (self-annealing process). Beside the technological interest 
of IBIEC for lowering the crystallization temperature of implanted layers in Si, it found 
applications in the fabrication of epitaxial heterostructures [84]. The maximum thickness of 
strained layers free of dislocations networks is increased and the interface is more planar than 
by crystallization in a furnace. Higher temperatures must also be used for growing films of 
same composition by molecular beam epitaxy.  

 
 

3.7. Patterning 
 
A number of patterning methods have been used, for instance to obtain single magnetic 

domains with as small sizes as possible but exhibiting no spontaneous reversal of 
magnetization. The principle, when using irradiation through a mask for patterning a 
magnetic film, consists to create arrays of soft regions with a longitudinal magnetization in a 
film of higher coercivity, with a perpendicular anisotropy. However a coupling remains 
between strongly magnetized bits and noise in disordered regions. The ideal material is one 
where magnetism is either created or destroyed upon exposure to a low ions fluence. A 
technique consists in creating discrete islands of a magnetic phase by digging trenches with a 
focused ion beam (FIB) in a continuous thin film and, in addition, to poison the magnetic 
order in the trenches by incorporation of implanted ions or by mixing of an overcoating [86]. 
Collimators of diameter smaller than 100 nm are commonly available for this purpose.  

Focused ion beams provide also a means to fabricate channel waveguides and laser 
gratings by localized mixing of semiconductors multilayers [87]. 

 
 

4. ELECTRONIC EFFECTS 
 

4.1. Radiolysis and Conversion of Polymers 
 
Polymers are the most sensitive of all materials to radiation damaging, so that photons, 

electrons or ions may be used as well for promoting the crosslinking or decomposition of thin 
polymeric films. One of the interests of using ion beams for this purpose lies in the much 
higher radiolytic efficiency of ions [88-90]. The short range order in amorphous ceramic films 
obtained by ion irradiation is also very different from that in polymers converted into 
ceramics by means of other processes. Moreover, irradiation with low ion fluences permits to 
pattern the surface with isolated cylindrical tracks, which may thereafter be etched and filled 
with other materials. This use of tracks as templates is discussed in a next paragraph. 
Unetched tracks constitute also interesting nanostructures with particular chemical properties 
which will first be summarized.  

 
4.1.1.Organic Polymers 

The final product of the crosslinking process is a three-dimensional amorphous network 
composed principally of C, O and N atoms. The bond scission under the effect of nuclear 
collisions is supposed to favor the formation of a network where C atoms exhibit a high 
degree of sp2 hybridization [88-91]. However, collision cascades do not affect significantly 
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the physical properties of this network, as long as ions lose as much energy in electronic 
excitations than in collisions (because useful fluences are so low that few atoms are 
displaced). This has been shown by performing experiments with ions of energy in the range 
of 20 to 100 keV/nucleon on polymers with alliphatic or cyclic structures [92, 93]. The 
measured values of optical gap Eg (larger than 0.5 eV) and of hardness H (5 times that of 
turbostratic graphite) of polymer films irradiated in such conditions indicate that they exhibit 
a noticeable degree of diamond-like hybridization, contrarily to heat treated films. In addition, 
variations of Eg, H [92] and of other properties [88-90] show that the efficiency of ionizations 
in crosslinking the structure increases with Se, most probably because the ability of formed 
radicals to combine increases.  

Let's get down to tracks formed in the purely electronic stopping regime by saying that 
fullerenes clusters seem to be formed in the core of tracks when the electronic LET exceeds a 
threshold value. This fact suggests the occurence of thermal spikes since this allotrope of C is 
stable at high T [94-97]. In milder conditions of irradiation, phenyl rings (even in alliphatic 
polymers) and other types of unsaturated bonds are formed before C clusters at low fluences 
[98, 99]. The nature of observed moieties differs in many cases from those formed in 
polymers submitted to other types of ionizing radiations. They constitute grafting sites for 
other macromolecules or inorganic ions, which attract the interest of chemists [100]. It is also 
worth to note that the linearity of swift ions tracks facilitates the diffusion of dopants and 
tracks decorated with alcaline or halogen elements can be used as nanometric electric 
contacts. 

 
4.1.2. Semi-Organic Polymers and Gels 

Taking that ion irradiation of organic polymers produces carbon-rich amorphous phases 
(at high fluences) with more interesting physical properties than those of pyrolyzed polymers, 
as also with less change in the content of other elements than hydrogen, experiments were 
carried out on semi-organic polymers and gels . These materials made of an inorganic 
backbone and organic side groups are particularly useful as precursors of ceramic coatings, 
foams and fibers. Experiments on silicon-based polymers and gels with various ions show 
that, like in organic polymers, hydrogen is released selectively [101], with same kinetic laws 
[102], and the molecular structure is crosslinked then transformed into a glassy ceramics. 
Physical properties such as the density and hardness increase with same slope as a function of 
the transferred energy Se×φ as do the amount of H release. Nuclear collisions appear once 
again to play no significant role in the conversion process and don't affect the chemical order 
in the fluence range useful for the conversion into ceramics.  

The C content in the ceramics generally exceeds the maximum value in homogeneous 
glasses SiO2-xCx/2 (x≤2) and the C excess segregates in polysiloxanes with a Si-O- backbone 
as well as in polycarbosilanes with a Si-CH2- backbone. Energy filtered TEM images of the C 
distribution in cross sections of the irradiated films put into evidence that C atoms or CHx 
radicals migrate in the structure to form clusters with a diameter of 3 to 7 nm, depending on 
the C content and Se value (Figure 5) [103]. In the case of phenyl-substituted precursors, 
clusters are also supposed to form on the spot of the radiolytic reaction [104]. C clusters are 
aligned along tracks or exhibit a more random distribution when ions undergo also nuclear 
scattering. Assuming that continuous wires may be obtained above a threshold of Se or C 
concentration, they would find applications as field emission tips or electric contacts with a 
well defined and nanometric section. Raman analyses show that, whatever their arrangement, 
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isolated C particles formed at low ion fluences exhibit a noticeable degree of tetragonal 
hybridization, while C clusters which are also formed in films of same nature by annealing in 
vacuum are made of turbostratic graphite. The semiconducting particles formed under 
irradiation emit a yellow-green luminescence, contrarily to those formed in annealed films. 
The PL emission wavelength and yield is the same for spherical, randomly distributed, 
clusters and for discontinuous cylinders obtained at high energy, for a given value of energy 
transfer Se×φ. Τhe PL peak shows a red shift and broadening with the increasing 
Se×φ , ascribed to the growth of part of the clusters (in matrices where a percolation is 
unlikely, due to the low C excess). Rings of C atoms with a sp2 hybridization state are known 
to form at the periphery of C clusters when their size increases and this graphitic state is the 
one stable at equilibrium (which factor explains the nature of clusters in annealed samples). 
Beside interesting optical properties, the tetragonal hybridization of C clusters afford 
irradiated films hardness 2-3 times higher than that of heat-treated films, as shown by 
nanoindentation tests: the hardness of irradiated polycarbosilanes reaches that of bulk SiC 
[101].  

 

 
Figure 5. Energy filtered images of cross sections of methyltriethoxysilane gel films ([Si(OH)(CH3)-
O]n) irradiated with 3 MeV and 100 MeV Au ions at fluences of 1015 and 1013 /cm2 respectively [103] 

 
Similarly to C in gels and polymers containing C in excess, Si precipitates under 

irradiation in the suboxide with stoichiometry SiO1.5 derived from the triethoxysilane gel (the 
ethoxide precursor has for formula SiH(OC2H5)3) and the semiconducting clusters show a red 
luminescence, at a wavelength which is correlated to the particles size (~1 nm) [105]. When 
the same gel is mixed with metal salts, SiH hydrido group react with the metal ions for 
forming metal nanoparticles [106]. Their distribution is relatively narrow (of Gaussian type 
with a standard deviation/mean size ratio of 25%) contrarily to that of particles formed in 
films heat-treated in vacuum. Another drawback of heat treatments is that the evolution of 
gases leads to the formation of ovoid porosities and the particles are segregated on the pore 
walls. An investigation of the precipitation kinetics, by means of electron spin resonance in 
the case of magnetic metals or of optical absorption for noble metals, shows that the driving 
force is the formation of Si• free radicals under the effect of ionizations and clusters are 
formed when the number of neutralized metal atoms exceeds locally a threshold value for the 
building of a stable nucleus. The volume of metal phase therefore increases as the cumulative 
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of a Poisson distribution function (formula 7), like that of amorphous clusters which are 
formed in semiconductors or metals in the ballistic regime of slowing down.  

 
 

4.2. Formation of Composites and Phase Changes in other Materials  
 

4.2.1. Demixion of out of Equilibrium Solid Solutions 
Irradiation of metastable solid solutions, such as silicate glasses containing noble metals, 

at energies below the threshold of matrix damaging by electronic excitations, may lead to a 
precipitation. By varying the ratio of electronic to nuclear energy transfer, for instance via the 
mass of ions, it has been demonstrated that displacements contribute to the precipitation only 
when the dissipated power is high enough to induce a substantial target heating [107]. 
Otherwise the nucleation yield varies in proportion to the energy transferred to electrons Se×φ 
[108, 109]. The kinetic law of precipitation may be the cumulative of a Poisson distribution 
when tracks must overlap to form nuclei with a stable size [109] or a linear function of Se×φ 
when stable nuclei are very small [108]. Their size remains constant as long as the source of 
metal ions in solid solution is not exhausted and the clusters can be as small as 0.5 nm. 
Particles with such a size undergo a very high compressive stress due to their interface 
energy. Contractions of the order of 10% of the lattice parameter a were calculated for Ag 
particles in silica on basis of the observed blue shift of their plasmon resonance.  

 
4.2.2. Growth of Particles 

When pursuing the irradiation of same targets, or irradiating composites containing very 
few atoms of noble metal in solid solution obtained by means of another technique, a growth 
of the particles is observed when the energy density Se is not too high [110]. The linear 
increase of the particle size with the fluence indicates that the rate controlling process is the 
desorption of the noble metal atoms from the surface of pre-existing particles. These desorbed 
atoms diffuse over a short distance and are adsorbed at another particle surface. Thus, some 
particles grow at the expense of others as long as the density of excitations remains low.  

Above a given Se value, in the range of 5 to 10 keV/nm, the size of same particles 
decreases. A detailed investigation of the density effect is still needed for defining if the 
critical parameter is the ratio of the desorption/adsorption rates or the threshold of matrix 
damaging. On the contrary, a growth of Co particles formed by ion implantation in silica has 
been observed when they were submitted subsequently to electronic excitations with an as 
high density (of about 20 keV/nm) [111]. Taking that the particles became elongated parallel 
to the beam direction and the density of energy transfer was 10 times larger than the threshold 
of silica damaging, the authors ascribed the structural transformation to a thermal spike effect. 
However the increasing elongation of the particles which was observed with the track overlap 
seems to indicate that the relaxation of energy in the transient disordered phase was so fast 
that a thermal equilibrium could not be reached. The occurence of Coulomb explosions or an 
increase in the readsorption /desorption rates ratio in the case of a particle ensemble with a 
very high filling factor (compared to ion exchanged glasses and other colloids studied in 
[110]) cannot be excluded. On a practical point of view, the Co particles elongation had for 
interesting effect to tilt their easy magnetization axis perpendicular to the film surface.  
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4.3. Latent Tracks 
 
Since tracks in some materials can be chemically revealed, the initial damage is also 

called latent track. Fission fragments from nuclear accelerators are sometimes used instead of 
ion beam accelerators for producing tracks. Latent tracks are formed in most materials above 
a Se threshold. This threshold is one order of magnitude larger in crystalline metals than in 
quartz and tracks have been observed only in pure metals with a low phonons frequency and 
exhibiting a displacive transformation (of martensitic type) such as Fe, Ti, Zr [18]. The 
formation threshold is also much higher in Si or Ge than in compound semiconductors and 
the ions must have a low velocity (together with a high stopping power, which combination is 
possible for cluster beams), probably because the crystalline order is more easily restored 
after melting of the track core when atoms are of same nature and the core diameter small. In 
other terms, monoatomic semiconductors of type IV are probably not amorphized as long as 
the rate of power dissipation dEe/dt in the track core does not exceeds that of epitaxial 
reconstruction [15]. The quantity dEe/dt may be more significant than the linear density Se 
(dEe/dR) in the modeling of transformations since these transformation depend on the lifetime 
of the transient disorder and on structural parameters above mentioned. The track morphology 
is however correlated to the magnitude of Se. Close to the Se threshold, the track consists of 
extended spherical defects. Increasing Se leads to the percolation of these defects under the 
form of a discontinuous cylinder of the same radius, then to the homogenization of the 
damaged radius.  

 
4.3.1. Changes in Magnetic Ordering 

Latent tracks have a wide range of applications linked to their anisotropy. The radial 
stress in magnetic oxides leads to an anisotropic orientation of the magnetic internal field. 
This orientation can be parallel or perpendicular to the track axis, depending on the sign and 
strength of the magnetostriction effect [112-114]. The same effect is observed for magnetic 
colloids in an amagnetic matrix, as shown by the change in the magnetic anisotropy of iron 
particles embedded in a silica film after irradiation with 100 MeV Au ions in figure6. Before 
irradiation (spectrum labelled n.i.) the anisotropy of magnetization is determined by the shape 
factor (demagnetizing field) and the easy axis is parallel to the surface. After irradiation with 
1013 Au ions/cm2, the minimum resonance field is measured for a tilt angle ϕ of 90°, 
indicating that the easy axis is perpendicular to the surface [115].  
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Figure 6. variation of the resonance field, in electron spin resonance experiments, as a function of the 
angle ϕ between the applied static field and the surface, for films of SiO2:7% Fe 400 nm thick, before 
(n.i.) and after irradiation with 100 MeV Au ions at fluences indicated in the frame. The lines are fits  
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where H0 is the precession effective field, ω0 the angular frequency of the cavity, γ the gyromagnetic 
factor and Hi the internal field, sum of the demagnetizing field and of the magnetostriction field 

 
Paramagnetic phases may exhibit a permanent magnetization after irradiation, due to their 

disordering and related either to site exchanges between cations (ZnFe2O4, NiFe2O4) 
[116,117] or to the localization of d electrons in the amorphized structure such as in the case 
of YCo2 [118]. Amorphous tracks are insulating in high Tc superconductors and, since their 
size is comparable to the coherence length of spins, they pin lines of magnetic flux [119], 
leading to an increase of the critical current by more than one order of magnitude. The 
pinning of walls by amorphous tracks also tends to increase the coercitivity of the matrix in 
other magnetic materials [120]. As well as carbon cylinders formed in polymers, conducting 
cylinders formed by damaging diamond like carbon film [121] may be useful as nanometric 
field emitters.  
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4.3.2. Filters and Templates 
Chemical etching becomes very efficient whatever is the material when track radii are 

larger than 2-3 nm. To date commercial ion track membranes made of polymers, crystalline 
insulators (micas) and glasses with calibrated pore diameters between 15 nm and several µm 
are available [122, 123]. Research activities aim at even smaller pore opening (around 2 nm). 
They find many applications as biosensors, filters for controlling drug delivery on wounds 
[123] or filters with pores sizes changing as a function of the external conditions, T and P ( 
intelligent materials) . 

Using electrochemical or electroless deposition, pores can be filled with metals or 
semiconductors in order to fabricate micro or nanometric needles, wires or tubes [122, 124-
133] (Figure 7). This replication technique is very simple and the wires or tubes can be 
removed from the membranes (by chemical etching or using a scotch tape) or used as an 
ensemble protuding from the membrane surface as the bristles of a brush. The template 
synthesis requires very low ion fluences (of the order of 106 to 108/cm2). Nanostructures with 
extraordinary low and monodisperse diameters are obtained, which are difficult to 
manufacture using lithographic techniques. In the case of galvanic deposition, one has control 
over the filled length of the pores and can fabricate axially structured wires, consisting for 
instance of Co/Cu multilayers with a giant magnetoresistance perpendicular to the membrane 
plane [133] or of Cu/Se resonant tunneling diodes [129]. Radially structured tubes and wires 
can also be fabricated by electrochemical or electroless deposition with a catalyst on the pores 
walls. CdSe/CdTe nanodiode arrays obtained by this technique act as retinal photocells, 
resembling those in the human eye [127]. Metal tubes may be used as microchannel plates or 
anodes in batteries.  

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 7. example of structure obtained by filling tracks with a metal: left Ag nanowires and right Cu-
Ni concentric tubes , by courtesy D. Fink [127, 128] 

 
 

5. CONCLUSION 
 
During their very short passing through the target, ions induce stochastic atoms 

displacements and/or electronic excitations within tubular tracks of nanometric radius, 
depending on their velocity. The two processes of energy transfer may lead to a redistribution 
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of atomic species and structural transformations by mechanisms involving either solid state 
diffusion or relaxation of kinetic energy in a liquid-like, of short life, phase.  

Ballistic effects are localized within a given depth range and the displacements density 
can be varied by means of the ion mass and velocity. In addition, other parameters such as the 
damaging resistance of the matrix, epitaxy relationships, ion channeling, ion flux and 
irradiation temperature may be used to modify the dynamic annealing of damage. Provided 
that these irradiation conditions are judiciously chosen, on basis of empirical studies and 
Monte Carlo dynamic simulations, the nature and the nucleation and growth rate of 
nanoparticles synthesized by ion implantation can be predicted and controlled. Ion beam 
mixing of heterostructures constitutes an interesting alternative for getting rid of implantation 
physical limitations (sputtering, depth gradients) and for decreasing the ion fluences needed 
to obtain compound layers and colloids. One can also take advantage of the crystallographic 
anisotropy of atomic displacements and sputtering for modifying the surface topography and 
the texture of PVD films.  

Electronic excitations in swift ion tracks permit to localize the energy deposition along 
the transverse direction (with respect to ballistic interactions) and the electron-lattice coupling 
to create cylindrical structures. Some are obtained directly through the migration of radicals 
and secondary ions in materials particularly sensitive to electronic excitations, such as 
polymers and out of equilibrium solid solutions in insulators. Atomic rearrangements during 
the lattice relaxation produce also changes of density or crystalline structure with interesting 
effects on the magnetization anisotropy of thin films. Finally, latent tracks can be easily 
etched in many materials to obtain pore filters and templates for the fabrication of nanowires 
and tubes of various natures by a chemical deposition process. This use of tracks is 
particularly attracting for the extraordinarly low and monodisperse diameter of the pores and 
for their controlled density. 

A large variety of planar or cylindrical structures have been synthesized by using ion 
beams, with applications as waveguides, nanodiode arrays, magnetic memories, electric 
contacts, field emitters, transparent metallic structures, gas sensors and separators, mimics of 
biological systems. 
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APPENDIX : BASIC FORMULA OF ION STOPPING 
 
1- The energies of recoil E2 and scattered particle E1 after an elastic collision in 

laboratory frame are given by following formula: 
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ζ = ψ 

 
       (10) 

 
where ζ is the recoil angle and ψ the scattering of the projectile The scattering factor k, 

useful for instance in Rutherford backscattering formula, is defined as the ratio of E1/E0 and 
E2=(1-k)E0 

 
2-Calculation of the nuclear scattering cross section:  
Assuming that the force between the 2 particles act only along the line joining them, the 

use of center of mass (CM) coordinates reduces the problem to a one-body problem, namely 
the interaction of a particle with mass MCM (or µ) and velocity vCM with a static potential field 
V(r) centered at the origin of the CM coordinates. This is because the total linear momentum 
of the particles is always zero in this frame. 
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The scattering angle of the projectile in this frame is a function of the impact parameter p 

(projected offset of the original path of the projectile (1) from the atom at rest (2)): 
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The transferred energy E2, also noted T, is equal to : 
 

2
0T E sin

2
θ

= γ         (14) 

 
The choice of a proper interaction potential V(r) during the collision is needed for 

calculating values of θ(p) and T(p) used in transport equations or Monte Carlo simulations of 
ion impacts and the value of energy transferred per unit length of the ion path, Sn, averaged 
over all impact parameters p. This potential is of the form:  

 

1 2Z Z e rV(r) ( )
r a

= Φ         (15) 

 
where Φ(r) is a screening function and a is a characteristic screening lenght . The 

unscreened potential of Rutherford collisions is valid for short r (energetic collisions). The 
earliest screening functions proposed by Bohr and Thomas-Fermi are:  
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In these expressions Z is the charge of the quasi-molecule formed during the overlap of 

electron shells and a0 (0.0528 nm) is the Bohr radius. Different averaging were proposed by 
Bohr and Thomas-Fermi:  
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Lindhard used the aTF expression with the Bohr equation for Z. On basis of Hartree-Fock-

Slater calculations for a large number of quasi molecules, a universal potential is now used in 
most calculations:  

 
Φu = 0.1818 e-3.2x + 05099 e-0.9423x+ 0.2802 e-0.4028x +0.0282 e-0.202x   (19) 

with 0
u 0.23 0.23

1 2

0.8854 aa
(Z Z )

=
+

       (20) 

 
For being able to give universal expressions of the scattering angle θ as a function of the 

impact parameter p, it is useful to normalize p to a, as also the center of mass energy ECM and 
the range R of the projectile:  
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b=p/a,         (21a) 

)eZZ(
aE

2
21

CM=ε          (21b) 

2
UN a Rρ = π γ        (21c) 

N being the atomic density. Finally, the nuclear stopping power (energy lossed by the 
projectile per unit depth in nuclear collisions), Sn(ε), is the integrated product of the 
transferred energy T(E0, p) in each collision by the probability dσ(p) for a collision with an 
impact parameter p. σ is the impact cross section πp2: 
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∞ ∞ θ
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or in reduced units: 
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Calculations with the universal potential were fitted by an analytic expression with the 

form: 
 

n d 0.5

Ln(a bS ( )
2( c e )

+ ε
ε =

ε + ε + ε
       (23) 

 
in which a=1, b=1.14, c=0.01, d=0.21, e=0.20 for ε<30, a=0, b=1.0, c=d=e=0 for ε>30 

(i.e. case of unscreened stopping)  
 
3- Calculation of the electronic stopping power Se(ε or E):  
The earliest expression proposed in the 1930's for the energy loss per unit lenght of slow 

particles in an electron plasma is the product of the ion velocity, v, by the cube root of the 
electronic density of the medium, Ne. Lindhard introduced a stopping interaction function I 
(v,Ne) taking into account local density fluctuation of ρe and the perturbation of this density 
by the ion (individual and collective excitations):  
 

2
e e 1 eS I(v, ) Z N dV= ρ∫        (24) 

 
V being the volume of each element of the target. S is a flat function when the ion is 

going much faster than the mean electron density and it decreases almost linearly with Ne 
when v<vF, vFbeing the Fermy velocity:  
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Low velocity ions are neutralized when penetrating in the target and their stopping power 
is: 

2 1/ 6 01 2
e 0 1 2/3 2 /3 3/ 2

1 2 B

vZ ZS 8 N e a Z
(Z Z ) v

= π
+

    (26) 

 
which is proportional to Ne

1/3 as v0. High velocity ions ares stripped of all electrons 
whose classical orbital velocities are less than the ion velocity. Their effective charge is γZ1 
with: 
 

3/2
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0
Zv

v
exp1 −−=γ         (27) 

 
where vB is the Bohr velocity of H electrons. For v0>>vBZ1

2/3 , Se is proportional to 1/E0 
and Z2. The Bethe expression for Se corrected for the partial stripping of electrons at 
intermediate energies and for the change of density and mass at relativistic energies is: 
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with a mean ionization and excitation energy I of target atoms: I≈10eV×Z2 
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ABSTRACT  
 
The nanostructured SnO2:TiO2 composite and bilayered thin films are prepared using a 
sol-gel process by spin coating onto the alumina substrate and the humidity sensitive 
properties of the films are investigated. The nanostructured films possess the grain size of 
nanometer order and have porous structures with capillary nanopores. The nanostructured 
films facilitate the adsorption of water vapors due to the large surface area and capillary 
nanopores. The TiO2-20 wt.% SnO2 composite film shows high sensitivity over three 
orders change in the resistance during the relative humidity variation from 30 to 90%. 
The SnO2/TiO2 bilayered film exhibits a better linearity with narrower hysteresis loop in 
the resistance variation for relative humidity than the SnO2 and TiO2 monolayered films. 
The humidity sensing properties in the nanostructured SnO2:TiO2 composite and 
bilayered films are discussed. 
 
 

1. INTRODUCTION 
 
Humidity sensors have found increasing application with the advancement of automation 

systems. Materials as humidity sensors include ceramic, polymer and composite. The ceramic 
humidity sensors based on porous and sintered oxides compared with other materials have 
received much attention due to their chemical and physical stability [1-4]. Furthermore, the 
humidity sensors of thin film types having the nano-sized grains and nanoporous structure 
have attracted considerable interest because the miniaturization of the sensing devices is 
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possible [5, 6]. Nanostructured films are optimal candidates for humidity sensing because of 
the high surface area of sensing element that facilitates the adsorption of water molecules.  

SnO2 and TiO2 thin films have been fabricated using a variety of techniques, such as, 
sputtering [7], chemical vapor deposition [8, 9], pulsed laser deposition [10, 11], laser 
molecular-beam epitaxy method [12], spray pyrolysis technique [13], ion implantation [14], 
and sol-gel process [15-18], etc. The sol-gel process has distinct advantages over the other 
techniques due to excellent compositional control, homogeneity on the molecular level due to 
the mixing of liquid precursors, and lower crystallization temperature. Moreover, the 
microstructural properties, i.e., the pore size, pore volume and surface area of the thin film 
can be tailored by the control of sol-gel processing variables [19]. In this regard, the TiO2 thin 
films prepared by sol-gel process have been found to be extremely wide and important 
applications in many fields, such as humidity sensors, gas sensors, photocatalysis and dye-
sensitized solar cells [20-24]. The addition of alkali ions to TiO2 improved the performance of 
humidity sensors, in which charge carriers were alkali ions instead of surface protons [25, 
26]. SnO2 is a well-known material exhibiting exceptional gas sensing property as well as the 
humidity sensing behavior [4, 17, 18, 27]. Thus, nanocrystalline and nanoporous SnO2:TiO2 

composite and bilayered thin films are prepared by sol-gel process and the composite and 
bilayered thin films have been tried to be applied as a new humidity sensor. 

In this paper, nanostructured SnO2:TiO2 composite and bilayered thin films were 
prepared using a sol-gel process by spin-coating onto the alumina substrate. Nanostructured 
SnO2 and TiO2 monolayered thin films were also prepared in identical manner for direct 
comparison. The humidity sensitive properties of the nanostructured SnO2:TiO2 composite 
and bilayered thin films were investigated. The variation of resistance was studied as a 
function of relative humidity (RH).  

 
 

2. EXPERIMENTAL DETAILS 
 

2.1. Synthesis 
 
SnO2 coating solution was prepared by the following procedure. Tin chloride 

pentahydrate (SnCl4·5H2O, Wako pure chemical) was dissolved in ethanol (0.4 M). The 
solution was stirred and then refluxed for 3h. The solution was finally aged at room 
temperature for 10 days. In order to synthesize SnO2 colloidal solution for the composite 
films, an 5.5 M aqueous ammonia solution (Wako pure chemical, 25~27.9%) was added 
dropwise to a refluxed solution and the resulting precipitate was washed thoroughly with 
deionized water. Finally, SnO2 colloidal solution was prepared by adding deionized water. 

TiO2 colloidal solution was prepared as follows. 150 ml of titanium tetraisopropoxide 
(Ti(C3H7O)4, Wako pure chemical, 95%) was rapidly added to 270 ml of deionized water. 
The resulting precipitate was washed with deionized water. The precipitate cake was 
transferred into a well-sealed autoclave vessel containing 0.5 M tetramethylammonium 
hydroxide solution ( (CH3)4NOH), Aldrich). Peptization occurred after heating at 110°C for 
6h. The suspension which resulted from peptization was treated hydrothermally in the 
autoclave at 190°C for 6h. TiO2 coating solution was prepared as follows. TiO2 colloidal 
solution of 6g (18.1 wt% TiO2) and commercial TiO2 (Nippon Aerosil, P25) of 0.08g was 
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ground in a mortar. A detergent (Triton X-100) of 20μL was added to facilitate the spreading 
of the colloid on an alumina substrate. Polyethylene glycol(PEG 20000) of 0.35g was added 
to make porous film, which facilitate the adsorption of water molecules. Finally, the colloid 
was diluted by the addition of ethanol (3mL). TiO2-SnO2 composite coating solutions were 
prepared by adding SnO2 colloidal solution to TiO2 colloidal solution for each ratio.  

 
 

2.2. Preparation of Thin Films 
 
The inter-digital Ag electrodes are screen printed on polycrystalline alumina (Al2O3) 

substrate of 10 mm x 10 mm x 0.5mm. TiO2-SnO2 composite thin films were deposited by 
spin coating onto the inter-digital Ag electrodes for humidity sensing measurement, and the 
schematic diagram is shown in Fig. 1. The spin coating was performed at room temperature, 
with a rate of 3000rpm. TiO2/SnO2 (T/S, SnO2 on TiO2) and SnO2/TiO2 (S/T) bilayered thin 
films were deposited in identical manner. After deposition, the films were annealed in air at 
500°C for 30min, at a heating rate of 5°C /min. SnO2 (S) and TiO2 (T) monolayered thin films 
were also prepared in identical manner for direct comparison with the composite and 
bilayered films. 

 

 
Figure 1. Schematic diagram of humidity sensor. 

 
 

2.3. Measurements and Analyses 
 
The surface and cross section of thin films were observed by scanning electron 

microscope (SEM, Hitachi S-4200). The thickness of the films was evaluated from SEM 
images of the cross section of the films. X-ray diffraction (XRD, Philips X-PERT-MPP, DY 
616) analyses of the films were conducted using CuKα radiation to determine the phases and 
the crystallite size. The crystallite size was calculated from the full width at half maximum 
(FWHM) of the first peak using the Scherrer formula [28].  
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To measure the relative humidity characteristics, the sensor element was placed into a 2 
neck glass flask, partially filled with water. The relative humidity inside the glass flask was 
varied using an ice-salt mixture placed outside the glass flask, which was placed in a chamber 
and the basic measurement was performed using the two temperature method [29]. The 
relative humidity value was calculated from the saturated vapor pressure, i.e., the sample and 
water noted during experimental process. The values of saturated vapor pressure were 
obtained from CRC handbook [30]. The electrical resistance of the films was measured using 
a programmable Keithley 617 electrometer at room temperature.  

 
 

3. RESULTS AND DISCUSSION 
 

3.1. TiO2-SnO2 Composite Thin Films 
 

3.1.1. Characteristics of Composite Films  
Nanostructured TiO2-SnO2 composite thin films were prepared using sol-gel process by 

spin coating on polycrystalline alumina substrate. All the films were annealed at 500°C for 
30min. The films were transparent and semiconducting in nature. Fig. 2 shows the SEM 
images of TiO2 and TiO2-SnO2 thin films. The SEM image reveals that the surfaces of TiO2-
SnO2 composite films are more rough than that of TiO2 monolayered film, which may be due 
to a slight agglomeration by mixtures of both SnO2 and TiO2 colloids. The films possess 
nano-sized grains and nanoporous structure. It means that such nanostructured films are likely 
to facilitate the adsorption process of water vapors because of the capillary nanopores and 
large surface area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. SEM micrographs for TiO2-SnO2 films: (a) TiO2, (b) TiO2-5 wt.% SnO2, (c) TiO2-20 wt.% 
SnO2 and (d) TiO2-40 wt.% SnO2. 
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XRD studies were carried out on the TiO2-SnO2 thin films to characterize the film crystal 
structure. Subsequently, the crystallite size was calculated from the Scherrer formula [28]: 

 
D = kλ/(B cosθ)  
 
where D is the crystallite size, k, a fixed number of 0.9, λ, the X-ray wavelength, θ, the 

Bragg's angle in degrees, and B, the full width at half maximum of the first peak.  
The average size of crystallites for the TiO2-SnO2 composite films with 5, 20 and 40 

wt.% SnO2 content is 13.1, 12.5, and 11.6 nm, respectively. While, it is 10.8 nm for the pure 
TiO2 film. The crystallite size for the TiO2-SnO2 composite films is nearly same, which have 
no large change by adding SnO2 and exhibits a similar tendency as obtained from SEM 
micrographs shown in Fig. 2. The TiO2 phase in the TiO2-SnO2 composite films measured by 
XRD technique is anatase, containing a small amount of rutile. Further, no second phases 
formed in the TiO2-SnO2 composite films except TiO2 and SnO2. 

The thickness of the TiO2 and TiO2-SnO2 films on alumina substrate was measured by 
identifying the cross section in the SEM images. The films were deposited well on the 
alumina substrate without any microcracks. The thickness of the TiO2-SnO2 films with 0, 5, 
20 and 40 wt.% SnO2 content was 480, 460, 540 and 560 nm, respectively.  

 
3.1.2. Humidity Sensing Properties of Composite Films 

Fig. 3 shows the variation of resistance as a function of the relative humidity for the 
TiO2-SnO2 composite thin films. The resistance of the films slightly decreases with increasing 
SnO2 content over almost all relative humidity range. The resistance variation on the relative 
humidity shows almost similar behavior, i.e., the resistance of the films decreases linearly 
with increasing relative humidity with about three orders change in the resistance during the 
relative humidity variation of 30 to 90%, exhibiting a good exponential relationship. In 
particular, the resistance of TiO2-20 wt.% SnO2 composite film decreases largely with 
increasing 30 to 90% in the relative humidity, showing very high sensitivity.  

In the electrical properties for the relative humidity, the nanostructured TiO2-SnO2 thin 
films responded quickly to exposure of the water vapor atmosphere. The response time for the 
TiO2-SnO2 films with 0, 5, 20 and 40 wt.% SnO2 content was 5, 6, 15 and 20 seconds, 
respectively, at 70% relative humidity. The shorter response time in the films with decreased 
SnO2 content, i.e., increased TiO2 content seems due to hydrophilic property of TiO2 [31-33]. 
The ceramic humidity sensors consisting of nano-sized grains and nanopores were found to 
be quite stable for about 3h at 60% relative humidity atmosphere.  

A large decrease in resistance with increasing relative humidity in the nanostructured 
ceramic films is related to the adsorption of water vapors on the film surfaces with large 
surface area and capillary nanopores. All the films have nano-sized grains and nanopores. The 
addition of SnO2 to TiO2 produces more rough surfaces with the capillary nanopores of wide 
distribution. The nano-sized grains having more rough surfaces result in a larger surface area. 
The nanoscaled grain size leads to many more grain boundaries and nanopores, leading to 
more active sites available for condensed water to react [34]. The higher surface area provides 
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Figure 3. Humidity sensing properties for TiO2-SnO2 composite thin films. 

 
more sites for water adsorption [35]. Fig. 4 shows the adsorption-desorption behaviors for the 
TiO2 and TiO2-40 wt.% SnO2 films. The TiO2-40 wt.% SnO2 composite film exhibited 
narrower hysteresis loop than TiO2 film. The narrower hysteresis loop indicates the facility of 
adsorption and desorption process of water vapor.  

The TiO2-SnO2 composite films show a linearly large decrease in resistance with relative 
humidity. It is very likely that the increased conduction phenomenon with increasing relative 
humidity is due to an increase in the number of adsorbed water vapors in the nanostructured 
films with the capillary nanopores of wide distribution. Gusmano et al. [20] observed in 
compact and low-porosity TiO2 film prepared by sol-gel process that the resistance variation 
was small during the relative humidity variation of 5% to 50%, whereas it exhibited a good 
exponential relationship for the higher relative humidity range of 50 - 85%. Porous materials 
with a wide pore-size distribution exhibit a better sensitivity even at low relative humidity  
[36]. The water vapors can be occupied more easily on nano-sized grain than large-sized 
grain. The water vapors adsorbed on the nanostructured film surface enhance electrolytic 
conduction as well as protonic conduction by permitting capillary condensation of water 
within the pores [37, 38]. The high humidity sensitivity of TiO2-SnO2 composite films at low 
and high relative humidity seems due to the protonic and electrolytic conduction between 
hydroxyl ions and water molecules adsorbed on the film surfaces with nano-sized grain and 
capillary nanopores. 
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Figure 4. Adsorption and desorption behaviors for TiO2 and TiO2-40 wt.% SnO2  Films. 
 
 

3.2. SnO2:TiO2 Bilayered Thin Films 
 

3.2.1. Characteristics of Bilayered Films 
Nanostructured SnO2:TiO2 bilayered thin films were prepared using sol-gel process by 

spin coating on polycrystalline alumina substrate. Fig. 5 shows the SEM micrographs for 
TiO2/SnO2 and SnO2/TiO2 bilayered thin films. Here, the SnO2/TiO2 bilayered film indicates 
a upper TiO2 layer on a lower SnO2 layer. The films possess the grain size of nanometer order 
and have nanoporous structure. The films also have capillary nanopores connected by 
nanopores. Such structure of films facilitates the adsorption of water vapors due to the large 
surface area and capillary nanopores.  
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Figure 5. SEM micrographs for bilayered thin films: (a) TiO2/SnO2 and SnO2/TiO2. 

 
The crystallite size for the TiO2/SnO2 and SnO2/TiO2 bilayered films calculated from the 

Scherrer formula [28] was 7.6 and 11.5 nm, respectively. While, it was 7.9 and 10.8 nm for 
the SnO2 and TiO2 monolayered films. The crystallite size of same surface phases in the 
monolayered and bilayered films was nearly same and exhibits a similar tendency as obtained 
from SEM micrographs shown in Fig. 5. The phases in the SnO2 and TiO2 monolayered films 
measured by XRD technique were polycrystalline SnO2 and anatase TiO2 having tetragonal 
structure. The phases in the TiO2/SnO2 bilayered films were SnO2, containing a small amount 
of anatase TiO2. The phases in the SnO2/TiO2 bilayered films were anatase TiO2, containing a 
small amount of SnO2.  

The thickness of the SnO2:TiO2 monolayered and bilayered films on alumina substrate 
was measured by identifying the cross section in the SEM images, as shown in Fig. 6. The 
films were deposited well on the alumina substrate. The thickness of the SnO2 and TiO2 
monolayered films was 500 and 480 nm, respectively. While, the thickness of the TiO2/SnO2 
and SnO2/TiO2 bilayered films was 620 and 635 nm, respectively. The thickness for each 
monolayered and bilayered films is nearly same, respectively. 
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Figure 6. Cross sectional view for SnO2 film. 

 
3.2.2. Humidity Sensing Properties of Bilayered Films 

Fig. 7 shows the variation of resistance as a function of the relative humidity for the 
SnO2(S), TiO2(T), TiO2/SnO2(T/S) and SnO2/TiO2(S/T) thin films. The resistance of TiO2 
film was higher than that of SnO2 film in the relative humidity range from 30 to 60% and a 
reversed behavior was observed for the higher relative humidity. The resistance of the 
bilayered films decreased almost linearly with increasing relative humidity as compared to 
the monolayered films, exhibiting a good exponential relationship. In particular, the 
SnO2/TiO2 bilayered film showed high sensitivity with nearly three orders change. Further, 
the TiO2/SnO2 bilayered film exhibited a better linearity in the resistance variation for relative 
humidity than monolayered SnO2 film. In the SnO2 monolayered film, the resistance-relative 
humidity variation showed low sensitivity with a nonlinearity in the relative humidity range 
from 60 to 90%.  
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Figure 7. Humidity sensing properties for SnO2:TiO2 mono- and bi-layered films. 

 
Fig. 8 shows the adsorption-desorption behaviors for SnO2 and TiO2/SnO2 films. The 

TiO2/SnO2 bilayered film exhibited narrower hysteresis loop than SnO2 monolayered film. 
The improved linearity with narrower hysteresis loop means the facility of adsorption and 
desorption process of water vapors and hence the sensitivity is increased. The hysteresis loop 
of SnO2/TiO2 bilayered film also was narrower than that of TiO2 film. The SnO2:TiO2 
humidity sensors consisting of nano-sized grains and nanopores were stable for minimum 3 h 
at 60% relative humidity.  

         The SnO2/TiO2 and TiO2/SnO2 bilayered films showed improved linearity and larger 
decrease in resistance with increasing relative humidity than the SnO2 and TiO2 monolayered 
films. The large decrease in resistance with increased relative humidity is related to the 
adsorption of water vapors on the nanostructured film surfaces having the nano-sized grains 
and capillary nanopores. The water vapors are adsorbed on the grain surface and in the 
nanopores. The water vapors also can be occupied more easily on nano-sized grains than 
large-sized grains. The nanoscaled grains lead to many more grain boundaries and nanopores, 
thus leading to more active sites available for condensed water to react [34]. The higher 
surface area provides more sites for the adsorption of water vapors and produces more charge 
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Figure 8. Adsorption and desorption behaviors for SnO2 (S) monolayered and TiO2/SnO2 (T/S) 
bilayered films. 

 
carriers for electrical conduction [35]. Further, TiO2 have hydrophilic property [31, 32]. Thus, 
the resistance of TiO2 film with relative humidity is lower than that of SnO2 film at higher 
relative humidity, even though the resistivity of TiO2 is higher than that of SnO2. Moreover, 
the SnO2/TiO2 bilayered film was first deposited SnO2 on alumina substrate containing Ag 
electrode and then TiO2 was deposited on a lower porous SnO2. Thus, the bilayered 
SnO2/TiO2 film of different chemical compositions may have more porous with capillary 
nanopores than monolayered SnO2 and TiO2 films, in which the lower film layer acts as a 
buffer layer. It means that the adsorption-desorption process of water vapors occurs more 
easily in the SnO2/TiO2 bilayered film. Niranjan et al. [39] showed that a tandem of nanoscale 
thin film of ZrO2 on SnO2 film minimises the hysteresis loop. The nanostructured SnO2/TiO2 

and TiO2/SnO2 bilayered films exhibited improved linearity with narrower hysteresis loops 
compared to the SnO2 and TiO2 monolayered films, due to the large surface area and capillary 
nanopores. At higher relative humidity, the water vapors adsorbed on the nanostructured-
bilayered film having nano-sized grains and capillary nanopores enhance the electrolytic 
conduction as well as the protonic conduction by permitting capillary condensation of water 
molecules within the pores [37, 38, 40].  
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4. CONCLUSIONS 
 
Nanostructured SnO2:TiO2 composite and bilayered thin films were prepared using a sol-

gel process by spin coating onto the alumina substrate and investigated for the application as 
a new humidity sensor. Nanostructured SnO2 and TiO2 monolayered thin films were also 
synthesized in identical manner for direct comparison. The films possess nano-sized grains 
and nanoporous structure, which facilitate the adsorption process of water vapors. The TiO2-
20 wt.% SnO2 composite film exhibits the highest sensitivity for the humidity, which shows 
over three orders change in the resistance during the relative humidity variation of 30 to 90%. 
The SnO2:TiO2 bilayered films exhibit better linearity with narrower hysteresis loop in the 
resistance variation for relative humidity than the SnO2 and TiO2 monolayered films. In 
particular, the SnO2/TiO2 bilayered film shows high sensitivity with nearly three orders 
change in the resistance during the relative humidity variation of 30 to 90%. A humidity 
sensor with high sensitivity and good linearity could be developed from low-cost SnO2:TiO2 
composite and bilayered films prepared by sol-gel spin-coating method.  
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ABSTRACT 
 
The main objectives of the present work were to synthesize zinc oxide powder, to 
investigate its photocatalytic activity and to compare its activity with that of the present 
day state-of-the-art commercial semiconductor oxide photocatalyst powders. The work 
was focused mainly on the synthesis of zinc oxide powder for the degradation of organic 
and inorganic pollutants. Commercial zinc oxide powder shows low photocatalytic 
activity for degradation of organic and inorganic pollutants as it contains many defect 
structures, which enhance the  recombination rate of generated electron-hole pairs 
responsible for redox reactions during photocatalytic experiments. 
To obtain high purity zinc oxide powder free of defects, a new self-propagating process 
initiated at low temperature using redox compounds and mixtures in solution was 
investigated. The process makes use of highly exothermic redox chemical reactions 
between metals and non-metals. The method is referred to as the “solution-combustion 
method (SCM). Different zinc oxide powders were synthesized using a number of 
oxidants and fuels (reductants) in various proportions using the SCM. The formed zinc 
oxide powders were analyzed using different powder characterization techniques such as 
SEM, TEM, BET, XRD, and PL spectra measurements. SEM and TEM revealed the 
formation of uniform particle size in the nanometer range. As-synthesized primary 
particles were as small as 30 nm in size and the specific surface area of the nanopowder 
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was about 120 m2/g. Single phase was confirmed by XRD and PL spectra revealed the 
defect-free nature and high UV light absorption capacity of the synthesized nanopowder. 
The photocatalytic performance of the synthesized nanopowder was evaluated to remove 
organic pollutants and metal ions from aqueous solutions in a batch-type reactor. Other 
photocatalyst powders such as state of the art commercial ZnO (Junsei, Japan), 
commercial titanium dioxide powder (P-25 TiO2, Degussa, Germany) and titanium 
dioxide powder prepared by homogeneous precipitation process at low temperature 
(HPPLT TiO2) were also used in duplicate experiments to compare their degradation and 
removal rates. In all cases, the SCM ZnO nanopowder showed a much higher rate of 
degradation of phenol and removal rate of metal ions than that other photocatalyst 
powders. 
Photocatalysis is a surface phenomena and the method of preparing the photocatalyst 
powder determines its efficiency. Here, all the characteristics of the obtained powder 
such as nanometer size, very high surface area, defect-free nature, and high UV 
absorption capacity have played a positive role in enhancing its efficiency in 
photocatalytic reactions. 
 
 

1. INTRODUCTION 
 

1.1. Zinc Oxide 
 
Zinc oxide (ZnO) is a wide direct bandgap II-VI semiconductor that has a Wurtzite 

structure. Its significant applications include varistors, phosphors, pigment material, rubber 
additive, gas sensor, photocatalyst, etc. [1,2]. It is optically transparent in the visible region 
and electrically conductive with appropriate dopants. Therefore, this material is used as 
transparent conducting electrodes for displays and solar cells [3,4]. With a particle size in the 
nanometer range, it has proven to be an excellent UV absorbing material that can be used in 
sunscreen lotions [5]. 

The minimum value of bandgap energy stated in literatures is 3.1 to 3.3 eV [6]. This high 
bandgap makes ZnO highly suitable for optical applications. The recent development of thin-
film fabrication techniques now allows the growth of large single crystals, which, essential 
for optical devices, demands high quality materials. There have been reports on the 
construction of blue laser diodes based on ZnO and of electrodes for solar cells and flat panel 
displays [7, 8]. The reactivity of the surfaces for methanol synthesis and other catalytic 
processes has been utilized on an industrial scale. 

 
 

1.2. Crystal Structure of Zinc Oxide 
 
ZnO crystallizes in a hexagonal wurtzite structure in which the oxygen atoms are 

arranged in a hexagonal close-packed (HCP) type of lattice with zinc atoms occupying half 
the tetrahedral sites. The Wurtzite structure in figure 1.1 can be described as two HCP 
lattices, which are inserted into each other. The O-lattice is displaced a fraction 0.38 of the 
unit cell height in the c-direction with respect to the Zn- lattice. All atoms in ZnO have 
tetrahedral coordination with four nearest neighbors of the opposite type. This means that 
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close packed planes of Zn- and O- are stacked along the c-axis in the cell, forming a polar 
crystal with the polarization in this direction. The mean lattice constants are a = 3.250 Å and c 
= 5.206 Å, which depend slightly on stoichiometry deviation. The c/a ratio of 1.602 is a little 
less than the ideal value of 1.633. The Zn-O distance is 1.992 Å parallel to the c-axis and 
1.973 Å in the other three directions of the tetrahedral arrangement of the nearest neighbors 
[6]. 

Zn

O

z

y

x

 
Figure 1. The unit cell of ZnO (hexagonal wurtzite). 

 
 

1.3. Electronic Structure of Zinc Oxide 
 
The Zn-atoms in ZnO to a large extent have donated its two 4s-valence electrons to their 

neighboring O-atoms; however, there is a significant delocalized charge between the atoms, 
consequently giving ZnO a mixed ionic-covalent character. According to the Phillips ionicity 
scale, ZnO is therefore on the borderline between an ionic and a covalent crystal. This mixed 
ionic-covalent character is probably one reason for the difficulties that have occurred in 
determining the electronic structure of ZnO. The bandstructure of the Wurtzite-phase of ZnO 
has been investigated [6]. ZnO has a wide direct optical band gap at near 3.3 eV. 
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1.4. Scope of This Work 
 
The main scope of the present work was: 
 

1. to investigate a new method of synthesizing oxide powders referred to as  the 
‘solution-combustion method’ 

2. to synthesize zinc oxide (ZnO) powder by the solution-combustion method 
3. to determine the effectiveness of the synthesized powder in the photocatalytic 

oxidation of organic pollutants in aqueous solution 
4. to determine the effectiveness of the synthesized powder in the photocatalytic 

reduction of metal ions in aqueous solution, and 
5. to compare the photocatalytic activity of the synthesized powder with that of 

other state-of-the-art photocatalyst powders like titanium dioxide powder (P-25 
TiO2; Degussa, Germany ) 

 
 

2. SYNTHESIS OF ZNO NANOPOWDER 
 

 2.1. Background 
 
When ZnO is irradiated with UV light of appropriate energy greater than its bandgap, 

highly mobile electron-hole pairs can be generated. These carriers then migrate to the surface 
and in turn are trapped by reactants adsorbed on the surface, giving rise to powerful redox 
chemistry [9]. Therefore, ZnO has attracted interest as a photocatalyst, especially, in the 
degradation of environmental pollutants [10-12]. It has almost the same bandgap energy as 
titanium dioxide (TiO2). Thus its photocatalytic activity is predicted to be similar to that of 
TiO2. But the research carried out to realize its full potential as a semiconductor photocatalyst 
is limited [13-17]. 

Chemical methods have shown several distinct advantages for the synthesis of nanophase 
particles [18]. Several chemical methods for the synthesis of zinc oxide have been reported 
(e.g., preparations of fine zinc oxide by means of spray pyrolysis, sol-gel technique, vapor 
method and thermal decomposition [19-23]). The synthesis of zinc oxide through 
precipitation of organic solutions has also been reported [24]. However, the characteristics of 
zinc oxide synthesized by these methods revealed that it was not good enough to used as a 
photocatalyst compared to other materials such as TiO2. That is the reason for the use of TiO2 

as a photocatalyst. 
One innovative technique for synthesizing fine ceramic powders with good homogeneity 

is ‘combustion synthesis’. This technique offers added advantages over alternatives, such as a 
simple experimental set-up, the surprisingly short time between preparing the reactants and 
obtaining the final product, and the savings in external energy consumption [25-31]. The 
combustion synthesis technique begins with combining reactants that oxidize easily, (eg., 
nitrates) and a suitable organic fuel (like glycine, urea, carbohydrazide) that acts as a reducing 
agent. The mixture is brought to boil until it ignites and a self-sustaining and rather fast 
combustion reaction occurs, resulting in a dry, crystalline and unagglomerated, fine oxide 



Synthesis of ZnO Nanopowder by Solution Combustion Method… 

 

133

powder. The large amount of gases formed can result in the appearance of flames, which can 
reach temperatures that exceed 15000C. 

In combustion synthesis, the energy released from the exothermic reaction between the 
nitrates and the fuel, which is usually ignited at a temperature much lower than the actual 
phase transformation temperature, can rapidly heat the system to a high temperature and 
sustain it long enough for the synthesis to occur, even in the absence of an external heat 
source.  

The combustion synthesis technique is based on the thermochemical concepts used in the 
field of propellants and explosives. Self-propagating combustion reaction occurs when 
explosives are ignited. 

The need for a clear indication of the effective constitution of a fuel-oxidizer mixture led 
Jain et al. to devise a simple method of calculating the oxidizing to reducing character of the 
mixture [32]. Stoichiometry of the metal nitrate and fuel mixture can be calculated based on 
the total oxidizing and reducing valency of the oxidizer and the fuel, which serves as a 
numerical coefficient for the stoichiometric balance so that the equivalence ratio (φe) is equal 
to unity and the energy released is maximum. As an example, the oxidizing valence of zinc 
nitrate is –10, while the reducing valence of carbohydrazide is +8 and that of glycine is +9. 
Hence, 1 mole of zinc nitrate requires 1.25 moles of carbohydrazide or 1.11 moles of glycine 
to keep the equivalence ratio (φe) unity. 

In a typical combustion synthesis, a pyrex dish containing an aqueous redox mixture of 
stoichiometric amounts of zinc nitrate and glycine is heated on a hot plate inside a chamber. 
The solution boils and froths, followed by the appearance of flame yielding a voluminous 
product. 

 
 

2.2. Experiment 
 
Zinc hydroxide powder [Zn(OH)2, Junsei (Japan)] or zinc nitrate powder [Zn(NO3)2 

6H2O, 3N, High purity chemicals lab.(Japan)] was used as the starting material. Glycine 
[H2NCH2COOH, Yakuri pure chemicals co. Ltd (Japan)] or carbohydrazide 
[H2NNHCONHNH2, Aldrich (USA)] was used as the fuel. Here, the zinc hydroxide powder 
was dissolved in nitric acid before use, forming zinc nitrate. The starting material (zinc nitrate 
or zinc hydroxide dissolved in nitric acid) was dissolved in distilled water in a beaker, and 
fuel (glycine or carbohydrazide) was added to the starting material solution. The solution 
mixture was then heated on a hot plate while being stirred. As the distilled water evaporated, 
the solution became viscous and generated small bubbles. The viscous solution was then 
transferred to another stainless steel beaker and heated inside a chamber for ignition (fig. 2). 
The nitrate group (NO3

-) reacted with the fuel and formed highly explosive CO(N3)2 [33]. At 
this point, the temperature rose to 1500−1800°C instantaneously with flame and combustion. 
This intense heat resulted in instantaneous high pressure, which led to an explosion. The ZnO 
powder was formed in this high temperature and pressure environment. At this point the 
powder was gathered by the collector, and placed above the beaker. The powder was annealed 
for one hour at 4000C. 

X-ray diffractometer (XRD) was used to confirm the crystalline phase of the synthesized 
ZnO powder. A scanning electron microscope (SEM) was used to investigate the average 
particle size and shape. Specific surface area of the powder was measured by the brunauer 
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emett teller (BET) method. Fluorospectrometer (SIM-AMINCO) was used to measure 
photoluminescence (PL) emission values as a function of wavelength. Different ZnO powders 
were synthesized, changing the amount of carbohydrazide. 
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Figure 2. Schematic diagram of the SCM ZnO synthesis apparatus 

 
 

2.3. Results and Discussion 
 
The crystalline phases of the powders were confirmed by the XRD patterns shown in 

fig.3. When the molar ratio of fuel (carbohydrazide) to oxidant (zinc hydroxide dissolved in 
nitric acid) was 0.8 or 1.0, XRD patterns showed that the synthesized ZnO powders were not 
single phase ZnO but a mixture of materials including the remainders of an incomplete 
combustion. XRD patterns showed that peaks of single phase ZnO started to form only when 
the molar ratio of fuel to oxidant was higher than 1.2. At the molar ratio of 1.333, single 
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Figure 3. XRD patterns of ZnO powders synthesized using carbohydrazide and zinc hydroxide 
(dissolved in nitric acid) with different molar ratios (F: fuel and O: oxidizer). 

 
 

 phase ZnO was completely formed. The ratio of 1.333 is the ratio in which the reaction 
formula forms complete CO(N3)2 from the reaction between nitrate group and 
carbohydrazide. Similar results were obtained up to the molar ratio of 1.6, a case of fuel 
excess. During the combustion reaction in the reaction chamber, the degree of explosion 
appeared to be similar even though the ratio was increased. However, it showed a slightly 
higher degree of explosion when the molar ratio exceeded 1.4. When the molar ratio was 
lower than 1.2, carbohydrazide was completely consumed with the nitrate group partially 
remaining. This resulted in a mixture of materials rather than single phase ZnO. The intensity 
of the peaks was inconsiderable even though the peaks of single phase ZnO were detected. At 
the molar ratio of 1.333, the fuel (carbohydrazide) and oxidant (nitrate group) were 
completely consumed to form highly explosive CO(N3)2. In the case of fuel excess(molar 
ratio higher than 1.4), the remaining fuel decomposed and evaporated in the air. 

Figure 4 shows XRD peaks of ZnO powders synthesized using glycine instead of 
carbohydrazide as a fuel. Generally, using glycine as a fuel, oxide powders are synthesized 
adding the fuel in equilibrium (oxidant: fuel = 1), fuel lean or fuel rich states considering the 
degree of explosion during self-combustion, based on the calculation of oxidation number for 
oxidant and fuel. Five different ZnO powders were synthesized with varying fuel/oxidant 
molar ratios (F/O=0.75~1.3). It is easy to obtain single-phase ZnO powder regardless of the 
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fuel/oxidant ratio. Especially the ZnO powder with a fuel/oxidant molar ratio of 0.8 showed 
highest XRD peaks that indicate best crystalline quality. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. XRD patterns of ZnO powders synthesized using glycine and zinc hydroxide (dissolved in 
nitric acid) with different molar ratios (F: fuel and O: oxidizer). 

 
Table 1 shows the average size of ZnO particles synthesized by SCM with various 

starting materials and fuels. The average particle size determined from SEM images is shown 
in fig. 5 and 6. Here, the particle size was greatly depended on the types of oxidants and fuels 
used during synthesis. 

 
Table1. Average Particle Size of ZnO Powders Synthesized by SCM Using Various 

Starting Materials and Fuels 
 

            Starting Materials 
 
Fuels Zn(NO3)2·6H2O Zn(OH)2 

Carbohydrazide 320 nm 110 nm 

Glycine 125 nm 30 nm 
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Figure 5. SEM photographs of ZnO powders synthesized by SCM using 
(a) Zn(NO3)2⋅6H2O and carbohydrazide, (b) Zn(OH)2 and carbohydrazide, 
(c) Zn(NO3)2⋅6H2O and glycine and (d) Zn(OH)2 and glycine. 

 
The difference in particle size was more than four fold depending on the oxidants and 

fuels used. Plate-like particles were obtained when carbohydrazide was used as a fuel. On the 
other hand, when using glycine as a fuel, the shape of the particles was spherical and their 
size uniform. The finest particles (30 nm), as shown in fig. 6, were obtained when Zn(OH)2 
and glycine (molar ratio: F/O=0.8) were used. In this case, Zn(OH)2 was dissolved in nitric 
acid solution to form zinc nitrate. There would have been more NO3

- groups in the solution 
than the case of using zinc nitrate as the starting material. The NO3

- group acts as an igniter 
for the combustion. This probably means that more igniter is available for the combustion 
process. At this point it is not clear, but it may be considered that this is conductive to finer 
particle size. 

Table 2 shows the specific surface areas of the synthesized ZnO powders. The specific 
surface area depended on the types of oxidants and fuels. The largest specific surface area of 
the powder (120 m2/g) was obtained when glycine and zinc hydroxide at a molar ratio of 0.8 
were used to synthesize the ZnO powder. The difference in surface area depending on 
oxidants and fuels was about five fold. This result is consistent with the average particle size 
data. This confirms that smaller particle size results in larger specific surface area. 
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Figure 6. High magnification SEM photograph of fig.5(d) 

 
Table 2. Specific Surface Area of ZnO Powders synthesized by SCM Using Various 

Starting Materials and Fuels 
 

              Starting Material 
 
Fuel Zn(NO3)2·6H2O Zn(OH)2 

Carbohydrazide 19 m2/g 32m2/g 

Glycine 27m2/g 120 m2/g 

 
Figure 7 shows photoluminescence (PL) spectra of commercial ZnO powder (Junsei, 

Japan) and ZnO powders synthesized by SCM with different glycine/zinc hydroxide molar 
ratios. As shown in the figure, commercial ZnO powder showed two peaks: one is in the 
vicinity of 500 nm, and the other one is near 400 nm. The peak near 500 nm was probably 
from the energy transition between oxygen vacancy level and Zn vacancy level. The UV peak 
near 400 nm might be from band to band transition. However, ZnO powder synthesized by 
SCM showed only one sharp peak near 390 nm that was slightly shifted to UV side. This 
peak is equivalent to the energy gap of ZnO (~ 3.2 eV). These results indicate that the ZnO 
powder synthesized by SCM did not show defect energy levels inside the energy gap. The 
defects were probably annealed out as a result of the high temperature during the synthesis 
process. Again, the powder showed higher PL intensity at UV than the commercial ZnO 
powder. Especially, ZnO powder with the fuel/oxidant molar ratio of 0.8 showed highest PL 
intensity  

200 nm 100000 X 
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at UV. The intensity was almost three fold higher than that of the commercial ZnO powder 
given the same wavelength. This suggests that SCM ZnO powder absorbs much more UV 
light than the commercial ZnO powder. 

 
Figure 7. Photoluminescence (PL) spectra of commercial ZnO (Junsei, Japan) and ZnO 
nanopowders synthesized by solution combustion method with different molar ratios of 
glycine and zinc hydroxide (F/O) 

 
 

2.4. Summary 
 
Nano-sized single-phase ZnO powders could be easily obtained using SCM regardless of 

starting materials and fuels. However, the particle size of the synthesized ZnO powders 
greatly varied, depending on the selection of oxidants and fuels. The particle size difference 
was more than four fold. Especially, the use of glycine and zinc hydroxide (molar ratio: 
F/O=0.8), the synthesized ZnO powder showed the best powder characteristics, such as an 
average particle size of 30 nm and specific surface area of 120 m2/g. 

Preparation methods affect surface properties such as surface defect levels. Generally, it 
is known that the smaller particle size results in more surface defects. In the above case (SCM 
ZnO), however, the level of surface defects seemed to be minimized even though the powder 
was synthesized in nano-size. The surface defects might have been annealed out on short 
exposure at high temperature, which reaches up to 1500- 1800 0C during synthesis. 
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3. REMOVAL OF METAL IONS FROM WASTEWATER 
 

3.1. Recovery of Ag ions from wastewater 
 

3.1.1. Background 
Photocatalytic processes involving aqueous suspensions of semiconductors have received 

considerable attention in view of solar energy conversion [34, 35]. Recent studies mainly 
concentrate on environmental problems such as purification of contaminated water or air [36-
38]. Semiconductors for photocatalytic reactions should have conditions such as high 
photoactivity, high photostability, high sensitivity for UV-visible light and low fabrication 
cost. There is an ample interest in wide band gap oxide semiconductors and ease of handling 
[39-43].  

ZnO is an important material in various fields of applications. For photocatalysts, ZnO is 
an n-type semiconductor that has a wide band gap of 3.2 eV. When ZnO is irradiated by light 
with greater energy than the ZnO band gap, electron-hole pairs are generated in the 
conduction and valence bands of the semiconductor, respectively. These charge carriers 
migrate to the semiconductor surface and have suitable redox potentials. 

It is known that nano-particles have different physical and chemical properties compared 
to bulk materials. High catalytic activity is expected from their large surface area and 
different surface properties such as surface defects [44, 45]. 

In this work, synthesis of ZnO powder was investigated to obtain semiconductor particles 
smaller than 30 nm for photocatalytic applications. Two methods, a vapor method and a sol-
gel method, are generally being used to obtain ZnO nanopowders. In the case of the vapor 
method, the resulting powders are agglomerated rather than separated because it is very 
difficult to control the reaction condition during the process. Therefore, this method is not 
recommended for obtaining nano-sized ZnO powders. In contrast, the sol-gel method results 
in uniform ZnO powders. However, strict control of the reaction condition is necessary 
because of its violent hydrolysis reaction in air during synthesis. In addition, the material cost 
for this method is high. For this reason, the sol-gel method is not commercialized but is 
utilized in small laboratory scale only [46, 47]. 

Park et al. proposed the SCM for preparing of ceramic powders [48-50]. In this process, 
by heating mixture solution containing the oxidant (source material) and fuel, there is an 
ignition, instantaneously producing high temperature and pressure by explosion. This 
instantaneous high temperature and pressure lead to the formation of very fine sized and high 
quality oxide ceramic powders. In this work, ZnO nanopowders were synthesized by this 
SCM process and used to recover Ag ions from wastewater. 

 
3.1.2. Experiment 

Photocatalytic activity of the synthesized ZnO powder was then confirmed by removing 
Ag ions from a waste development solution that contained them. Ag recovery rate was 
measured as photocatalytic efficiency. For this, water was used as a solvent for the waste 
development solution. The light source for the photocatalytic reaction was a UV lamp (6 W, 
maximum energy at 365 nm). The remaining Ag ion concentration was determined by atomic 
absorption spectrophotometer (Model 5100 PC, Perkin-Elmer). 
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3.1.3. Results and Discussion 
Figure 8 shows photoluminescence (PL) spectra of state of the art, commercial ZnO 

(Junsei, Japan), HPPLT (Homogeneous Precipitation Process at Low Temperature) TiO2, 
commercial state of the art TiO2 (P-25 Degussa, Germany) and ZnO powders synthesized by 
SCM with different glycine/Zn(OH)2 ratios. Figure 9 represents the energy band diagram of 
the commercial, state of the art ZnO powder. The peak near 500 nm can be attributed to the 
energy transition between O vacancy level and Zn vacancy level. The UV peak near 400 nm 
might be from band to band transition. However, the SCM ZnO nanopowder showed only 
one sharp peak near 390 nm that was slightly shifted to the UV side. This peak is equivalent 
to the energy gap of ZnO (~ 3.2 eV). These means that the SCM ZnO nanopowder did not 
show defect energy levels inside the energy gap. The defects were probably annealed out 
from the high temperature during the synthesis process. The SCM ZnO nanopowder showed a 
UV absorption that is threefolds than that of other ZnO and TiO2 powders.  
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Figure 8. Photoluminescence (PL) spectra of commercial state of the art ZnO (Junsei, Japan), HPPLT 
TiO2, commercial state of the art TiO2 (P-25 Degussa, Germany) and the SCM ZnO powders 
synthesized with different glycine/Zn(OH)2 ratios. 

 



Sung Park, Jae-Chun Lee and Ju-Hyeon Lee 142 

 
Figure 9. Schematic diagram of ZnO energy band gap and defect energy levels. 

 
As mentioned above, results from XRD (fig. 4) and PL measurements led to select the 

ZnO powder with glycine/Zn(OH)2 ratio of 0.8 for this Ag recovery experiment. To confirm 
the photocatalytic characteristics, there were attempts to remove Ag ions from waste 
development solution. Figure 10 shows the Ag recovery rate of commercial state of the art 
ZnO (Junsei, Japan), HPPLT TiO2, commercial state of the art TiO2 (P-25 Degussa, 
Germany) and ZnO powders synthesized by SCM. Here, state of the art commercial ZnO 
powder did not show detectable photocatalytic reaction while ZnO powders synthesized by 
SCM showed remarkable photocatalytic reactions. Especially, the powder synthesized using 
Zn(OH)2 and glycine completely removed the Ag ions within 15 min. This Ag recovery rate 
is at least 3 folds higher than that of photocatalytic powders including HPPLT TiO2 and 
commercial state of the art TiO2 (P-25 Degussa, Germany). These results were strongly 
supported by the PL measurement data as mentioned above. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Ag recovery rate by photocatalytic reaction of commercial state of the art ZnO (Junsei, 
Japan), HPPLT TiO2, commercial state of the art TiO2 (P-25 Degussa, Germany) and the SCM ZnO 
powders synthesized with glycine/Zn(OH)2 ratio of 0.8. 
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3.1.4. Summary 
Surprisingly, the Ag ions in the waste development solution were completely removed 

within just 15 mins when the ZnO powder was used for photocatalytic reaction. This result 
confirms the outstanding photocatalytic characteristics of ZnO powder synthesized using 
SCM. The Ag recovery rate with the ZnO powder was at least 3 times higher than that of 
commercial state of the art photocatalytic powders including ZnO and TiO2. This result 
strongly correlated with PL measurement data showing that the PL intensity of the ZnO 
powder was 3 times higher than that of the commercial state of the art TiO2 powder. The high 
quality of the ZnO powder might be due to the fact that the high temperature, generated 
during SCM removed any defects.  

To the author’s knowledge, photocatalytic Ag removal from actual waste development 
solution (not simulated solution) has not been reported. The ZnO powder synthesized by 
SCM could be utilized for high efficiency photocatalytic reaction, UV-blocking cosmetics 
and other UV-related areas. 

 
 

3.2. Removal of Cu++ Ions from Aqueous Cu-EDTA Solution  
 

3.2.1. Background 
Heterogeneous photocatalysis has been under extensive research not only for the removal 

of non-degradable organic chemicals like phenol [51-55] and its derivatives, but also for the 
recovery of heavy metal ions from waste water. The process has many advantages like simple 
system, lower operating cost and formation of more stable byproducts in the environment as 
compared to the conventional processes such as precipitation, carbon adsorption, ion 
exchange, membrane separation, air stripping, etc.used for degradation of organics, and for 
either disposal or recovery of metal ions in waste water [56]. 

Metal ions are generally non-degradable. They have infinite lifetimes, and build up their 
concentrations in food chains to toxic levels. In recent years, an array of industrial activities 
has disrupted the geological equilibrium of metal ions through release of large quantities of 
toxic metal ions into the environment. Again, the demand for metals increases significantly 
with the development of industry. Thus, waste metal recovery has the potential 
simultaneously to resolve two issues: metal pollution prevention and resource conservation. 

The reduction of metal ions with semiconductor photocatalysis couples low-energy UV 
light with semiconductor particles acting as catalyst and is based on the reduction by 
photogenerated electrons. The metals are deposited onto the surface of semiconductor 
photocatalyst powder, and can be extracted from the slurry by physical and/or chemical 
means. 

If the size of the photocatalyst powder decreases and reaches nano level, then its surface 
properties change as the ratio of the surface molecules with the bulk molecules increases 
simultaneously. This leads to the easy diffusion of the conduction band electrons and valence 
band holes through the surface to rapidly react with decomposing materials [57]. When the 
particle size is smaller than the wavelength of the incident light, light scattering is negligibly 
small. Thus, the nano-sized photocatalyst particles have the additional advantage of providing 
a transparent solution for efficient photoredox processes. 

Titanium dioxide is the most used semiconductor photocatalyst powder these days and it 
has become nearly synonymous to the best photcatalyst powder. Our group is investigating 
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the substitute of titanium dioxide and working on zinc oxide, another potential semiconductor 
photocatalyst. In this work, we report the comparative results of the reduction rates of copper 
ions in aqueous solution using the zinc oxide photocatalyst powder prepared in our laboratory 
and two different titanium dioxide photocatalyst powders. 

 
3.2.2. Experiment 

ZnO nanopowder was synthesized by the solution-combustion method as described 
above. For the purpose of comparing photocatalytic removal rates, P-25 titanium dioxide 
powder (Degussa, Germany) was purchased while the TiO2 powder using homogeneous 
precipitation process at low temperature (HPPLT) was prepared following the synthesis 
method given in reference [58].  

XRD and TEM were used to confirm the crystalline phase and particle size and shape 
respectively. The powder was then used as a photocatalyst for the removal of metal ions from 
aqueous solution. The reaction was carried out in a 100 ml batch-type quartz reactor with a 
diameter of 37 mm and height of 120 mm. A high-pressure mercury arc lamp was used as an 
external UV source. 52 ppm aqueous Cu-ethylenediaminetetraacetic acid (EDTA) solution 
was prepared by complexing 1:1 molar Na2EDTA (Aldrich), the sacrificial donor agent [59-
61] and reagent grade copper nitrate [Cu(NO3)2] (Aldrich) in distilled water. 3.0 g/L of the 
photocatalyst powder was mixed in the Cu++ solution and mixed ultrasonically for 5 minutes 
and left for half an hour in the dark for adsorption/ desorption equilibrium, stirring it 
magnetically. Then the UV light was turned on for the photocatalytic reaction. The 
concentrations of Cu++ ions remaining in the solution during different time intervals were 
detected with an AA spectrophotometer (Perkin-Elmer 5100 PC). Before the metal ions were 
dectected, the solution was passed through a syringe filter having pore size of 0.2㎛ for the 
removal of photocatalyst particles. TEM (JEOL JEM-4010, 200 kV) equipped with an 
energy-dispersive x-ray spectrometer (EDS) was used for analyzing the composition and 
shape of the respective photocatalyst-metal complexes containing metal that had been 
removed by the photoreduction reaction from the aqueous solutions. 

 
3.2.3. Results and Discussion 

Single-phase zinc oxide powder was obtained from the above experiment. Authors had 
selected two other semiconductor photocatalyst powders for the purpose of evaluating their 
efficiency in removing Cu++ ions from its aqueous solution in similar conditions and 
comparing the efficiency with the SCM prepared ZnO nanopowder. P-25 TiO2 powder and 
HPPLT TiO2 powder were selected for this purpose. P-25 powder is a commercially available 
photocatalyst powder and it has become one of the standard powders in photocatalytic 
experiments. In fact, many researchers have tried to compare other photocatalyst powders 
using it as a standard photocatalyst powder [62]. Lee et al. [58] has claimed that the HPPLT 
TiO2 powder had 1.5 folds faster removal rate of Cu++ ions and Pb++ ions than P-25 powder. 

The P-25 TiO2 powder was a mixture of 70% anatage and 30% rutile phases having 
specific surface area of 55 m2/g. The HPPLT TiO2 powder was purely rutile phase powder 
with the specific surface area of 180-200 m2/g, while the SCM ZnO powder was a single 
phase powder having the specific surface area of ~120 m2/g. 

Figure 11 shows the results of removal of Cu++ ions using different photocatalyst 
powders (SCM ZnO, P-25 TiO2, and HPPLT TiO2) from the aqueous metal-EDTA solution 
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with an initial Cu++ concentration of 52 ppm. For convenience, the concentrations at 0 and 1 
minutes of irradiation indicate the initial concentration and the equilibrium concentration of 
Cu++ ions after stirring the solution magnetically in the dark for half an hour, respectively. 
Complete removal of Cu++ ions from the solution was observed within the UV irradiation 
time of 90 minutes using SCM ZnO powder. As for the other two powders, however, 
complete removal of the ions could not be observed within the reaction time of 180 minutes. 
From this result, we could confirm that the Cu++ ions removal efficiency of SCM ZnO 
powder was at least twice the efficiency of other photocatalyst powders investigated. 
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Figure 11. Comparison of Cu++ ions removal effeciency of differentphotocatlayst powders from the 
aqueous Cu-EDTA solution. 

 
Figure 12 shows the TEM images of all the photocatalyst powders investigated after the 

photcatalysis experiments. In the images copper lumps can be clearly seen in SCM ZnO 
powder and on the surface edges, of HPPLT TiO2 powder, but the lumps are larger in the 
former case. On the other hand, the copper lumps are small and sparse in the agglomerated P-
25 powder. These results are also in agreement with the above results. The highest efficiency 
of the SCM ZnO powder among the above-investigated powders is attributed to its highest 
UV absorption capacity, which could be confirmed by the PL spectra.  
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Figure 12. TEM images of different photocatalyst powders, showing lumps of copper on their surfaces, 
taken after the experiment. (a) HPPLT TiO2 powder, (b) P-25 TiO2 powder, and (c) SCM ZnO powder, 
in the figures: number1 represents the respective powder while number 2 represents the copper lumps. 

 
3.2.4. Summary 

To the best of our knowledge, this is the first time that such a fast removal of Cu++ ions 
from aqueous solution using photocatalyst powder has been reported. Zinc oxide nanopowder 
seems far more efficient than other photocatalyst powders like P-25 TiO2 powder for 
removing  toxic metal ions from solutions.  

 
 

3.3. Removal of Pb++ Ions from Aqueous Wastewater  
 

3.3.1. Background 
Heterogeneously dispersed semiconductor surfaces provide an environment for 

influencing the chemical reactivity of a wide range of molecules and serve as a means to 
initiate light-induced redox reactivity in these molecules. The semiconductor surfaces 
basically are of the oxides of titanium, zinc, and tin. Upon photoexcitation of such surfaces, 
simultaneous oxidation and reduction reactions occur. The incident light that initiates this 
sequence is in the visible or low-energy ultraviolet regions of the spectrum. Investigations in 
the field began in order to develop photochemical and photocatalytic methods for utilizing the 
solar energy, widening the applications in chemical and environmental technologies [63]. 
Recent studies mainly focus on environmental problems such as purification of contaminated 
water and air [64, 65]. 

At a certain concentration, lead is a health hazard to both humans and animals and exerts 
its most toxic effects on the nervous system and kidneys. It is not biodegradable and cannot 
be decontaminated chemically in an aquatic environment. However, it can be removed by 
photocatalytic methods [66-68] 

Titanium dioxide is the most widely used semiconductor photocatalyst powder as of now. 
Our research group is investigating the substitute of titanium dioxide and working on zinc 
oxide, another potential semiconductor photocatalyst. In this work, we report the comparative 
results of the reduction rates of lead ions in aqueous solution using SCM ZnO powder and 
two other different titanium dioxide photocatalyst powders.  
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3.3.2. Experiment 
ZnO nanopowder was prepared by the solution-combustion method described above. 

Other photocatalyst powder, titanium dioxide (TiO2, P-25), was purchased from Degussa, 
Germany and rutile TiO2 powder was prepared by HPPLT. 

XRD spectra of all the photocatalyst powders were taken to confirm their crystalline 
phases. At the same time, SEM images of the two synthesized powders were captured to 
observe their particle shape and size. The powders were then used as photocatalysts for 
removing metal ions from the aqueous solution. The reaction was carried out in a 100 ml 
batch-type quartz reactor with the diameter of 37 mm and height of 120 mm (fig.13.). A high-
pressure mercury arc lamp was used as an external UV source. 150 ppm aqueous lead-
ethylenediaminetetraacetic acid (Pb-EDTA) solution was prepared by complexing 1:1 molar 
Na2EDTA (Aldrich, USA), the sacrificial donor agent [69] and reagent grade lead nitrate 
[Pb(NO3)2] (Aldrich, USA) in distilled water. 3.0 g/L of the above-prepared ZnO nanopowder 
was mixed in the Pb-EDTA solution and it was mixed ultrasonically for 5 minutes. The 
mixture was then stirred magnetically in the dark for half an hour for adsorption/ desorption 
equilibrium. UV light was then turned on for the photocatalytic reaction. The concentration of 
Pb++ ions remaining in the solution during different time intervals was detected with an AA 
spectrophotometer (Perkin-Elmer 5100 PC). Before the metal ions were dectected, the 
solution was passed through a syringe filter having a pore size of 0.2㎛ to remove  
photocatalyst particles. The same experiment was repeated for two types of photocatalyst 
powders (P-25 TiO2 and HPPLT TiO2). TEM (JEOL JEM-4010, 200 kV) equipped with an 
energy dispersive x-ray spectroscope (EDS) was used to analyze the composition and shape 
of the respective photocatalyst-metal/ metal oxide complexes after the photoreduction of lead 
(II) ions from the aqueous solutions. 
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Figure 13. Schematic diagram of recirculating-cylindrical batch type reactor 
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3.3.3. Results and Discussion 
As shown in fig. 14, the XRD patterns of P-25 TiO2 showed anatage and rutile phases; 

however, the HPPLT TiO2 powder showed only the rultile phase. Figure 15 shows the TEM 
image of HPPLT TiO2 powder. It shows the chestnut burr shaped powder having a grain size 
of 200-400 nm. The grains are made up of needle-shaped primary particles having a diameter 
of 3-7 nm and length of 20-30 nm. 
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Figure 14. XRD spectra of HPPLT TiO2 and P-25 TiO2 powders 

 
The ZnO powder was then subjected to a photocatalytic experiment, which aims to 

remove heavy metal ions. Other two powders, P-25 TiO2 and HPPLT TiO2 were also 
subjected to similar experiments for the purposes of evaluating their efficiency in removing 
Pb++ ions from its aqueous solution in similar conditions and comparing the efficiency of the 
SCM prepared ZnO nanopowder. P-25 TiO2 is a commercially available photocatalyst powder 
and has become a standard photocatalyst powder in photocatalytic experiments. In fact, many 
researchers have tried to compare other photocatalyst powders by using it as a standard 
powder [62]. As mentioned above, the HPPLT TiO2 powder was claimed to have 1.5 folds 
faster removal rate of Cu++ ions and Pb++ ions than P-25 powder. 
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Figure 15. TEM image of HPPLT TiO2 powder 

 
Figure 16 shows the results of remaining Pb++ ions using different photocatalyst powders 

(SCM ZnO, P-25 TiO2, and HPPLT TiO2) from the aqueous Pb-EDTA solution with an initial 
Pb++ concentration of 150 ppm. For convenience, the concentrations at 0 and 1 minutes of 
irradiation indicate the initial concentration and the equilibrium concentration of Pb++ ions 
after stirring the solution magnetically in the dark for half an hour, respectively. Complete 
removal of Pb++ ions from the solution was observed within the UV irradiation time of 20 
minutes using SCM ZnO powder. For the other two powders, however, it took almost 60 
minutes in similar conditions to completely remove the lead ions with P-25 TiO2 . The 
HPPLT TiO2 took almost 40 minutes for the same. From this result, we could confirm that the 
Pb++ ions removal efficiency of SCM ZnO powder is at least twice the efficiency of other 
photocatalyst powders investigated. 
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Figure 16. Comparison of Pb++ ions removal effeciency of different photocatlayst powders from the 
aqueous Pb-EDTA solution 

 
Figure 17 shows TEM images of all the photocatalyst powders used after the 

photcatalysis experiments. In the images, platelet-shaped lead lumps (assigned with number 2 
in the figure) can be clearly seen in SCM ZnO powder and HPPLT TiO2 powder on the 
surface, with the lumps being larger in the former case. On the other hand, the lead lumps are 
small and sparse in the agglomerated P-25 powder. These results are also in agreement with 
the above results. The highest efficiency of the SCM ZnO nanopowder among the above-
investigated powders is attributed to its highest UV absorption capacity, which could be 
confirmed by the PL spectra. 
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Figure 17. TEM images of different photocatalyst powders, showing lumps of lead on their surfaces, 
taken after the experiment. (a) HPPLT TiO2 powder, (b) P-25 TiO2 powder, and (c) SCM ZnO powder, 
in the figures: number 1 represents the respective powder while number 2 represents the lead lumps 

 
3.3.4. Summary 

ZnO nanopowder (~30 nm) was synthesized and the powder used in the photocatalytic 
removal of lead ions. Its removal capacity was compared with that of another commercially 
available photocatalyst powder, P-25 TiO2. In our investigation, the zinc oxide nanopowder 
was far more active in removing lead ions from the aqueous lead-EDTA solution than the 
commercially available photocatalyst powder. The powder could be used in the efficient 
removal of heavy metal ions from aqueous waste. 

 
 

3.4. Recovery of Au Ions from Wastewater  
 

3.4.1. Background 
Conventionally, precipitation has been the method most often used to remove heavy 

metals. Of the few precipitation methods, hydroxide precipitation is the most widely used 
one. However, this method is problematic, since all metal hydroxides do not completely 
precipitate at a single pH. This means that all of the various metals present in the wastewater 
cannot be accounted for. This limitation makes researchers study photocatalysts. 

Photocatalysts have the unique capability of not only seperating and converting heavy 
metal ions from aqueous solution to their less toxic, readily recoverable metallic forms, but 
also destroying the toxic organic contaminants. Photocatalysis using titanium dioxide (TiO2) 
has been extensively studied for oxidation and is known to be effective in the destruction of 
organics. Work on photocatalytic metal removal has been much less extensive. A process that 
can remove metals and destroy organics at the same time would represent a significant 
breakthrough for the treatment of heavy-metal-contaminated waters. In addition, metals 
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deposited on the photocatalyst particle surface could be recovered. The particular aspect of 
being able to recover the heavy metals in metallic form minimizes the heavy metal toxicity 
and reduces the number of steps required for recovery. It was reported that metal ions such as 
lead, chromium, copper, silver and mercury could be removed/recovered from dilute aqueous 
solutions using TiO2. [70-100] However, few studies have been conducted to recover metal 
ions using ZnO since it is well-known that TiO2 is the best photocatalyst. [101] 

 In this study, ZnO nanopowder was prepared by a new “solution-combustion method 
(SCM)”. To confirm its applicability, our attempts to recover gold metal ions took place in 
real plating wastewater, not simulated wastewater. 

 
3.4.2. Experiment 

ZnO nanopowder was synthesized by the solution-combustion method as reported earlier. 
For the purpose of comparing photocatalytic recovery rates, TiO2 nanopowder (Degussa, 
Germany) was purchased. The powder was then used as a photocatalyst for removing metal 
ions from the aqueous solution. The reaction was carried out in a 100 ml batch-type quartz 
reactor with a diameter of 37 mm and height of 120 mm (fig.13). A high-pressure mercury arc 
lamp was used as an external UV source. Plating wastewater containing 60 ppm of gold ions 
was. 3.0 g/L of the photocatalyst powder was mixed in plating wastewater, and mixed 
ultrasonically for 5 minutes and left for 15min in the dark for adsorption/desorption 
equilibrium, stirring it magnetically. Then the UV light was turned on for the photocatalytic 
reaction. The concentrations of gold ions remaining in the plating wastewater during different 
time intervals were detected with an AA spectrophotometer (Perkin-Elmer 5100 PC). Before 
the detection of metal ions, the solution was passed through a syringe filter having pore size 
of 0.2 um to remove photocatalyst particles. A scanning electron microscope (SEM) was used 
to investigate the remaining materials after evaporation of water. An EDX (Energy Dispersive 
X-ray Spectrometer) was used to confirm the composition of the recovered materials. An 
optical microscope was also used to examine the recovered gold after removing the ZnO 
powder. 

 
3.4.3. Results and Discussion 

As shown in fig. 18, the photocatalytic reaction using SCM ZnO nanopowder shows that 
the gold ions were completely recovered after 45min of UV irradiation. However, the 
photocatalytic reaction using the state of the art commercial TiO2 (P-25 Degussa, Germany) 
shows that only 17% of the gold ions were recovered after identical treatment. The 
photocatalytic gold recovery efficiency of SCM ZnO nanopowder is about 6 fold higher 
compared to that of the state of the art commercial TiO2 nanopowder. Furthermore, when 
10% of methanol (CH3OH) was added to the solution, the gold ions were completely 
recovered after 30min of UV irradiation. Here the methanol acts as hole scavenger. This hole 
scavenger improved the photocatalytic efficiency by 33%. This is a surprising result. As well-
known, TiO2 is the best photocatalyst of its kind. 

As shown in fig. 19, large particles were observed after the photocatalytic reaction, but 
no particle was observed before it. Furthermore, the color difference was also observed. It 
was gold and gray before photocatalytic reaction. However, it showed a pure gold color after 
photocatalytic reaction. Figure 20 shows the schematic representation of above photocatalytic 
reaction. At first, the gold ions and ZnO nanopowders were mixed together (fig. 20(a)). Then 
the gold ions were adsorbed on the ZnO nanopowder surfaces (fig. 20(b)). Eventually, the 
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positive gold ions were reduced to neutral gold metal by receiving electrons that were 
generated on ZnO nanopowder surfaces by UV irradiation (fig. 20(c)). The SEM photograph 
of fig. 19(a) represents the state in which the gold ions and ZnO nanopowder were mixed 
together as shown in fig. 20(a). The SEM photograph of fig. 20(b) represents the state in 
which the gold ions were neutralized to gold metal on ZnO nanopowder surfaces as shown in 
fig. 20(c).  
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Figure 18. Au recovery rate by photocatalytic reaction of commercial ZnO (Junsei, Japan), commercial 
TiO2 (P-25 Degussa, Germany) and the SCM ZnO powders synthesized in this study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. SEM photographs (a) before and (b) after photocatalytic reaction 

2㎛ 5㎛
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(a) Au ion + ZnO (b) Adsorption (c) Photocatalytic reduction

ZnOAuAu ion

(a) Au ion + ZnO (b) Adsorption (c) Photocatalytic reduction(a) Au ion + ZnO (b) Adsorption (c) Photocatalytic reduction

ZnOAuAu ion

 
Figure 20. Schematic representation of photocatalytic reaction 

 
EDX measurement was performed to confirm if this recovered metal was gold. Figure 21 

showed weak gold peaks before photocatalytic reaction; however, it showed strong and sharp 
gold peaks after photocatalytic reaction. This suggests that photocatalytic reaction by SCM 
ZnO nanopowder produces gold particles from gold ions in solution. The calculation based on 
EDX measurement data showed that the purity of recovered gold was about 99.6% in 
weight% and 98.8% in atomic%. 

Finally, the optical photograph of the recovered gold powder was obtained. Figure 22 
clearly shows the recovered gold powders. The color is that of pure gold. 
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Figure 21. EDX patterns (a) before and (b) after photocatalytic reaction 

 

a) 

b) 
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Figure 22. Optical photograph of recovered Au after photocatalytic reaction 

 
3.4.4. Summary 

In this study, ZnO nanopowders were synthesized by SCM. The photocatalytic gold 
recovery efficiency of this SCM ZnO nanopowder was about 6 fold higher compared to that 
of state of the art commercial TiO2 nanopowder.  

The purity of recovered gold was about 99.6% in weight% and 98.8% in atomic%. 
Furthermore, the ZnO nanopowder method of synthesis and gold recovery process are very 
cost-effective. This technology is very viable in obtaining high purity gold from plating 
wastewater. 

Photocatalytic reactivity seems to depend on the preparation method of photocatalytic 
powders rather than the crystalline phase, specific surface area or even kinds of material. 
Preparation methods affect surface properties such as surface defect levels. Generally it is 
known that smaller particle size results in more surface defects. In the present SCM ZnO 
case, however, the level of surface defects seemed to be minimized even though the powder 
was synthesized in nano-size. This might be due to the high synthesis temperature that 
reaches about 1500-1800oC. 

 
 
4. DESTRUCTION OF ORGANIC POLLUTANTS IN WASTEWATER 

 
4.1. Background 

 
The term ‘heterogeneous photocatalysis’ is associated with the process occurring in the 

intrinsic absorption band of semiconductor oxide catalyst, basically the oxides of titanium, 
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zinc and tin. [103-105]. Investigations in the field began as a result of the demand for the 
development of photochemical and photocatalytic methods for utilizing solar energy, 
widening the application of photoinduced reactions in chemical and environmental 
technologies. Recent studies mainly concentrate on environmental problems such as 
purification of contaminated water and air. Semiconductors for photocatalytic reactions 
should have conditions such as high photoactivity, high photostability, and high sensitivity 
for UV-visible light and low cost for manufacture. Oxide semiconductors are getting much 
attention as they have a wide band gap energy and are easy to handle.  

These days nanoparticles are getting considerable attention, as they possess different 
physical and chemical properties compared to their bulk counterparts. Improved catalytic 
efficiency of the semiconductor system can be expected as the surface area and modified 
surface sites in such particles increase.  

In this work, the photocatalytic characteristics of the SCM ZnO nanopowder were 
investigated through the attempts at removing the total organic carbon (TOC) content from 
the aqueous phenol solution. 

 
 

4.2. Experiment 
 
ZnO nanopowder was synthesized by the solution-combustion method as reported earlier. 

The powder was then used as a photocatalyst to remove the total organic carbon (TOC) from 
aqueous phenol solution using a batch reactor as shown in the schematic diagram of fig.13. It 
consisted of a tubular cylindrical reactor with a centrally mounted UV lamp. A jacketed 
cooling system was used for temperature control. The aqueous phenol solution was mixed 
with the ZnO nanopowder using a magnetic stirrer and the solution mixture was circulated in 
the reactor where the reaction took place. The removal rate of TOC using the above-prepared 
ZnO nanopowder was compared with other photocatalytic powders to measure its catalytic 
efficiency. 

 
 

4.3. Results and Discussion 
 
The average particle size of the above prepared powder was calculated from TEM images 

shown in fig. 23. Finest particles (30 nm) were obtained when Zn(OH)2 and glycine as an 
oxidant and fuel (F/O=0.8) were used, respectively. Here, the powder had a uniform 
nanometer size and was spherical in shape. At the same time, the specific surface area of the 
powder was 120m2/g. To prepare this powder, Zn(OH)2 was dissolved in nitric acid solution 
to form zinc nitrate. Therefore, there would be excess nitrate (NO3

-) groups in the solution. 
The (NO3

-) group acts as an igniter for combustion, which presumably would be helpful for 
the fine particle size. 
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Figure 23. TEM image of the prepared ZnO nanopowder using glycine and Zn(OH)2 (at the ratio of 0.8) 

 
For the experiment, phenol was selected as a typical organic pollutant in water. Aqueous 

phenol solution of known concentration(~100ppm) was taken. We tried to degrade the phenol 
completely using the above mentioned ZnO nanopowder. Then its reaction rate was compared 
with other phtocatalysts to evaluate photocatalytic efficiency. The rates of reaction of 
different photocatalysts are shown in fig. 24. Here, ZnO nanopowder showed rapid 
photocatalytic reactions. When there was 300min of UV light irradiation, the nanotube type 
TiO2 destroyed just 30% of phenol, P-25 TiO2 nanopowder destroyed 50%, HPPLT TiO2 
nanopowder 60% and SCM ZnO nanopowder 80%. Therefore, SCM ZnO nanopowder shows 
1.6 fold higher destruction rates of organic pollutants than P-25 TiO2 nanopowder. 

Here, small particle size might have led to greater photocatalytic efficiency. But the 
particle size may not be the only reason behind such a fast reaction rate. It might be strongly 
dependent on the UV absorption sensitivity of the prepared powder, which is supported by the 
PL measurement data. 
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Figure 24. Comparison of TOC removal efficiency of the above prepared ZnO nanopowder with other 
powders and nanotube in the photocatalytic process 

 
 

4.3. Summary 
 
When SCM ZnO nanopowder was used as a photocatalyst to remove TOC from an 

aqueous phenol solution, the level of TOC in the solution decreased faster than other 
commercially available powders. This result confirms the outstanding photocatalytic 
characteristics of ZnO nanopowder synthesized using the solution combustion method. This 
result was strongly supported by the PL measurement data showing that the PL intensity of 
the ZnO powder was much higher than that of the commercial TiO2 and ZnO powders. The 
high quality of the ZnO powder might be due to the defect removal by the high temperature 
generated during the synthesis process.  

 
 

5. SUMMARY AND CONCLUSIONS 
 
Zinc oxide is a large band-gap semiconductor having a bandgap energy of ~3.2 eV, 

which is similar to the bandgap energy of titanium dioxide, another prominent semiconductor 
photocatalyst used commercially in the removalof environmental pollutants. This study 
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mainly focused on the synthesis of zinc oxide powder having high photocatalytic activity. 
Commercial zinc oxide powder shows low photocatalytic activity for degradation of organic 
and inorganic pollutants as it contains many defect structures, which enhance the rate of 
recombination of the generated electron-hole pairs responsible for redox reactions during 
photocatalytic experiments. 

To obtain defect free and high purity zinc oxide powder, a novel self-propagating process 
initiated at low temperature using redox compounds and mixtures in solution was 
investigated. The process makes use of highly exothermic redox chemical reactions between 
metals and non-metals. The method is referred to as the “solution-combustion method (SCM). 
The process is simple, fast, and cost-effective and yields high purity products compared to the 
conventional methods used to prepare the same material.  

Two different fuels (reductants), glycine and carbohydrazide were used in varying 
proportions with oxidant precursors (zinc nitrate hexahydrate or zinc hydroxide dissolved in 
nitric acid to form zinc nitrate solution) to synthesize different powders. The fuel was mixed 
with a precursor dissolved in water and the mixture was heated to a temperature between 100- 
2000C whereby a highly exothermic reaction took place with the formation of pure oxide 
powder of very fine morphology.  

The formed zinc oxide powders were characterized using different powder evaluation 
techniques such as SEM, TEM, BET, XRD, and PL spectra measurements. SEM and TEM 
revealed the formation of uniform particle size in the nanometer range. Finest particles were 
obtained at the fuel: oxidant molar ratio of 0.8 when glycine and zinc hydroxide dissolved in 
nitric acid was used as a fuel and an oxidant, respectively. The finest particles were 30 nm 
and the surface area of the nanopowder was measured to be 120m2/g. XRD measurement 
showed single-phase zinc oxide particles. PL spectra of the above-prepared nanopowder was 
taken and compared with the PL spectra of the commercial zinc oxide powder. The spectra 
revealed the defect free nature and high UV absorption capacity of the synthesized 
nanopowder. 

To confirm photocatalytic activities of the synthesized ZnO powder, we tried to remove 
Ag ions from waste development solution. The Ag ions were completely removed within 15 
min. This Ag recovery rate is at least 3 fold higher than that of commercial state of the art 
TiO2.  

The removal of copper ions from the aqueous solution of Cu-EDTA and lead ions from 
Pb-EDTA was carried out and the removal efficiency of the SCM ZnO nanopowder was 
again compared with the removal efficiencies of the P-25 TiO2 and HPPLT TiO2 powders. 
Here the removal efficiency of the SCM ZnO was at least 1.5 fold higher than the other 
photocatalyst powders. 

The photocatalytic gold recovery efficiency by this SCM ZnO nanopowder was about 6 
fold higher compared to the state of the art commercial TiO2 nanopowder. The purity of the 
recovered gold was about 99.6% in weight% and 98.8% in atomic%. Furthermore, the ZnO 
nanopowder synthesizing method and gold recovery process are very cost-effective. Our 
attempts to recover gold metal ions took place in real plating wastewater, not simulated 
wastewater. This technology is therefore very viable in obtaining high purity gold from 
plating wastewater. 

The synthesized nanopowder was then used in aqueous solutions for the degradation of 
representative organic pollutant, phenol (photocatalytic oxidation process) in aqueous 
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solution. A comparison of degradation rates shows SCM ZnO nanopowder has 1.6 fold higher 
destruction rates of organic pollutants than P-25 TiO2 nanopowder. 

Photocatalysis is a surface phenomena and the method of preparing the powder plays a 
vital role in obtaining efficient photocatalyst powder. Such a high photocatalytic efficiency of 
the SCM ZnO nanopowder was probably due to the same reason. The powder size was in the 
nanometer range and had a high surface area, which would have enhanced the adsorption of 
the substrate molecules. From the PL spectra, the powder showed no defect levels inside the 
bandgap region thus decreasing the recombination rate of the formed electron-hole pairs. As 
the PL intensity in the UV region was almost 3 fold higher than other photocatalyst powders, 
the SCM ZnO nanopowder would have absorbed more UV light, forming more electrons and 
holes in the conduction and valence band, which could either reduce or oxidize the substrate 
molecules having suitable redox potentials. All those favorable characteristics of the ZnO 
powder enhanced its photocatalytic efficiency and showed the highest efficiency for the 
degradation of organic contaminants and removal of heavy metal ions from aqueous solution. 

Photocatalytic reaction using SCM ZnO nanopowders could be very valuable technology 
in view of the following two applications. Expensive noble metals such as silver and gold 
could be economically recovered using this technology while simultaneously removing toxic 
heavy metal ions and organic pollutants from wastewater for environmental purposes. 
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ABSTRACT 
 
Aluminum alloys have received considerable attention especially in automobile and 
aerospace industries due to their high specific strengths. However, the use of these 
conventional strengthening mechanisms leads to an upper limit of tensile fracture 
strength of about 600 MPa. To obtain higher tensile strength, new strengthening 
mechanisms must be utilized. In this chapter, the recent progresses on manufacturing and 
processing of Al-based amorphous and nanocrystalline alloys with high strength, such as 
that of AlSi alloys, AlCeMn alloys and AlLaNi alloys, are introduced. In addition, the 
related microstructures, mechanical and thermal properties of these alloys are also 
described. Moreover, the considerations on further development for consolidation 
processes and other possible ways to develop new Al-based alloys with high strength and 
good toughness are indicated. 
 
 

1. INTRODUCTION 
 
Considerable efforts have been devoted to the development of novel lightweight 

engineering materials during the last decades. Al-based alloys have received great attention 
especially in automobile and aerospace industries due to their high specific strengths. Most 
works concerned with Al-based alloys are further increase of the specific strengths. It is well 
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known that ordinary high strength Al-based alloys have been developed by the use of the 
following conventional strengthening mechanisms; i.e. solid solution, precipitation, grain size 
refinement, dispersion, work hardening and fiber reinforcement. However, the uses of these 
conventional solid solution strengthening and grain size refinement strengthening 
mechanisms lead to an upper limit of tensile fracture strength of about 600 MPa, and 
precipitation, work hardening and fiber reinforcement decrease largely the plasticity and 
toughness of alloys. If a new Al-based alloy with higher tensile strength would be fabricated, 
new strengthening mechanisms must be utilized. 

Since the first synthesis of an amorphous phase in an Au-Si system by rapid solidification 
in 1960 [1], a great number of amorphous alloys have been synthesized by various 
preparation methods of rapid quenching from liquid or vapor and of solid-state reactions [2-
5]. The formation of Al-based amorphous alloys by liquid quenching has been tried in binary 
alloys of Al-metalloid and Al-transition metal systems. A co-existing structure of amorphous 
and crystalline phases in Al-Si [6], Al-Ge [7] and Al-Cu [8], Al-Ni [9], Al-Cr [10] and Al-Pd 
[11] alloys can be built only near the holes in their thin foils prepared by the gun quenching 
technique in which the cooling rate is higher than that of the melt spinning method. However, 
no single amorphous phase was prepared by melt spinning as well as by the gun- and piston-
anvil methods. The first formation of a single amorphous phase in Al-based alloys containing 
more than 50% Al was found in 1981 for Al-Fe-B and Al-Co-B ternary alloys [12]. 
Subsequently, Al-Fe-Si, Al-Fe-Ge and Al-Mn-Si amorphous alloys were also found by the 
melt-spun technique [13, 14]. During the last decade, some researchers have paid attention to 
non-periodic structures such as amorphous and icosahedral phases, with which the tensile 
strengths of the corresponding alloys exceed 1000 MPa [15-17]. Structure and mechanical 
properties of Al based alloys developed are summarized in Fig. 1. 

For an industrial alloy, Al based alloys must retain their low specific weight, which leads 
to the requirement of further increase of percentage of Al element in the alloy. In 1987, Al-
Ni-Si and Al-Ni-Ge alloys with about 80% Al in amorphous structure with good bending 
ductility were discovered [18]. The further decrease of metalloid elements in the alloys results 
in improvement of glass-forming ability and that of mechanical strength [19-22]. 

Since the limitation of the maximum thickness of amorphous ribbons has prevented a 
wide extension of application fields, especially for structural materials, great efforts have 
been devoted to prepare bulk amorphous alloys [23-24]. The bulk amorphous alloys can be 
made from powders (vapor condensed powders, atomized alloyed powders or mechanically 
alloyed powders), or melt-spun alloy ribbons, by using various techniques of warm pressing, 
warm extrusion, explosive compaction etc. [23-24]. These powders or ribbons have 
metastable structures consisting of amorphous, quasicrystalline and nanocrystalline phases. 
The subsequent condensation of these raw materials into a bulk form is done at elevated 
temperatures, leading to a structural change into various nanogranular structures. These bulk 
nanostructured alloys exhibit good mechanical and physical properties and can be used as 
structural materials. However, the obtained bulk alloys have lower mechanical, chemical and 
soft magnetic properties than the corresponding melt-spun amorphous ribbons [25]. Bulk 
nanocrystalline alloys with a mixed structure of intermetallic compounds embedded fcc-Al or 
α-Al matrix by the crystallization of Al-based amorphous phase have already been 
investigated [26]. The bulk nanostructured alloys exhibits high mechanical strength of 700-
1000 MPa and have been commercialized with a commercial name of GIGAS [27]. 
Subsequently, the researched results have been reported that bulk nano-quasi-crystalline 
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alloys in Al-based system exhibit a good combination of high tensile strength, large 
elongation, high fatigue strength and high elevated-temperature strength [28]. 

In this review, recent progresses on manufacturing and processing of Al-based 
amorphous and nanocrystalline alloys with high strength, such as that of AlSi alloys, AlCeMn 
alloys and AlLaNi alloys, are introduced. In addition, the related microstructures, mechanical 
and thermal properties of these alloys are also described. Moreover, the considerations on 
further development for consolidation processes and other possible ways to develop new Al-
based alloys with high strength and good toughness are given. 

 

 
Figure 1. Microstructure and mechanical strength of aluminum base alloys developed for the last 
decade [18]. 
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2. AL-SI AMORPHOUS ALLOY BY MELT SPINNING METHOD 
 
Although an Al-Si binary alloy has a wide industrial application with lower cost, it has 

not been paid great attention since the eutectic Al-Si alloy has a bad glass forming ability 
(GFA) while a eutectic alloy should have the best GFA among the alloy system due to its 
lowest melting point. Although ternary Al-Fe-Si, Al-Fe-Ge and Al-Mn-Si alloys have 
amorphous structure by the melt-spun technique [29-30], the structures of binary Al-Si [31] 
and Al-Ge [7] alloys through a gun quenching technique are mixtures of amorphous and 
crystalline phases where the amorphous phase is unstable and crystallize even at room 
temperature. However, according to a polymorphous diagram of Al-Si system, which is 
schematically shown in Fig. 2, when the composition range of Si% (atom percentage) is 
located between 25% and 45%, amorphous phases may be formed from liquid with a high 
cooling rate where the polymorphous crystallization is absent [32-33]. The model predictions 
for the largest solubility of elemental crystals based on a consideration on a binary chemically 
random solid solution with local strain instability are also given in the figure with the 
following equation [34-35], 

 
333 /2* ABBA RRRC −≈ λ ,        (1) 

333 /2* ABAB RRRC −≈ λ ,        (2) 

 
where C*

A is the maximal solubility of A atom with an atom radius of RA in a B solution 
with an atom radius RB and C*

B denotes the same meaning for that of the B atom in A 
solution. λ is a constant. When CB is located within ABB CCC *1* −<< , the solution 
becomes topologically unstable and thus has the possibility to form glass. Substituting λ = 
0.05 [34], RAl = 0.143 nm and RSi = 0.118 nm [37] into Eqs. (1) and (2), C*Al = 12.8% and 
C*Si = 22.9% are obtained. Thus, there is a possibility to form glasses within the composition 
range of 22.9% <CSi < 87.2%. When a cooling rate used is not large enough, a structure 
consisting of amorphous phase and supersaturated nanocrystals should be present [38], which 
is the case of an Al88Si12 eutectic alloy [39]. Note that as CSi increases, the liquidus line of Al-
Si system increases quickly due to the large difference of melting temperatures between Al 
and Si, which is favorable for the primary crystallization of Si during the liquid quenching, 
CSi should be as low as possible for glass production in the above composition range. 
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Figure 2. A schematic polymorphous phase diagram of Al-Si system. T01 and T02 are polymorphous 
lines for Al and Si solutions [32-33], which are simply plotted in the middle between the solidus lines 
and the liquidus lines of each component and extended to the solid zone along the original slopes. The 
symbol  at Si% = 22.9% and Si% = 87.2% denotes the critical solubility determined by Egami’s 
theory [34-35]. The equilibrium binary Al-Si phase diagram is cited from Ref. [36]. 

 
Based on the above consideration, Al55Si45, Al60Si40, Al65Si35, Al70Si30 and Al75Si25 alloys 

are selected to study GFA of the alloys by the melt spinning technique. It is found that 
although all alloys consist of embedded supersaturated α-Al nanocrystals, primary Si 
nanocrystals and amorphous matrix, the relative amounts of them in the alloys are 
composition dependent. 

The alloy ingots with different compositions Al75Si25, Al70Si30, Al65Si35, Al60Si40, and 
Al55Si45 were prepared by arc melting of the mixture of Al (99.997%) and Si (99.9%) 
elements in argon atmosphere. Ribbon samples with 20-30 µm in thickness and 2.0 mm in 
width were obtained by the melt spinning technique. 

TEM micrographs of five kinds of the quenched Al-Si alloys are shown in Fig. 3. The 
alloys consist of the matrix marked as “A” and the primary Si marked as “B” in micrometer 
size. The pattern of SAED made by TEM on the primary Si is marked as “B”. The primary Si 
is always present by the melt spinning technique due to the high primary crystallization 
temperature of the alloy in about 1150 K (see Fig. 2). However, the diffraction ring on Fig. 3a 
indicates that the primary Si has a fine structure. When the structure of the matrix is further 
magnified as shown in Fig. 3b, the matrix itself consists of a matrix and uniformly distributed 
nanoparticles without clear interfaces between them. The pattern of SAED on the matrix 
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shown in Fig. 3b indicates that the α-Al nanoparticles are embedded in amorphous matrix 
where the tropism of the α-Al particles is stochastic [40]. Indexing the rings of the diffraction 
patterns associated to primary Si (Fig. 3a) and Al nanocrystals embedded in amorphous 
matrix (Fig. 3b) can support the above conclusions on microstructures of the alloys. Note that 
although the ring patterns taken from diamond structure or fcc structure can look similar, an 
additional index of (200) of Al can be found in Fig. 3b. This result differs from the early work 
where no amorphous phases are found in Al70Si30 alloy possibly due to different cooling rates 
during the manufacture of the alloy [41]. The x-ray diffraction result of Fig. 4 shows also a 
widening of α-Al diffraction peak, which is in agreement with the diffraction pattern of Fig. 
3b, both imply that α-Al is in nanometer size range. 

 

   
a      b 

Figure 3. TEM dark field image of the Al60Si40 sample and its SAED pattern on the “B” (a), TEM bright 
field image of the matrix and its SAED pattern (b) where the matrix and the primary Si have marked as 
“A” and “B” in the (a). 

 
Figure 4. X-ray diffraction curves of the Al-Si alloys  
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X-ray diffraction curves of five kinds of Al-Si alloys is present in Fig. 4 where the 
intensity of the Si diffraction peak does not monotonously increase as Si% increases. Integral 
intensity percentage of each phase is determined based on the XRD curves in Fig. 4, which is 
shown in Fig. 5. When 30% ≤ CSi ≤ 40%, integral intensity percentages of the α-Si or α-Al 
phases are smaller than that when CSi = 25% and CSi = 45% while the quantities of 
amorphous phase have a reverse tendency. This result implies that Al-Si alloy in a 
composition range of 30% < CSi < 40% has better GFA than that in other composition ranges. 
Since the solubility of the α-Si or α-Al is limited [34], as CSi increases to 40%, the percentage 
of Si crystals in the amorphous matrix increases. 
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Figure 5. Integral intensity percentage of each phase in the alloys for XRD curves in Fig. 4. 

 
Fig. 6 shows DSC traces of alloys where there are two exothermic peaks in all measured 

curves. Tons and heat flow (Hout) of these peaks are shown in Fig. 7. Hout 1 and Hout 2 denoting 
the first and the second peaks in the curves have contrary trends as CSi increases where Hout 1 
decreases and Hout 2 increases. Tons 1 ≈ 0.4~0.5Tm Al (Tm Al = 933 K is the melting point of 
aluminum) and the Tons 2 ≈ 0.4Tm Si (Tm Si = 1685 K is the melting point of silicon). Thus, the 
former peaks should denote the precipitation of α-Al from the amorphous phase and its 
subsequent growth; the latter should do that of Si both from the amorphous phase and from 
supersaturated α-Al nanocrystals. In the meantime, crystallization of the amorphous phase 
may also occur. Since Tons 1 increases with increasing CSi while Tons 2 has a reverse tendency, 
the precipitation and grain growth of α-Al are more difficult with increasing CSi content while 
that of Si become easier. 

Fig. 8 gives microhardness of Al75Si25 and Al55Si45 alloys annealed at different 
temperatures. The as quenched Al75Si25 and Al55Si45 alloys have the highest hardness of 1200 
MPa and 2100 MPa, which imply that the content increase of Si% leads to evident 
enhancement of alloys. When the alloys are annealed, as the annealing temperature increases, 
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the hardness gradually drops. This drop may be related to the internal stress relaxation and the 
growth of the α-Al nanocrystals. Since there are two hardening peaks in the curves, which are 
similar to that of the DSC results, it seems that after the nanoparticles have just precipitated 
from the amorphous phase, the hardness of the alloys increases since the nanocrystalline 
crystals have higher hardness than that of amorphous phase [42]. As the grain growth occurs, 
the hardness decreases again. 

 

400 500 600 700 800

A l55S i45

A l60S i40

A l65S i35

A l70S i30

A l75S i25

H
ea

t F
lo

w
 E

nd
o 

U
p 

[W
/g

]

T  [K ]
 

Figure 6. DSC curves of the Al-Si alloys. 
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Figure 7. Dependence of Tons and Hout on CSi. 
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Figure 8 Vickers hardness (HV) curves of Al75Si25 and Al55Si45 alloys after the annealing at different 
temperatures. 

In summary, five quenched Al-Si alloys with different compositions have been 
manufactured and whose mechanical properties and structures are determined. The results 
show that the alloys consist of supersaturated α-Al nanocrystals, amorphous matrix and 
primary Si crystals. When 30%<CSi%<40%, there is more than 50% amorphous phase in the 
corresponding alloy. Crystallization of the amorphous phases and Si separation from the 
supersaturated α-Al nanocrystals occur as temperature increases. 

 
 

3. THERMAL STABILITY OF TERNARY 
AMORPHOUS AL BASED ALLOYS 

 
Alloys with Al content of 80 to 90% have a combination of good ductility and high 

strength [19-22,43-45] due to their full amorphous structure. For these kinds of Al-based 
alloy, crystallization is the essential factor affecting the properties of the amorphous alloys, 
and the extent of crystallization is consequently crucial to the alloy′s application. It has been 
reported that partial crystallization may enhance the alloy’s strength [46] although the full 
crystallization leads to embattlement of the alloys [47]. The necessary conditions to avoid the 
full crystallization are that the alloy has a higher activation energy of crystallization Ea and a 
higher crystallization temperature Tx, which is obtained through alloying [48]. Moreover, it 
has been found that ternary alloys having 80 to 90% Al crystallizes in several stages [49-53]. 
X-ray results show that the precipitation in the first stage is the primary precipitation of α-Al 
while in the second stage intermetallic compounds of Al3La, La3Al11, Ni5La and Al3Ni are 
present [53-54]. The multiple stages of crystallization benefit the formation of a composite 
structure where the amorphous phase is partly crystallized to increase strength of alloys. 
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However, if Tx, which is the precipitation temperature of supersaturated α-Al, is too low, the 
growth of Al grains and precipitation from the supersaturated α-Al must lead to a strong drop 
of strength. Tx is composition dependent and can be adjusted by alloying since alloying 
improves the glass forming ability of the Al based alloy and stabilizes the amorphous phase 
with larger values of Ea and Tx where Ea is the activation energy for crystallization. On the 
other side, in industry, the alloying amount should be as small as possible. The necessary 
smallest amount of alloying on the thermal stability of AlLaNi alloys can be determined by 
changing La and Ni amount in Al. 

Fig. 9 shows the crystallization curves of Al82La9Ni9 amorphous alloy at different q′s 
with q being heating or cooling rate. The corresponding Tx values are given in table 1. Two 
peaks on the curves indicate clearly two stages of crystallization the same as other AlLaNi 
alloys [53-54] where crystallization enthalpies for the first and the second crystallization ∆H 
are 29.96 and 57.47 J/g, respectively with q = 40 K/min. The first crystallization curve 
represents the precipitation of α-Al while the second denotes that of La3Al11, Al3Ni, Ni5La 
and Al3La intermetallic compounds. At higher q, a small decalescence peak can be observed, 
which is caused by glass transformation before the first crystallization. The glass transition 
cannot be found in the thermal analysis curve at low q since crystallization occurs at the same 
temperature. It is shown that precipitation of α-Al is slow and the crystallization fraction of 
α-Al increases with temperature increasing. 
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Figure 9. DSC curves of Al82La9Ni9 alloy at different heat rates q. 
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Table 1. The crystallization temperature of an Al82La9Ni9 amorphous alloy with 
different heating rates q 

 
q, K/min 5 20 40 80 180 

1stpeak Tx/K 585 606 611 637 637 

2ndpeak Tx/K 639 661 675 677 698 
 
By use of the Kissinger method [51], the corresponding Ea for the precipitation of α-Al 

determined from Fig. 9 is shown in table 2. The relevant AlLaNi and AlYNi alloys are also 
shown in table 2 and Fig. 10. It is found that Ea in measuring error range remains a constant 
as La(Y)+Ni content increases. This result implies that the supersaturated amount of La and 
Ni in α-Al is the same in the composition range of 9% < La(Y)+Ni < 18%. Since ∆H of 
Al82La9Ni9 for the first peak is about 1/3 of the total ∆H, if the La and Ni are randomly 
distributed in the alloys, the saturated solution of La (Y) and Ni in Al is about 6 at.%. Thus, it 
is possible that any further increase of La (Y) and Ni does not change Ea as long as La(Y)+Ni 
> 6%. 

Fig. 11 gives a comparison of Tx values of AlLaNi and AlYNi alloys for the first 
transition peak. It is clear that as RE+Ni increases where RE denotes rare earth elements, Tx 
values increase with a slope about 20 K/[(RE+Ni)at.%]. From the view of thermal stability 
for industrial application, Tx value of an alloy must be at least 500 K. Under this condition, if 
La(Y) and Ni in the alloy has the same content, the necessary alloying composition for 
AlLaNi alloy is Al88La6Ni6 while that for AlYNi alloy is Al85La7Ni7. Thus, the AlLaNi alloys 
have better thermal stability than AlYNi alloys with the same alloying amount. Moreover, for 
a ternary system, Al content of the alloys cannot be larger than 88% for any possible 
industrial application in the above alloying systems although full amorphous structures can be 
built even if Al = 91at.% [53]. 
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Figure 10. Ea of the precipitation of fcc Al as a function of concentration of RE+Ni where RE denotes 
the elements of La or Y. 
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Table 2. Ea of Al82La9Ni9 alloy compared with that of relevant alloys 
 

Ea, KJ/mol 1st 2nd 3rd Ref. 

Al82La9Ni9 216 222  [57] 
Al89La6Ni5 173 207  [58] 
Al91La5Ni4 240±39 229±7  [54] 
Al85Y10Ni5 190   [56] 
Al88.5Y6.5Ni5 168 163 285 [59] 
Al87Y8Ni5 259 413 317 [60] 

 
Table 3. Tx of Al82La9Ni9 alloy compared with that of relevant alloys with q = 20 K/min 

 
Tx, K 1st 2nd 3rd Ref. 
Al82La9Ni9 606 661  [57] 
Al89La6Ni5 500 612  [58] 
Al91La5Ni4 413   [54] 
Al85Y10Ni5 531   [56] 
Al88.5Y6.5Ni5 453 469 600 [59] 
Al87Y8Ni5 488 582 622 [60] 

4. HIGH STRENGTH AL-BASED ALLOYS PREPARED 
BY POWDER METALLURGY METHOD 

 
Among Al alloys, Al-RE-TM (TM = V, Cr, Mn, Fe, Mo) amorphous Al alloys of melt-

spun ribbons possess high strength [60-64]. The tensile strengths of the alloys σb are more 
than 1000 MPa while the highest σb value reaches 1250 MPa. If supersaturated α-Al or 
supersaturated icosahedral Al quasi-crystals embedded in amorphous matrix with coherent 
interfaces are in nanometer size, the strengths of the alloys can be further improved [65-68]. 
Although these ribbons exhibit σb values exceeding the performance of conventionally 
produced Al-alloys by a factor of two to three, they cannot be directly utilized as structural 
materials due to their small size. Thus, the P/M (powder metallurgy) technique was recently 
utilized to fabricate bulk alloys [69-72]. The mechanical properties, such as strength, 
plasticity and wear resistance, of AlCeMn and AlLaNi alloys prepared by P/M are reported. It 
is found that when different P/M treatments are utilized due to emphasis to a special 
mechanical property, different materials characterizations can arise, which is meaningful for 
multiformity of materials applications. 

The alloys were prepared from Al, Ni, La, Ce, and Mn elements with purities of 99.9% 
by melting them together in a vacuum induction furnace under argon atmosphere. The 
powders of the alloy were obtained by ultrasonic atomization method with a cooling rate 
about 103 K/s, the sizes of the powders were among 5 and 40 µm. The compositions of the 
alloy powders were Al85La10Ni5 and Al90Mn8Ce2 (at%). The bulk alloys were obtained by 
hydraulic pressing at different temperatures between 453 and 853 K under a pressure of 1.2 
GPa. The porosity of the alloy δ was determined as follows: 

 
δ=(ρt-ρm)/ρt,         (3) 
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where ρm and ρt are the measured density of the alloy and the theoretical density 
determined by the density of the constituent elements.  

Fig. 12 shows how the porosity of the alloys changes as a function of the pressing 
temperature T. In Fig. 12, as T increases, δ decreases. δ < 2% at T > 753 K. Note that the 
theoretically calculated δ values differ a little from the measured δ value due to differences of 
δ values between elements and compounds. Therefore, δ values are only approximate results.  

The corresponding microstructures of the above alloys are present in Fig. 13. The 
microstructures in Fig. 13 support the above observation on δ values: When T = 473 K, the 
original spherical powders in diameter of 5-30 µm remain. As T → 753 K, crystallization or 
re-crystallization arises and evident porosity is microscopically absent where δ < 2%. At T > 
753 K, the structure remains. 

The X-ray result of the alloys in Fig. 14 shows the presences of α-Al, intermetallic 
compounds and alumina at T = 753 K. The appearance of the compounds and alumina should 
contribute to the strength of the alloys. 

 

8 10 12 14 16 18 20
400

450

500

550

600

650
 B
 B
 B
 B

T x(K
)

RE+Ni(at.%)

 
Figure 11. Tx of the precipitation of fcc Al as a function of concentration of RE+Ni where RE denotes 
the elements of La or Y. 
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Figure 12. Porosity of the alloy as a function of pressing temperature. 
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Figure 13. SEM micrographs of the alloy pressing at different T. (a) AlCeMn alloy at 473 K, (b) 
AlCeMn alloy at 753 K, (c) AlLaNi alloy at 473 K, (d) AlLaNi alloy at 753 K. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
Figure 14. X-ray structure analysis of the sample pressing at 753 K. (a) AlCeMn alloy, (b) AlLaNi 
alloy. 
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To obtain compact P/M products, surface melting even melting must occur. The former 
takes place when T > 0.8Tm

 (Tm
 denotes the melting temperature) [55-56, 73-74]. When the 

surface melting is present, full density P/M alloys are possible to obtain under larger pressure. 
The DSC results show that Tm = 922 K for AlCeMn alloy and Tm = 894 K for AlLaNi alloy 
[66-67]. Therefore, when T > 0.8Tm = 740 K, δ may take its minimum. On the other side, a 
too high pressing temperature leads to grain growth or grain coarsening, which leads to drop 
of the strength. Thus, to achieve the highest strength, T < 800 K should be selected. Note that 
existed alumina on powder surfaces produced during both the manufacture and storage of the 
powders is the essential reason to decrease packing density of the alloys. Only when surface 
melting of the alloys occurs, which leads to mechanical instability of alloy surface or that of 
interface between alloy surface and alumina surface layer. Under this condition, the alumina 
surface layers on the powder surface can be easily destroyed and the fresh surfaces of the 
powders are in contact directly. As a result, a compacted bulk alloy can be obtained. Note 
also that the destroying of the alumina surface layers also brings out dispersion distribution of 
alumina powders, which evidently improves the plasticity and ductility of the alloys. 

Fig. 15 shows stress-strain curves of the alloys pressing at different T. According to the 
figure, as T increases, the compression strength increases due to the precipitation of the 
compounds. The alloy presents hardly plasticity at T < 653 K or T > 803 K. The former is 
produced by existence of large amounts of porosity while the latter is due to appearance of 
large amount of compounds accompanied with the grain growth. The highest compression 
strength of AlMnCe and AlLaNi alloys are 850MPa and 950 MPa at 803 K respectively. At 
753 K, the compression strength is 725 MPa with a plastic strain of 5.5% for AlCeMn alloy, 
and 700 MPa with a plastic strain of 5% for AlLaNi alloy. Further increase of T leads to an 
increase of strength but a drop of plastic strain.  

The above results for temperature dependence of strength and plasticity of the alloys are 
supported by the microstructure observations shown in Fig. 16. Fig. 16a and Fig. 16c give the 
microstructure of the fracture of the sample at T = 753 K, which denote a ductile dimpled 
fracture while the cleavage fracture of the sample in Fig. 16b and Fig. 16d are fully brittle at 
T = 803 K. 

The excellent strength of the alloy may be accompanied with high wear resistance. The 
P/M Al alloy presents improved wear resistance over the A355 aluminum alloy as shown in 
Fig. 17. The AlCeMn alloy pressed at 753 K and AlLaNi alloy pressed at 773 K exhibit the 
best wear resistance among the alloys, which are three times as high as the A355 Al alloy.  

Fig. 18 presents the SEM micrographs of wear surface of the alloys, which consists of 
ploughs and areas where obvious plastic flow occurs. Thus, the good wear resistance of the 
alloy pressed at 753 K should be related with not only good strength, but also good plasticity 
of the alloy. 

In summary, the bulk of AlCeMn and AlLaNi alloys manufactured by P/M method have 
high strengths due to their complicated structures. The best mechanical properties of the alloy 
made by P/M technique are obtained under the following processing conditions: The pressing 
temperature is 753 K and pressure is 1.2 GPa where the δ reaches the minimum, the plasticity 
reaches the maximum with a moderate strength. 
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Figure 15. Stress-strain curve of the alloy as a function of T. (a) AlMnCe alloy, (b) AlLaNi alloy. 
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a    b 

  

c    d 
Figure 16. Fracture structure of the alloy at different T. (a) AlCeMn alloy at 753 K, (b) AlCeMn alloy at 
803K, (c) AlLaNi alloy at 753 K, AlLaNi alloy at 803 K. 
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b 

Figure 17. Wear curve of the alloy pressed at 753 K with different sliding times under 150 N. (a) 
AlCeMn alloy, (b) AlLaNi alloy. 
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a     b 

Figure 18. SEM micrograph of wear surface of the alloy pressed at 753 K. (a) AlMnCe alloy, (b) 
AlLaNi alloy. 

 
 

5. THE CONSIDERATION ON FURTHER DEVELOPMENT 
 

5.1. Nanostructured High-Entropy Alloys with Multiple Principal Elements 
 
The large numbers of intermetallic compounds of amorous Al alloys is expected to result 

in brittleness, difficulty in processing, and challenging in analysis. Thus, although alloying is 
a good technique to increase strength of an alloy, usual alloying elements are less than 50% 
except that the alloying element has full solubility in matrix element. However, a recent 
progress for high alloying is achieved by considering high entropy in an alloy based on 
thermodynamics, which focused on a new approach to alloy design with multiple principal 
elements in equimolar or near-equimolar ratios [75].  

Based on a general understanding of physical metallurgy and facts concerning binary and 
ternary phase diagrams, the formation  of many intermetallic compounds using multiple 
principal elements may be anticipated [76], which has discouraged alloy design with multiple 
principal elements. Nonetheless, solid solutions of many elements will tend to be more stable 
because of their large mixing entropies. Following Boltzmann′s hypothesis on the relationship 
between entropy and system complexity [76], the configurational entropy change per mole, 
∆Sconf, during the formation of a solid solution from n elements with equimolar fractions may 
be calculated from the following equation, 

 

nR
n

R
nnnnn

RwkSconf ln1ln)1ln11ln11ln1(ln =−=++−=−=∆ …   (4) 

 
where k is Boltzmann′s constant, w is the number of ways of mixing, and R is the gas 

constant. By Richards′ rule [76], the entropy changes in fusion of the most metals are only 
empirically equal to R at their melting points, In comparison, equimolar alloys with three 
elements already have a ∆Sconf value of 1.10R, larger than that of metal fusion, let alone those 
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with five or more constitute elements. In fact, considering other positive contributions from 
factors such as vibrational, electronic, and magnetic moment randomness, ∆Sconf of an 
equimolar alloy is even higher than that calculated [76]. Furthermore, if the formation 
enthalpies of two strong intermetallic compounds, such as NiAl and TiAl were divided by 
their respective melting points, the resulting ∆Sconf, 1.38R and 2.06R, are in the same range as 
the entropy changes of mixing in a system with more than five elements. This indicates that 
the tendency of ordering and segregation would be lowered by the high ∆Sconf [77]. 
Consequently, alloys with a higher number of principal elements will more easily yield the 
formation of random solid solution during solidification, rather than intermetallic compounds, 
except for those with very large heats of formation. In practice, to fully utilize the merit of 
high mixing entropy in the liquid- or solid-solution state, which is defined by such high-
entropy alloys (HE alloys) as those composed of five or more principal elements in equimolar 
ratios. Extensive trials have led to many alloy systems with simple crystalline structures of 
fcc, bcc and fcc+bcc and extraordinary properties [75,78-79]. These simple structures with 
high alloying lead to that the alloys could hold high strength and good plastics at the same 
time. 

Although many trials in alloying systems have been carried out, the light alloy systems 
can never be considered. Thus, the above alloying method can be applied to light alloys, 
especially Al base alloys. The possible alloy element selections for Al base alloys are Li, Mg, 
Si, RE, B etc. The adding of these elements will remain the characteristic of low specific 
weight of the Al alloy. However, the corresponding strength will increase evidently. The 
corresponding works are in progress. 

 
 

5.2. Spark Plasma Sintering Technique for P/M Processing 
 
The powders of Al base alloys are usually covered with alumina film due to the rapid 

oxidation ability of the alloys. Thus, the alloys with a high packing density cannot be sintered 
by normal and hot press sintering under usual temperature since alumina films with high 
melting temperature on the surface of the powders remain perfect and cannot be broken 
and/or removed. Even if the powders are forged into a dense body under high temperature 
sintering conditions, the plasticity of the high strength Al alloy prepared by M/P method is 
lower.  

To avoid the above problem, a best way during the use of M/P technique is that heating 
the powders in an inhomogeneous mode, namely, the temperature at the powder surface is 
much higher than that within the particles. This mode leads to, in the one side, the melting of 
the alunima on the powder surface and re-solidify in particle shapes with small size; and in 
the other side, the tendencies of the precipitation of compounds and grain growth in the 
particles are inhibited. Both guarantee the alloys having a good plasticity and a high strength. 
In addition, since the sintering temperature can be much lower, the cost of the P/M processing 
technique is lowered in many aspects. This kind of consideration can be realized by the Spark 
Plasma Sintering (SPS) technique [80-83]. 

SPS is a new sintering technology developed in recent years [80-85]. It enjoys certain 
inherent advantages, which are the following:  
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1. A high thermo-efficiency, which is determined by the way of heating as in a SPS 
furnace, the electricity is put directly into the samples and the electricity 
conducting dies bearing the samples and is transformed into thermal energy.  

2. A quick heating-up, which is mainly due to the high pulse power source.  
3. A better self-purification of the surface of the particle and sintering activity. A 

strong enough electrical field is produced in the small gaps of the particles to 
make the electrons, cations and anions to strike the surface of the opposite 
particle and purify its surface.  

4. Enabling fast sintering under low temperatures. On one hand, the movement of 
the above-mentioned particles fulfils the material transportation and a local high 
temperature is created in the contacting areas of the particles resulting in the 
quick formation of the neck while the temperature is still comparatively low. On 
the other hand, the temperature at the neck is much higher than that of the inside 
of the particles. The neck grows quickly and fast sintering is done.  

 
The present authors have used the above technique to manufacture new series of Al base 

alloys with high strength and high plasticity under a low sintering temperature. Evident 
advances have been achieved. The ultimate goal of the research is to find a new Al-base alloy 
with a σb value of more than 1000 MPa and a plasticity of more than 6-8%. 
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ABSTRACT 
 
Effects of mixing temperature on the quality of dispersion of nanoclay in an epoxy resin 
are investigated. Cloisite® 25A nanoclay is mixed at 5wt.% loading with EPON 815C 
epoxy resin at 30, 50 and 75°C by the aid of a sonicator. The resin/nanoclay compound is 
then mixed with Epi-cure 3282 curing agent and molded into center-gated disk shaped 
parts with a diameter of 152.4mm. From each molded disk, a sample along the radius is 
cut and dispersion of nanoclay on its through-the-thickness surface is analyzed. It is 
observed that nanoclay exists in the form of clusters with sizes ranging from nano-meter 
scale up to ~50�m. Nanoclay clusters larger than 1.5�m are characterized by performing 
digital image analyses on the scanning electron micrographs taken along the disk radius, 
whereas clusters smaller than 1.5�m are quantified by wavelength dispersive 
spectrometry. It is found that increasing mixing temperature leads to larger nanoclay 
clusters. For instance, contribution of large clusters (Area>50�m2) to the overall 
nanoclay content increased from 8.9 to 10.4% when the mixing temperature increased 
from 30 to 75°C. Similarly, in the same temperature range, contribution of small clusters 
(Area<3�m2) decreased from 43.3 to 40.8%. The size and shape evolution of nanoclay 
clusters in the flow direction are also analyzed. Considerable nanoclay breakdown is 
observed in the radial direction. Contribution of small clusters to the nanoclay content at 
the outer edges of the disk is observed to be as much as 30% higher compared to the 
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inlet. Cluster breakdown also caused the nanoclay clusters to assume more irregular 
shapes at the outer edges of the disk. 
 
 

1. INTRODUCTION 
 
Particulates of nano-meter scale, such as carbon nanotubes and nanoclay, are receiving 

considerable research interest since they are likely to improve the properties of polymers, 
even when they are introduced at minor amounts [1]. Among these nano-particulates, 
nanoclay has gained acceptance as a viable commercial material and is being used in products 
such as food packaging materials and automobile semi-structural components. A series of 
pioneering work conducted by Toyota Research Labs [2-4] introduced the application of 
nanoclay to reinforce conventional polymeric resins. The problem of nanoclay particle 
agglomeration in polymers is overcome by surface modification of the originally organo-
phobic surface of the nanoclay platelets through cation exchange reaction [2]. Later, the 
organo-philically modified nanoclay in Ref. 2 is mixed with ε-caprolactam, the monomer for 
nylon 6 [3]. Upon polymerization, the resulting nanocomposite is examined by x-ray 
diffractometry (XRD) and transmission electron microscopy (TEM) for the changes in gallery 
spacing of the nanoclay. The results revealed over 600% increase in basal spacing of the 
nanoclay due to combined effects of insertion of ε-caprolactam into the gallery spacing and 
its swelling during polymerization [3]. Kojima et al. tested various mechanical properties of 
the nanocomposite fabricated in Ref. 3. Despite slight decrease in impact resistance, tensile 
and flexural properties improved by as much as 122% over pristine nylon 6 with the addition 
of 4.7wt.% nanoclay.  

Following the work done by Toyota research group, several researchers implemented 
both modified and unmodified nanoclay in various polymeric resins. Most commonly, these 
studies focus on possible improvements in thermo-mechanical properties of polymers [4-16]. 
For instance, Lan and Pinnavaia [5] prepared nanoclay from Na+-montmorillonite by an ion 
exchange reaction with alkylammonium chloride or bromide salts. The resulting nanoclay 
was then introduced to EPON 828 epoxy resin at loadings ranging from 2 to 23.2wt.%. Both 
x-ray diffractometry (XRD) and transmission electron microscopy (TEM) results indicated 
complete exfoliation of nanoclay platelets in epoxy matrix. Consequently, tensile testing 
confirmed up to 12- and 18-fold increase in tensile stiffness and strength, respectively. 
However, with the choice of poly(ether amine) as the curing agent, the fabricated 
nanocomposites had sub-ambient glass transition temperatures. Lan and Pinnavaia [9] also 
report that the improvements in mechanical properties for systems at glassy state were rather 
marginal. Similarly, Wang et al. [6] mixed three commercially available nanoclay types: 
Cloisite® 20A, Cloisite® 30A and Nanomer® I30, with various thermoplastic polymers. 
Although XRD analyses indicated increased basal spacing for nanoclay platelets upon 
polymerization, the improvements in mechanical properties were rather limited. 2.7-fold 
increase in elastic modulus is followed by 39% and 87% decreases in tensile and impact 
strengths, respectively for polystyrene/nanoclay systems [6]. Abot et al. [7] observed a similar 
behavior for epoxy polymer reinforced with organically modified nanoclay. The authors 
reported up to 31% increase in elastic modulus as the tensile strength deteriorated by as much 
as 28% over the nanoclay loading range of 0 to 20wt.%. In addition to deterioration in tensile 
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strength, Abot et al. [7] reported up to 28% reduction in glass transition temperature as 
determined by dynamic mechanical analysis (DMA). On the other hand, Shen et al. [8] were 
able to simultaneously improve strength and stiffness. Authors in this study used an organo-
clay modified from montmorillonite specially for applications of nylon 6 and nylon 6,6. Akin 
to Kojima et al. [4], nanocomposite is prepared by melt compounding using a twin-screw 
extruder. With the aid of a nanoindentation technique, the authors measured the strength and 
stiffness of nylon 6,6 reinforced with 5wt.% nanoclay. Compared with pristine polymer, the 
results indicate 15.2% and 27.9% increase in strength and stiffness, respectively. 

The large variations in the mechanical property improvement with the addition of 
nanoclay may be due to inadequate dispersion and exfoliation of nanoclay particles. In 
particulate reinforced composites, the effective particle dimension is of particular importance 
as it dictates the mechanical properties for a given loading [17-22]. Singh et al. [17], for 
instance, investigated the effect of aluminum particle size on the mechanical properties of 
polyester/aluminum composites. Aluminum particles of three different dimensions (i.e., 
100nm, 3.5µm and 20µm) were added to liquid polyester resin by mechanical blending at 
loadings ranging from 1 to 10wt.%. Overall stiffness of the composite at a given loading is 
observed to be independent of the particle size, whereas strength is found to decrease 
monotonically with increasing particle size. Correspondingly, Cai and Salovey [18] used 
polystyrene particles of sizes ranging from 0.315µm to 1.250 µm to reinforce polysulfide 
matrix. In the range of particle sizes studied, 10.2% improvement was observed in stiffness 
versus a decrease of more than 47% in strength. Degradation of strength with an increase in 
stiffness was also observed by Wang et al. [6] and Abot et al. [7] for nanoclay reinforced 
epoxies. Consequently, one can conclude that the reduction of strength with the addition of 
nanoclay may be due to agglomeration of nanoclay particles and their lack of dispersion into 
individual platelets. Nonetheless, compared to post-dispersion changes in thermo-mechanical 
properties, dispersion characterization did not receive adequate attention. In order to have 
predictive capability over the mechanical properties of nanoclay reinforced composites, it is 
essential to be able to characterize nanoclay dispersion at multiple length scales. 

Among the small number of studies devoted to nanoclay dispersion [23-24], Park and 
Jana [23] studied epoxy aided dispersion of nanoclay in PMMA matrix. Transmission 
electron microscopy (TEM) and wide angle x-ray diffractometry (WAXD) were implemented 
to compare the state of dispersion of nanoclay in PMMA with that of a ternary system 
epoxy/nanoclay/PMMA. The results indicated that a priori mixing of nanoclay in epoxy is 
more likely to produce exfoliated clay structures. Park and Jana [24] also approached the 
problem from a rheological point of view. The authors attribute the increase of basal spacing 
between nanoclay platelets to the elastic forces exerted by the polymer matrix as the cross-
linking takes place. Furthermore, it was concluded that the expansion in gallery spacing takes 
place as long as the ratio of storage modulus to complex viscosity is over 2-4s-1. 

Traditionally, the characterization of dispersion as well as intercalation and exfoliation of 
nanoclay is performed by using two methods: x-ray diffractometry (XRD) and transmission 
electron microscopy (TEM). X-ray diffractometry is preferred by the majority of researchers 
to describe the intercalation and exfoliation in a quantitative manner. In this method, a well 
characterized x-ray (most of the time Cu-Kα) is sent onto the surface of interest. Based on the 
angle of diffraction of the x-ray from the surface, the basal spacing between the nanoclay 
platelets is calculated through Bragg’s Law [26]. Although X-ray diffractometry enables 
precise nanoclay basal spacing measurements at Ångström scale, it is prone to certain 
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shortcomings. According to Kornmann et al. [27], broad distribution of nanoclay basal 
spacing may lead to indistinguishable intensity peaks and thus may lead to inaccurate 
conclusions on the state of dispersion. On the other hand, transmission electron microscopy, 
due to its capability of high magnification imaging, is suitable for qualitative analysis of 
dispersion. However, its high magnification limits the size of imaging area and thus the 
obtained results may not be representative of the whole sample. Especially, if the spatial 
variation of dispersion state is large, such as presence of local tactoids, TEM would be a poor 
choice of characterization [28]. 

As an alternative to the above-mentioned traditional methods, researchers gradually used 
rheological techniques in the characterization of dispersion [28-30]. For instance, Wagener 
and Reisinger [28] studied rheological characterization of dispersion in poly(butylenes 
terephthalate)/clay nanocomposites. Based on scanning electron micrographs and tensile 
properties of the nanocomposites, the authors concluded that the shear thinning coefficient 
may be used as a semi quantitative method in describing the state of dispersion. However, the 
setback of rheological methods is that the measured quantity is a bulk property of the sample 
under consideration. Therefore, the state of dispersion obtained through rheological methods 
does not yield information on spatial variation. 

The current study investigates the effects of mixing temperature on the state of dispersion 
of nanoclay particles in epoxy matrix. For this reason, 5wt.% nanoclay is mixed into epoxy 
resin at three different temperatures, (i.e., 30°C, 50°C and 75°C) by sonication. The resulting 
epoxy/nanoclay compound is then used to fabricate center-gated disks to be used in analysis 
of nanoclay dispersion. To characterize the dispersion of nanoclay as a function of cluster size 
and spatial position, a novel method combining scanning electron microscopy (SEM) and 
wavelength dispersive spectrometry (WDS) is implemented [31]. Scanning electron 
micrographs taken at various magnifications indicated the presence of nanoclay clusters of 
various sizes. Thus, a sample is cut in the radial direction of the disk and its through-the-
thickness plane is analyzed for nanoclay clusters. Nanoclay clusters larger than 1.5µm are 
analyzed by performing digital image analysis on the scanning electron micrographs taken at 
50x magnification, whereas, clusters of smaller dimensions are analyzed by wavelength 
dispersive spectrometry. Temperature dependence of the radial distribution of nanoclay sizes 
and shapes are also presented.  

 
 

2. EXPERIMENTAL STUDIES 
 

2.1. Materials 
 
Cloisite® 25A of Southern Clay Products (Gonzales, TX) is mixed with EPON 815C 

epoxy resin (Shell Chemicals) at a loading of 5wt.%. This particular type of nanoclay is 
modified by the manufacturer to increase the organo-philicity of its gallery region, thus 
resulting in better dispersion in various types of resins. EPON 815C is a low viscosity resin 
with a room temperature viscosity of 0.74Pas (740cp) that is primarily preferred in molding 
applications. It is also well known that addition of nanoclay into polymeric resins result in 
sharp increases in viscosity and adversely affects the processibility. The epoxy resin used in 
this study is especially suitable for mixing nanoclay particles due to its low viscosity. The 
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epoxy/nanoclay compound is cured with Epi-cure 3282 curing agent from Shell Chemicals at 
a weight ratio of 5:1 of resin to curing agent. At this particular mixing ratio, the gel time is 
approximately 20 minutes. In this study, the mold cavity is filled under 10s, well before the 
cross-linking starts.  

 
 

2.2. Mixing of Nanoclay in Epoxy Resin 
 
Nanoclay is mixed into the epoxy resin with the aid of a 42kHz, constant amplitude 

sonicator. Initially, the resin is placed into a beaker which is immersed into the sonicator 
filled with water. Then proper amount of nanoclay is gradually added into the resin. To help 
dispersion of large aggregates, 5 minutes of hand mixing is applied before the sonication 
starts. Total sonication time is chosen as 60 minutes, beyond which a visual change in the 
resin/nanoclay compound is not observed. The amount of nanoclay added into the resin is 
determined by accounting for the curing agent needed during molding stage, such that the 
final nanoclay weight fraction of 5% is achieved.  

In order to investigate the effects of the mixing temperature on the state of nanoclay 
dispersion, nanoclay is mixed with epoxy resin at three different temperatures of 30°C, 50°C 
and 75°C. A cupper tubing connected to a constant temperature water bath is placed into the 
sonicator to keep the water surrounding the beaker containing the resin/nanoclay compound 
at the desired temperature.  

At the end of sonication, a thin layer of small air pockets are formed on the surface of the 
resin/nanoclay compound. As these air pockets would weaken the final properties of the 
nanocomposite and might affect the dispersion state, the compound is kept aside for 
degassing for an additional hour before molding. 

 
 

2.3. Molding and Sample Preparation 
 
Samples used in investigating the effects of mixing temperature on the dispersion of 

nanoclay are fabricated by a custom made molding setup. The schematic representation of the 
setup is given in Figure 1 and described in detail elsewhere [32,33].  

The two hollow cylinders on the molding setup serve as the reservoirs for 
epoxy/nanoclay compound and Epi-cure 3282 curing agent. The inner diameters of the 
cylinders are machined to 55.47 and 25.43mm which yield 4.7:1 volumetric ratio for the resin 
and curing agent, respectively. A 80-kip hydraulic press is utilized to force the 
epoxy/nanoclay compound and curing agent out of the cylinders via two plungers. Outflows 
from both cylinders are then combined by a tee-connector and passed through a static inline 
mixer with 32 alternating helical elements placed in a polypropylene tube to provide thorough 
mixing. Well mixed nanoclay/epoxy compound and curing agent are injected into a mold that 
is positioned inline with the system. The constant speed of the ram results in a volume flow 
rate of 5.32cm3/s during mold filling. 

The mold is composed of three main parts, two mold walls and a spacer plate. The 
228.6mm x 228.6mm spacer plate is a 3.175mm (1/8in) thick square with a 152.4 mm (6in) 
diameter circle cut out from the center. The disk shaped cavity is formed by placing the 
spacer plate between 6.35mm (1/4in) thick aluminum mold walls. The resin/nanoclay/curing  
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Figure 1. Experimental molding setup used to fabricate center-gated disks. 

agent mixture enters the mold cavity through a fitting, mounted at the center of the top mold 
wall. Other than the inlet, four exit vents are placed symmetrically at the outer edges of the 
top mold wall. The injection is continued until the mixture comes out of the exit gates, after 
which the press is stopped. The molding is then completed by sequentially clamping the exit 
gates and the inlet gate. Since some amount of post-fill pressure improves the part quality 
[34], the press is operated for an additional second before clamping the inlet gate to apply a 
modest packing pressure. 

A total of three disks reinforced with Cloisite® 25A nanoclay are fabricated. The 
resin/nanoclay compound used in each disk is prepared at different temperatures, i.e., 30°C, 
50°C and 75°C. A sample is cut along the radius of each disk (i.e., 76.2mm long) as depicted 
in Figure 2 and radial variation of dispersion state is analyzed on through-the-thickness 
surfaces of these samples. 

 
 

2.4. Quantification of Dispersion 
 
Preliminary microstructural analysis of the nanocomposites is carried out on a JEOL-880 

high resolution scanning electron microscope. The images obtained from scanning electron 
microscope indicate that the nanoclay exists primarily in the form of clusters of various sizes. 
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Further analysis at magnifications ranging from 100X to 25000X revealed that there is a 
continuum of cluster sizes from nanometer scale up to 50µm. A sample microstructural image 
taken at 2500X showing various nanoclusters is depicted in Figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Schematic distribution of the sample used for dispersion quantification. 

 
To characterize the state of dispersion accurately, one needs to consider nanoclay clusters 

at all relevant scales. The traditional methods of dispersion characterization are lacking 
spatial coverage and are usually inadequate to characterize large nanoclay clusters. In 
nanoclay composites, nanoclay most likely exists in the form of clusters. In such cases, spatial 
coverage of the method used to characterize dispersion is especially important, as it is well 
known that thermo-mechanical properties of the material strongly depend on the cluster size 
and their spatial distribution. To assess the required spatial and dimensional coverage, we 
utilized an electron microprobe analyzer (EMPA) and characterized the dispersion at various 
radial locations of the molded composite disks. 

The dispersion state of the nanoclay composites is characterized using Cameca SX-50 
electron microprobe analyzer (EMPA). This particular EMPA, in addition to its imaging 
capability through scanning electron microscopy, is capable of performing detailed 
compositional analysis via wavelength dispersive spectrometry (WDS) and energy dispersive 
x-ray analysis (EDXA). In particular, five wavelength dispersive spectrometers positioned 
around the column are capable of detecting elements with atomic numbers 5 and above with 
properly chosen diffraction crystals. Both imaging and compositional analysis of the EMPA 
are provided by a PC-Based SAMx data acquisition system. 
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Figure 3. Scanning electron micrograph of the nanocomposite micro-structure taken at 2500X.  Clusters 
of various sizes are indicated. 

 
One sample from each disk is cut radially from the inlet gate at the center to the outer 

edge of this disk. These samples are then embedded into EMPA sample holder sidewise such 
that the through-the-thickness surface is exposed for analysis. To cover a wider range of 
nanoclay cluster sizes, the dispersion analysis is carried out in two categories. Nanoclay 
clusters that are visible at 50X magnification scanning electron micrographs are quantified by 
performing digital image analysis. At the utilized imaging resolution, one pixel at 50X 
magnification is equivalent to 1.5µm. Hence, nanoclay clusters quantified by digital image 
analysis are larger than 1.5 µm. This category of nanoclay clusters will be referred to as 
micro-scale clusters throughout the article. The nanoclay clusters that were not visible at 50X 
magnification are analyzed by wavelength dispersive spectrometry (WDS) and will be 
referred to as nano-scale clusters.  

Digital image analysis is utilized to quantify the micro-scale clusters. For each of the 
three approximately 56mm-long samples, scanning electron micrographs are gathered along 
the center line of the surface of interest at 4mm intervals. A total of 72 images are captured in 
the back scattered electron mode at an accelerating voltage of 20kV and a beam current of 
5nA. Images are then stored into 1024X1024 pixel arrays and subjected to digital image 
analysis using UTHSCSA Image Tool® software. The first step of digital image analysis 
involved a thresholding process, thereby converting the originally 8-bit grey scale images to 
binary images. The thresholding process is repeated 7 times in order to quantify and reduce 
the uncertainties involved in the image analysis. Figure 4 depicts a thresholded image that is 
further used in quantification of micro-scale cluster dispersion. All these binary images are 
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later analyzed to obtain nanoclay cluster content, number of nanoclay clusters and nanoclay 
cluster roundness. 

Wavelength dispersive spectrometry (WDS) is preferred for quantification of nano-scale 
clusters. Prior to WDS analysis, compacted Cloisite® 25A nanoclay is analyzed by energy 
dispersive x-ray analysis in order to determine its constituent elements to be targeted in WDS 
analysis. The major elements are determined as silicon, calcium, magnesium and iron. These 
elements are targeted by wavelength dispersive spectrometers of the electron microbeam 
analyzer along the cross-section of the sample at 500µm intervals. Along the length of the 
samples, a total of 320 locations are analyzed by WDS. A pristine epoxy polymer is also 
analyzed by WDS and used as background corrections for the quantification of nano-scale 
clusters. Prior to data collection, a trial sample is analyzed at various beam conditions in 
order to determine the optimum beam condition for maximum precision and minimum beam 
damage on the analytical volume. As a result, all analyses are conducted at a beam current of 
5nA and a spot diameter of 20µm. 

 

 
Figure 4. SEM images are thresholded to discriminate the nanoclay clusters from the matrix.  The 
image depicted is taken at 50X magnification. 
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3. RESULTS AND DISCUSSION 
 

3.1. Dispersion of Micro-Scale Clusters 
 
Dispersion and exfoliation of micro-scale nanoclay clusters down to sub-micron size are 

particularly essential since existence of nanoclay aggregates is often encountered and is 
known to extensively affect the final mechanical performance of the nanocomposites. In that 
respect, we investigated the phase fraction and morphology of nanoclay present in the form of 
aggregates in epoxy matrix as a function of temperature. 

Researchers often attempted solving the problem of agglomeration by changing 
parameters such as temperature, during mixing of nanoclay into the polymer matrix [35,36]. 
However, the effects of mixing parameters are quantified either by the dispersion 
characterization methods mentioned earlier, which are lacking spatial coverage, or by 
elaborating on the final thermo-mechanical properties of the nanocomposites. Investigation of 
micro-scale nanoclay cluster dispersion by the method implemented here provides 
information that was previously unavailable as it contains complete spatial coverage of the 
sample.  

Radial distribution of micro-scale cluster content is depicted in Figure 5 together with 
95% confidence intervals for each of the three different mixing temperatures studied. Each 
data point in Figure 5 is formed by determining the phase fraction of nanoclay from the 
images captured by scanning electron microscopy starting from r=3.2mm (r is radial 
distance). Figure 5 indicates that volume fraction of micro-scale clusters do not display a 
significant change in the radial direction, regardless of the temperature. The average micro-
scale cluster content is calculated as 2.8, 3.4 and 4.0vol.% for mixing temperatures of 30, 50 
and 75°C, respectively. The increase in micro-scale cluster (clusters larger than 1.5µm) 
content with the increase in mixing temperature indicates the presence of lesser amounts of 
nano-scale clusters at higher mixing temperatures. Based on these results, a more effective 
dispersion of nanoclay seems to take place at lower mixing temperatures. It should be noted 
that the nanoclay content calculated by digital image analysis is expressed as volume fraction 
rather than weight fraction since the density of nanoclay is unknown at its current degree of 
compaction. 

This trend may be attributed to the higher viscosity of the epoxy resin at lower 
temperatures. It is believed that shear forces developed during mixing are responsible for 
cluster breakdown and improved dispersion of the nanoclay. Since the mixing is performed 
with a constant amplitude and frequency sonicator (i.e., constant strain rate), lower viscosities 
of the resin/nanoclay compound would result in lower shear stresses acting on the nanoclay 
clusters. Thus, as observed in binary SEM images, average micro-scale cluster content is 
higher for the higher mixing temperatures. This trend is observed by Park and Jana as well 
[24]. The authors argue that the lower resin temperatures result in higher viscous forces and 
therefore yields higher levels of exfoliation. In a recent study, Lertwimolnun and Vergnes 
[36] investigated the effects of several mixing parameters on the degree of exfoliation of 
polypropylene/organoclay nanocomposites. Cloisite® 20A is mixed with polypropylene in an 
extruder at two different temperatures: 180°C and 200°C. Although the XRD peak positions 
are not affected by the mixing temperature, rheological observations revealed that the degree 
of exfoliation is considerably higher at 180°C compared to 200°C. 
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Figure 5. Micro-scale cluster distribution along the radius for the mixing temperatures of 30, 50 and 
75°C. 

 
As Figure 5 indicates, micro-scale cluster content remains constant along the radius of 

the molded disks, yet nanoclay clusters may exhibit a preferential size distribution. During 
filling of the disk-shaped mold cavity, nanoclay particles are subjected to shear forces due to 
narrow gapwidth and compressive forces due to decelerating flow [37]. These forces may 
result in cluster breakdown and consequently, preferential variation of nanoclay cluster sizes. 
If there is such a variation regardless of constant nanoclay content, the nanoclay cluster 
density, i.e., number of nanoclay clusters per unit area, should vary in the radial direction. 
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Figure 6 shows a distinct variation of cluster density in the radial direction for all three disks. 
At the outer edges of the disks, micro-scale cluster density is observed to be as much as 50, 
70% and 44% higher than that of the inlet for 30, 50 and 75°C, respectively. Knowing that the 
micro-scale cluster content remains constant along the radius, increase in the micro-scale 
cluster density indicates that nanoclay clusters are becoming finer close to the edges of the 
disks. 

The breakdown of nanoclay clusters into smaller particles may be further demonstrated 
by the change in percentage contribution of small clusters (i.e., A<3µm2) to the overall 
nanoclay cluster content at various points along the disk radius. Figure 7 depicts the 
percentage contribution of small clusters as a function of the radial position and mixing 
temperature. At all mixing temperatures studied, the percentage contribution of small clusters 
increases by as at least 8% towards the outer edges of the disks.  

These results indicate that nanoclay clusters are preferentially transported and/or broken 
down along the flow direction due to the viscous stresses. A more thorough analysis can be 
performed by identifying this preferential distribution for a broader range of nanoclay 
clusters. For this reason, nanoclay clusters are categorized into four groups based on their 
area, A. These four nanoclay cluster groups are: i) A<3µm2, ii) 3µm2≤A<20µm2, iii) 
20µm2≤A<50µm2 and iv) A≥50µm2. Percentage change of contribution of different cluster 
sizes are calculated with respect to the first data point, i.e., r=3.2mm. To illustrate the 
reduction of nanoclay cluster size, percentage contribution of each nanoclay cluster group at a 
particular radial location is divided by the percentage contribution of the same nanoclay 
cluster group near the inlet (i.e., r=3.2mm).  

For example, at the mixing temperature of 30°C, clusters with A<3µm2 make up 35% of 
the total clusters at the inlet, whereas same size clusters make up 41.3%, 43.3%, 49.7% and 
45.5% of the total clusters at r=19.2, 31.2, 43.2 and 55.2mm, respectively. Thus, as shown in 
Figure 8, the percentage contribution ratios of small clusters is, 18.1, 23.7, 41.1 and 30.2% , 
respectively. The percentage contribution ratios are calculated for all four nanoclay cluster 
size categories and three mixing temperatures. It should be noted that the analyses for 
nanocomposite disk with a mixing temperature of 50°C is performed on three radial locations 
due to smaller length of this particular sample compared to others. The percentage 
contribution ratios are represented in Figure 8. One can deduce that percentage contribution 
ratio of all cluster sizes are reduced compared to the inlet except for the small clusters with 
A<3µm2. Therefore, at the outer edges of the disk small clusters are a greater portion of the 
nanoclay clusters compared to the inlet. On the contrary, larger nanoclay clusters are 
decreasing radially along all disks. The results presented in Figures 6-8 clearly depict a 
preferential variation in nanoclay cluster size in the flow direction. This spatially non-uniform 
cluster size variation may have been caused by two factors. First, smaller clusters are more 
mobile and may move faster with the flow during mold filling and accumulate at the outer 
edges of the disk. However, small cluster sizes and viscous nature of the resin result in 
creeping flow with negligible inertial effects. Thus, the local flow is dominated by viscous 
effects and all clusters move with the flow. Second and more likely explanation is the 
breakdown of nanoclay clusters due to the viscous stresses formed by the flow kinematics. It 
is well known that the small gap thickness causes high shear stresses that are dominant over 
the planar stresses. In addition to high shear rates acting on nanoclay, the circular disk 
geometry causes decelerating flow and forms compressive stresses on the nanoclay particles 
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suspended in the flow. The combination of shear and compressive stresses are likely to affect 
the breakdown and transport of nanoclay clusters. 
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Figure 6. Change in micro-scale nanoclay cluster density in the radial direction.  Increasing trends are 
indications of nanoclay cluster breakdown. 
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Figure 7. Percentage of small nanoclay clusters (Area<3µm2) in the flow direction. 
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Figure 8. Percentage contribution ratio of nanoclay clusters of different sizes along the flow direction 
calculated with respect to the cluster size distribution near the inlet. 

As the nanoclay clusters are broken down, it is expected that their shape characteristics 
would change as well. To investigate the shape change of nanoclay clusters along the flow 
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direction, the average roundness at near the inlet and at the outer edge of the disk are 
calculated. In this study, roundness of a nanoclay cluster is defined as,  

2)(
4
Perimeter

Area×π
 . 

 
When defined according to the above equation, the roundness varies between 0 and unity. 

A roundness value of unity indicates a perfect circular shape, whereas irregular, elongated 
shapes assume a roundness value that is closer to 0. 

Figure 9 depicts the roundness distribution of the nanoclay clusters in the first and last 
image taken along the disk radius. The locations of data bars of both inlet and outlet data are 
slightly shifted for the clarity of the plot. The solid and dashed lines, on the other hand, are 
quadratic fits to these data points which identify the distribution peaks clearly. At all mixing 
temperatures, the peak is observed to shift toward smaller roundness values, indicating that 
the nanoclay clusters are becoming less circular as they move and break into smaller clusters 
in the flow direction. It should as well be noted that the nanoclay clusters analyzed for 
roundness are the ones that are larger than 60pixel2 (i.e., A>140µm2) which make up of at 
least 18.5% of the nanoclay content. Using roundness values for smaller clusters would not be 
representative of the cluster breakdown as the number of pixels used would be insufficient to 
quantify the changes in cluster shape. 

Figure 10 depicts the effects of mixing temperature on the state of dispersion of nanoclay. 
Percent contribution of small (A<3µm2) and large (A>50µm2) nanoclay clusters to the overall 
nanoclay content are depicted for mixing temperatures of 30, 50 and 75°C. As the mixing 
temperature is increased from 30 to 75°C, percent contribution of small nanoclay clusters 
decrease from 43.3% to 40.8%, whereas that of large clusters increase from 8.9 to 10.4%. 
Due to the lower viscosity of the resin at high temperatures, the shear stresses that are 
breaking down the nanoclay aggregates decrease and result in less favorable nanoclay cluster 
size distribution.  

 
 

3.2. Dispersion of Nano-Scale Clusters 
 
Dispersion of nanoclay clusters smaller than 1.5µm is analyzed using wavelength 

dispersive spectrometry (WDS). Prior to compositional analyses, a compacted nanoclay 
sample is analyzed using energy dispersive x-ray analyses (EDXA) to determine the major 
constituent elements of the nanoclay. The EDXA spectrum of Cloisite® 25A is depicted in 
Figure 11. Interpreting the intensity peaks and their energy levels, the major constituents are 
determined as magnesium, aluminum, silicon and iron. Presence of these elements is targeted 
by WDS. At least 102 locations that are 500µm apart are analyzed along the radius of each 
sample. After background corrections using the data obtained from a pristine polymer sample, 
the weight percentages of nanoclay clusters that are smaller than 1.5µm are depicted in Figure 
12. 
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Figure 9. Roundness distribution of nanoclay clusters at the inlet and outer edge of the nanocomposite 
disks. 
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Figure 10. Overall percentage of small (Area<3µm2) and large (Area>50µm2) nanoclay clusters as a 
function of temperature. 

 
Akin to dispersion of micro-scale clusters, nano-scale cluster content did not indicate 

dependence on the radial position. An average nanoclay content of 2.5, 2.2 and 2.1wt.% are 
obtained for mixing temperatures of 30, 50 and 75°C respectively. Since the total nanoclay 
contents are equal for the three mixing temperatures investigated here, the increase in micro-
scale cluster content with increasing temperature is corroborated with the opposite trend in 
nano-scale cluster content. The points that are targeted with microbeam for WDS analyses are 
carefully chosen not to include micro-scale clusters that are visible on the surface. However, 
the finite analytical volume of WDS is formed by the penetration of microbeam 5µm below 
the sample surface. Therefore, invisible micro-scale clusters below the surface may have 
contributed to the variations in nanoclay content shown in Figure 12. In fact, the spikes in 
Figure 12 that reach up to 6wt.% may possibly be the points with invisible nanoclay clusters 
that are beneath the sample surface.  

For the given beam current and analyses time, 3σ minimum detection limits (MDL) are 
determined for the targeted elements. For magnesium, aluminum, silicon and iron, the MDL’s 
are determined as 0.02, 0.02, 0.03 and 0.04wt.% respectively. Since the nano-scale cluster 
contents reported here are much larger than the MDL’s, it can be concluded that the peak to 
background intensity and counting times were adequate throughout the study. 
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Figure 11. Energy dispersive x-ray analysis (EDXA) spectra of Cloisite® 25A used to identify the 
constituent elements. 

 
 

4. CONCLUSION 
 
Effects of mixing temperature on the quality of dispersion of Cloisite® 25A in an epoxy 

resin are investigated by combining scanning electron microscopy (SEM) and wavelength 
dispersive spectrometry (WDS). For each mixing temperature, a disk-shaped nanocomposite 
containing 5wt.% Cloisite® 25A is fabricated. One sample along the radius of each disk is cut 
and its through-the-thickness cross-section is analyzed to quantify the dispersion state. 
Nanoclay clusters larger than 1.5µm are analyzed by performing digital image analyses on the 
scanning electron micrographs taken along the radius, whereas smaller clusters are analyzed 
by WDS. 

It is found that increasing mixing temperature results in larger nanoclay clusters. The 
contribution of nanoclay clusters smaller than 3µm2 to the overall nanoclay content is 
observed to decrease from 43.3 to 40.8% when the mixing temperature is increased from 30 
to 75°C. In the same mixing temperature range, contribution of large nanoclay clusters (i.e., 
A>50µm2) is increased from 8.9 to 10.4%. This observation is attributed to the lower 
viscosity of resin at higher temperatures, which in turn causes reduction of shear forces 
responsible from the breakdown of agglomerates during mixing. 

 



Levent Aktas, Sudha Dharmavaram, Youssef K. Hamidi and M. Cengiz Altan 216 

Dispersion Temperature = 30 Co

Average Nano-scale Cluster Content = 2.48 wt.%

Radial Position (mm)

N
an

oc
la

y
C

on
te

nt
(w

t.%
)

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

Dispersion Temperature = 50 Co

Average Nano-scale Cluster Content = 2.22 wt.%

Radial Position (mm)

N
an

oc
la

y
C

on
te

nt
(w

t.%
)

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

Dispersion Temperature = 75 Co

Average Nano-scale Cluster Content = 2.06 wt.%

Radial Position (mm)

N
an

oc
la

y
C

on
te

nt
(w

t.%
)

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

 
Figure 12. Radial variation of nanoclay dispersed in nano-scale. The data is obtained by wavelength 
dispersive spectrometry (WDS). 

 
Size and shape distribution of nanoclay clusters along the radius of each disk are also 

analyzed using the binary SEM images. It is found that nanoclay clusters are broken into 
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smaller clusters along the flow direction and form smaller nanoclay particles at the outer 
edges of the disk. For instance, percentage contribution of small clusters (i.e., A<3µm2) 
increased by as much as 30% in the flow direction due to cluster breakdown. It is believed 
that the cluster breakdown is induced by the viscous stresses due to the small cavity gapwidth 
and by the compressive forces due to the flow deceleration during the filling of the disk-
shaped cavity. 
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ABSTRACT 
 
Thiol-derivatized gold clusters (thioaurites) are nanostructured materials potentially 
useful for a number of technological applications mainly in the fields of optics, non-linear 
optics, electronics, catalysis, etc. However, the technological exploitation of these 
nanoscopic objects requires perfect control over their morphology and structure. In this 
paper, a recently developed chemical route for the controlled synthesis of thiol-deriatized 
clusters of pure-gold and gold/silver alloyed clusters is described. This synthesis scheme 
is very simple and may allow preparation of high-purity gold cluster compounds having a 
tunable metal core size and different types of alkane-thiol shell. 
 
 

1. INTRODUCTION 
 
Thiol-derivatized gold clusters play an important role in many different research and 

technological areas. For example, they can serve as model systems to experimentally probe 
the effects of quantum confinement on electronic, catalytic, and other properties. They have 
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also been widely exploited for use in catalysis, biological labelling, photonics, 
optoelectronics, surface enhanced Raman scattering (SERS), etc. The unique properties of a 
nano-sized metallic phase are mainly determined by size, shape, composition, crystallinity, 
and structure (solid versus hollow). In principle, one could control each one of these 
parameters to fine tune the characteristics of nanostructures and working devices based on 
them. However, still limited are the synthesis schemes available for the preparation of thiol-
derivatized metal crystals that may offer a complete morphological control (i.e., type of 
organic shell and metallic core size, shape, and composition). 

Alcoholic reduction of metal ions in presence of poly(vinylpyrrolidone) (PVP) as a 
protective agent is one of the oldest and simplest chemical routes to produce colloidal noble 
metals (e.g., Ag, Au, Pt, etc.). In addition, co-reduction and step-reduction of metal ions allow 
to produce bimetallic clusters with controlled composition and core/shell structure, 
respectively. The cluster growth stage can be simply end by addition of a non-solvent liquid 
(e.g., acetone, tetrahydrofurane, etc.) to the reactive mixture, since polymer flocculates and 
clusters are isolated in a polymer-embedded form [1]. Consequently, a complete control over 
cluster size and core/shell structure is possible. Recently, the possibility to use this synthesis 
scheme to produce metallic nanoparticles of controlled shape has been also investigated [2]. 
In particular, it has been shown that the preferential absorption of PVP molecules to different 
crystal faces may direct nanoparticles growth into various shapes by influencing the growth 
rates along the different crystal axes. Nano-spheres, nano-rods, nano-wires, nano-cubes, and 
nano-prisms of silver, gold, and platinum have been obtained by alcoholic reduction of metal 
ions at room or slightly higher temperatures. 

In this paper, the possibility to obtain thiol-derivatized metal clusters by extraction of 
gold and alloyed Au-Ag clusters from the protective PVP matrix simply by treatment with 
alcoholic solutions of thiols is described [3]. Alcoholic reduction of metal ions in presence of 
PVP followed by thiol treatment represents a very powerful synthetic scheme for the 
controlled preparation of these special cluster compounds. Details on the spectrophotometric 
(UV-Vis) approach to control the size of produced thiol-derivatized pure-Au clusters or the 
composition of thiol-derivatized Au-Ag alloyed clusters are given. 

 
 

2. TRADITIONAL SYNTHESIS 
 
Colorful aqueous solutions of gold colloids date back to Roman times and were known to 

the medieval alchemists as aurum potabile [4]. In most cases gold particles were charge-
stabilized in an electrolyte solution, and hence their isolation as a pure product without 
significant irreversible particle coalescence was not possible. The notion that gold sols indeed 
contain small metallic particles was first expressed in 1857 by Faraday [5], who conducted a 
very elegant and simple study of the optical properties of thin films prepared from dried 
colloidal solutions. He observed reversible color changes of the films upon mechanical 
compression. Under pressure the films appeared green, like thin continuous gold films, while 
they became bluish-purple when the pressure was released, resembling more the gold particle 
solutions. 

Important aspects in nanoparticle research are: (i) control of particle morphology during 
synthesis in order to fine-tune properties, (ii) manipulation and study of individual particles, 
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and (iii) assembly of two- and three-dimensional materials and structures in which 
nanoparticles are closely packed. The chemical stability of nano-sized particles is a crucial 
point to avoid degradation processes such as partial oxidation or undesired sintering. In the 
past, the lacking of sufficient chemical stability of metal nanoparticles has impeded the 
development of real world applications of these nanostructured materials., and it represents 
the reason why gold, as a relatively inert metal, has played an important role in pioneering 
experiments. The stability of naked gold clusters has been improved by development of 
clusters compounds like thiol-stabilised gold clusters, from which new opportunities for 
fundamental and applied studies have arisen. Probably in the future a large variety of metal 
clusters will be handled and used in such passivated form. 

The first paper concerning thiol-stabilised gold nanoparticles appeared ten years after the 
discover of self-assembled monolayers (SAMs) of organosulphur compounds on gold 
surfaces, in the 1983 [6]. In this study, gold hydro-sols were capped with alkane-thiols to 
make them soluble in a non-polar solvents [7]. Then, the particles were deposited 
electrophoretically onto a carbon specimen holder for inspection by transmission electron 
microscopy (TEM). Two-dimensional hexagonal super-lattices in a fully reversible deposition 
process were found. In addition, the interparticle spacing was found to be adjustable with 
molecular precision by the choice of alkanethiol ligands of different lengths. A simple 
preparative method for bulk quantities of thiol-stabilised gold particles was developed one 
year later [8] and it become very popular as a starting point for a broad range of nanoparticle 
studies. This chemical route involved the phase transfer of an anionic Au(III) complex from 
aqueous to organic solution in a two-phase liquid/liquid system, followed by reduction with 
sodium borohydride in presence of the thiol-stabilizing ligand. Dark brown solutions of 
moderately polydisperse particles in the size range of 1-3.5 nm, containing from 100 to 3,500 
gold atoms can be obtained by this chemical approach. The typical ruby-red color of colloidal 
gold emerges with particle sizes above ca. 3.5 nm. This is due to the plasmon absorption of 
free electron gas which is absent in smaller particles. Detailed studies of particle shape 
revealed that the truncated cuboctahedron is the predominant structural motif, but other 
geometries such as decahedra, dodecahedra, and icosahedra are also present in the obtained 
product. The particles can be purified and kept in the solid state under ambient conditions for 
months without showing significant aging effects. However, not all types of thiol ligands lead 
to the same extraordinarily high degree of stability that can be achieved by the use of alkane 
thiols with a hydrocarbon chain length of C5 to C18. Hydroxo-functionalized particles 
stabilized by 4-mercapto-phenol, for example, are somewhat less stable and degrade slowly 
over several weeks under ambient conditions. The same trend is observed if shorter (C2 to C4) 
thiol molecules are employed as stabilizers. 

The principal disadvantage of this preparative method is that in some cases (e.g., ω-
substituted thiols) an excessive product purification is required since a layer of the 
ammonium surfactant covers the thioaurite compound. A solution to this problem has been 
the one-phase synthesis developed by the same research group and carried out in methanol as 
solvent and sodium borohydride as reducing agent [9]. Gold nano-particles covered with 4-
mercaptophenol have been successfully prepared and this compound has been modified by 
successive reactions on the shell surface, broadening the application of thiol-derivatized gold 
nano-particles from a stable but chemically inert compound toward a truly functional reagent. 
However, owing to solubility issues, methanol is not the ideal solvent for the broad variety of 
alkane- or arene-thiol compounds. Such a fundamental restriction prevents a full exploitation 
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of this synthesis scheme. Chemical functionalities can be introduced in the alkyl shell by a 
post-synthesis place-exchange reactions, but this strategy is employed only to obtain 
multifunctional ligand shells since the synthesis of homogeneous thiol shells and inert n-alkyl 
derivatives requires direct introduction of thiol molecules. A further disadvantage of these 
synthetic schemes is that a growth stage is practically absent in the cluster formation, and 
therefore the core size in the resulting material can be only lightly modified by adjusting the 
amount of gold salt. The thioaurite compounds properties (e.g., color, electrical conductivity, 
etc.) are strictly size-dependent and the possibility to fine tune the metal core size is of a 
fundamental importance from a technological point of view. 

 
 

3. SIZE-CONTROLLED SYNTHESIS 
 
An alternative technique for the synthesis of thiol-derivatized gold particles is based on a 

well-known approach for colloidal gold solutions preparation, i.e., the alcoholic reduction of 
ionic gold in presence of a polymeric stabilizer (e.g., poly(N-vinylpyrrolidone)) [10]. The 
primary polymer function is to avoid cluster sintering, but it also allows particle size control 
by co-precipitation. In fact, polymer absorbs on particle surface, making possible their 
separation from the reactive mixture by addition of a non-solvent liquid. The obtained 
polymer-protected nanometric gold particles may dissolve in alcoholic solutions of thiol 
molecules that promptly remove polymer from particle surface, giving a hydrophobic 
thioaurite product. Such hydrophobic compound can be easily isolated, purified, and 
fractioned by size-selective precipitation or Gel Permeation Chromatography (GPC). The 
synthesis route is interesting principally for the possibility to prepare particles of controlled 
size. In fact, since the reactive medium is perfectly transparent and it slowly develops a ruby-
red color during the metal phase separation, cluster nucleation-growth process can be in situ 
on-line monitored by optical spectroscopy and the growth process can be end at the required 
size value by co-precipitation with polymer. 

For example, the preparative scheme for the synthesis of gold clusters protected by 
dodecanethiol involved the mixing under stirring of a poly(N-vinylpyrrolidone) (PVP, 
Aldrich, Mw=10,000 a.m.u.) solution in ethylene glycol (stabilized at a temperature ranging 
from 60°C to 110°C) with a little quantity of a concentrated tetrachloroauric acid (HAuCl4, 
Aldrich) solution in ethylene glycol. In particular, the first solution was prepared by 
dissolving 4g of PVP into 20ml of ethylene glycol and the second one by dissolving 5mg of 
HAuCl4 in 1ml of ethylene glycol. After gold nanoparticle formation the solution had a ruby-
red color. In order to end the reaction, the reactive mixture was cast into a large amount of 
acetone (250ml) and the system was sonicated for a few minutes to allow for the ethylene 
glycol removal from the Au/PVP nanocomposite. The product was washed several times with 
pure acetone and then dried at room temperature under vacuum. The obtained solid Au/PVP 
system was dissolved into a dilute ethanol solution of normal dodecanethiol (C12H25-SH, 
Aldrich, 98%). Dodecanethiol is able to produce a continuous protective mono-layer on gold 
clusters. These molecules bonded the gold surface much stronger than PVP side-groups, and 
therefore the polymeric stabilizer was completely removed from cluster surface. Thiol 
molecules were chemisorbed on the gold surface according to a red-ox reaction. After a short 
time, the exchange reaction was completed and the hydrophobic thiol-coated nanoparticles 
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were easily separated from the PVP/ethanol solution by centrifugation. In order to remove all 
thiol excess, the product was accurately washed with ethanol. A waxy, purple solid product 
was obtained. This material can be handled like a simple chemical compound (for example, it 
can be dissolved and dried several times without decomposition) and it is stable for months in 
air at room temperature. Thiol-derivatized gold clusters have a hydrophobic nature and 
consequently result very soluble in aliphatic and aromatic hydrocarbons, chlorine solvents, 
and ethers; moderately soluble in styrene; and insoluble in esters, acetone, alcohol, and water. 

A number of high-nuclearity thioaurite compounds have been equivalently obtained by 
treatment of PVP-embedded gold clusters with alkane-thiol solutions in alcohols. In 
particular, thioaurites based on octadecanethiol and hexadecanethiol were prepared too. 

 
 

4. PRODUCT CHARACTERIZATION 
 

4.1. Morphological and Structural Characterization 
 
The microstructure of both gold clusters embedded into a PVP matrix and thiol-

derivatized gold clusters has been accurately investigated by Transmission Electron 
Microscopy (TEM, Philips EM208S). As visible in Figure 1a, all particles had a pseudo-
spherical shape, which in some cases corresponded exactly to a polyhedron, and aggregates 
were not present in the samples. When the reaction was performed at a temperature of 60°C 
for 20min, the particle size was moderately poly-dispersed and a monomodal distribution 
approximately described by a Gaussian function with µ=7nm and σ=5nm resulted (see Figure 
1b). Reaction time and temperature affected the particle size distribution, however the 
average particle size was widely controlled by varying the tetrachloroauric acid amount. 

 

 
Figure 1. TEM micrographs of PVP-embedded gold clusters and thiol-derivatized gold clusters (insert) 
(a) and related histogram (b). 

 
Heptane suspensions of gold particles passivated by normal dodecanethiol spontaneously 

produced self-organized submicron-sized domains of hexagonally close-packed nanoparticle 
arrays after solvent evaporation (see insert in Figure 1a). Clusters aggregates produced by 
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sintering of the metal cores were not contained in the final product, and thus the ligand-
exchange process was complete and effective. 

Thioaurite compounds were structurally characterized by X-ray diffraction (XRD, Rigaku 
DMAX-IIIC goniometer), using Cu-Kα radiation (λ=0.154056 nm) and a pyrolytic graphite 
monochromator. The XRD-pattern of Au/PVP nanocomposite is reported in Figure 2. The 
typical peaks of a face centered cubic (fcc) gold lattice are well-visible superposed to a 
background produced by amorphous PVP. The obtained lattice parameter of 4.077(2) Å 
coincides with pure bulk gold value, indicating that nanoparticles were not subjected to lattice 
distortion due to interstitial impurities. The average crystallite size derived from peak 
broadening analysis always resulted quite close to the nanoparticle diameter obtained by 
TEM measurements, suggesting that nanoparticles were single-crystals. 
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Figure 2. XRD spectrum of PVP-embedded gold nanoparticles (65s at 80°C). The Bragg peaks of fcc 
gold are labeled. 

 
 

4.2. In Situ On-Line Spectrophotometric Sizing 
 
The formation-growth process of gold clusters in the reactive liquid mixture was 

monitored by UV-Visible spectroscopy, looking at the very intensive surface plasmon 
absorption resonance that characterized the nano-sized metallic phase [11]. Absorption 
spectra were obtained under isothermal condition at stepped reaction times by using a diode-
array UV-Visible spectrophotometer (HP-8453 UV-Vis spectrophotometer), equipped with a 
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Peltier apparatus to control the reaction temperature (from 0 to 100°C with accuracy of 
±0.1°C). The system employed a magnetic stirrer and far-UV quartz cuvettes. Absorption 
spectra were monitored and recorded on a personal computer connected to the 
spectrophotometer. Since the reaction rate increased with temperature, shorter sampling times 
were required at higher temperatures. For example, at 25°C a sampling time of 120s was 
selected, whereas at 100°C it was of 0.5s. Typical UV-Visible spectra at two reaction times, 
namely 37s and 65s, are shown in Figures 3a,b respectively. 
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Figure 3. Optical spectrum of a gold mixture corresponding to a reaction time of (a) 37s, and (b) 65s. 
The curves obtained from data convolution are also plotted, dashed lines are the three contribution (i), 
(ii) and (iii), while the grey squares represent their sum. 
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The shape of recorded optical spectra is determined by combination of three main 
absorptions: (i) that produced by glycolic Au3+ complexes, (ii) the 5d→6sp interband 
transition of gold clusters, and (iii) the surface plasmon resonance band of gold clusters. An 
example of spectra convolution by Lorentzian functions is reported in Figures 3a,b. Since 
Au3+ ions are reduced to the zero-valence state, the peak intensity (proportional to the Au3+ 
concentration) becomes more and more negative during the reaction. Spectra convolution 
allows accurate determination of plasmon peak parameters, i.e. maximum absorption 
wavelength, full width at half maximum (FWHM), integral absorption, etc. Gold clusters 
sizing can be obtained from these plasmon absorption parameters. In particular, there are 
theoretical models [12] that allows correlation between plasmon peak characteristics and 
morphological-topological information concerning the gold nano-particle systems. As visible 
in the TEM micrograph, gold particles are spherical in shape and aggregate-less, consequently 
the particle formation-growth mechanisms can be predict from the simple Mie’s theory. Such 
theory predicts, that optical absorption, A, is dependent on the number, N, and the size, R, of 
clusters and such dependence is governed by a simple proportionality law, A∝NR3, where N 
and R change continuously during reaction. The nucleation process increases the N 
value and different particle growth mechanisms may affect in a different manner 
the temporal evolution of radial growth, R. Therefore, the behavior of the cubic 
root of measured absorbance vs. the reaction time is clearly indicative of which 
mechanism is dominating in particle growth [12]. A quantitative analysis of optical 
spectra in terms of cluster dimension can be performed under the hypothesis that the number 
of clusters in the solution do not change during the reaction. This condition is achieved when 
nucleation rate is high enough, and nucleation and growth processes are separated stages. In 
other words, if temperature is high enough, clusters are approximately of the same 
dimensions since all metal nuclei are generated at same time and grow simultaneously. In 
such experimental conditions, the temporal evolution of cubic route of absorbance can be 
directly related to the cluster size evolution. Two different kinetic mechanisms for particle 
growth maybe involved: (i) diffusion-controlled and (ii) deposition-controlled. The dominant 
mechanism being the slowest one. Under a diffusion-controlled kinetic mechanism, the radial 
development of clusters should scale according to a t1/2 law, whereas it should result linear 
with time in the case of a deposition-controlled kinetic mechanism [13]. Data shown in Figure 
4 clearly suggest that a deposition-controlled mechanism is the predominant one at reaction 
temperatures above 70°C. While, at temperatures below 70°C, absorbance cubic root vs. time 
curves do not follow a linear behavior, that can be explained on the basis of a continuous 
formation of new nuclei during the reaction. 

TEM analysis demonstrated that the nanoparticles average size grew linearly with the 
reaction time at temperatures above 70°C (see Figure 5). This behavior confirms that a 
surface-deposition controlled kinetic mechanism should be involved in these experimental 
conditions. Similar behaviors have been also reported for gold cluster formation in 
formaldehyde-based systems [14]. Finally, in situ optical spectroscopy represents a very good 
approach for size-monitoring during nanoparticle synthesis, because it allows accurate control 
of final average dimension. 
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Figure 4. Time dependence of the cubic root of the absorbance at different reaction temperatures. 
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Figure 5. Nanoparticles diameter measured by TEM vs. reaction time for a sample obtained at 80°C. 
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4.3. Thermal Characterization 
 
The thermal stability of dodecylthioaurites was investigated by Thermogravimetric 

Analysis (TGA, TA-Instrument Mod.Q500). The TGA-thermogram (performed at 10°C/min, 
under fluxing nitrogen) showed two signals: a first intensive weight loss occurring at a 
temperature of ca. 250°C and a second small signal was located at 400°C (see Figure 6a). 
Such weight-loss was probably caused by the evaporation of organic shell decomposition 
products. When unpurified products were investigated by TGA, a further weight loss was 
detected in the thermograms at ca. 200°C, probably due to the evaporation of free thiol 
molecules present in the samples. 

Important structural information about thiol-derivatized compounds at solid state were 
obtained by Differential Scanning Calorimetry (DSC, TA-Instrument Mod.Q100). As visible 
in Figure 6b, the DSC-thermograms showed the presence of a thermal transition 
corresponding to melting of crystalline regions produced by interdigitation of thiol chains 
[15]. When the product was not accurately purified, a further endothermic peak appeared in 
the thermograms, owing to the presence of pure thiol crystals. Pure dodecanethiol melts at -
7°C, while thioaurites showed a very intensive endothermic transition at ca. 30°C. DSC-
thermograms obtained on cooling runs of samples previously heated up to 100°C, showed the 
presence of one exothermic peak produced by the formation of interdigitated n-alkyl chain 
crystals. The crystallization temperature resulted inferior to the melting point value and 
cooling rate dependent, owing to super-cooling effects. 

 
 

5. THIOL-DERIVATIZED ALLOYED AU-AG CLUSTERS 
 
Metal clusters characterized by surface plasmon absorption can be conveniently used as 

pigments in the fabrication of plastic optical limiters (e.g., colour filters, UV-absorbers, 
polarizers). However, the possibility to control the frequency of the plasmon absorption is of 
primary importance for such a kind of application. The absorption frequency of plasmon-
based pigments can be finely tuned by alloying metals characterized by surface plasmon 
resonance located at different frequencies (e.g., Pd-Ag, Au-Ag, etc.) [16]. For a complete 
control of absorption frequency between the limit values of pure metals, the two metals 
should give solid solutions in the full composition range. Plasmon resonances in a wide 
spectral range (430-530nm) can be achieved by alloying gold with silver. Thiol-derivatized 
Au-Ag clusters of different compositions are very promising as pigments for colour filters, 
these hydrophobic compounds can be mixed with a number of optical plastics to fabricate 
advanced optical devices. 
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Figure 6. TGA-thermogram (a) and DSC-thermogram (b) of a gold dodecylthiolate sample. 

 
Thiol-derivatized Au-Ag clusters can be obtained by the above described chemical route. 

In particular, gold and silver ions can be simultaneously reduced by ethylen glycol in 
presence of poly(vinyl pyrrolidone) as sterical stabilizer to produce alloyed bimetallic 
nanoparticles. Since Au3+ and Ag+ ions have similar atomic radius and crystal structure (cubic 
face centered), Au-Ag solid solutions can be obtained in the full composition range simply by 
modifying the quantities of two ionic precursors. The obtained Au-Ag clusters can be isolated 



G. Carotenuto, B. Martorana, P. Perlo and L. Nicolais 230 

from the reactive mixture by co-precipitation with acetone and, analogously to PVP-
embedded pure-Au clusters, they can be treated by alcoholic solutions of thiols to give thiol-
derivatized clusters. Since the reduction of gold ions by ethylene glycol in presence of PVP 
has an induction time (due to the initial reduction of Au3+ to Au+), typically the reaction was 
done by mixing a solution of HAuCl4 and PVP in ethylene glycol with a freshly prepared 
silver solution in ethylene glycol. Since silver require the presence of PVP for reduction, the 
silver reduction-precipitation process starts just after mixing of two solutions. Cluster growth 
was end by addition of acetone to the reactive mixture, and the isolated PVP-embedded Au-
Ag clusters were dissolved in the alcoholic solution of thiol (e.g., dodecanethiol/ethyl 
alcohol). Dodecane thiol-derivatized Au-Ag clusers is a stable hydrophobic product that can 
be easily isolated and purified from the reactive mixture and stored for months without 
degradation. 

Since both silver and gold have optical absorptions in the visible spectral region, 
important structural information (temporal evolution of average composition) about the 
growing clusters system maybe obtained by in situ on-line spectroscopic monitoring of their 
formation-growth process. Such analysis is based on the measurement of the wavelength of 
maximum surface plasmon absorption band of alloyed Au-Ag clusters during their formation 
process. In particular, the optical absorption spectrum of gold-silver alloyed clusters does not 
correspond neither to monometallic silver nor to monometallic gold cluster spectra. Both 
shape and position of alloyed cluster absorption band is exactly an average of two 
characteristic bands. The exact position of absorption band is related to the cluster 
composition, and it can be used for such measurement. Since plasmon absorption depends 
exclusively on the cluster surface composition, the temporal evolution of cluster composition 
should correspond to radial one if a linear growth law is valid. 

In particular, it is known that the frequency of the surface plasmon absorption of pure 
metal clusters, ωsp, is proportional to the plasmon absorption frequency of the bulk metal, ωp: 

 
ωsp ∝ ωp         (1) 
 
and that: 
 
ωp = (4πne2/m)1/2        (2) 
 
where n is the electron density (i.e., ratio between the conduction electron number and 

cluster volume), e is the electron charge, and m is the effective electron mass. Since the 
electron density of alloyed Au-Ag nanoclusters, na, depends on the metal composition, � 
(gold volume fraction), according to the following expression: 

 
na = φ nAg + (1-φ) nAu       (3) 
 
the maximum wavelength of the alloyed clusters, λa,max=2πc/ωsp, can be written as: 
 
(1/λa,max)2 = x/(λAg,max)2 + (1-x)/(λAu,max)2     (4) 
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Where x is the molar fraction of gold in the alloy that coincides with gold volume 
fraction, φ, since gold and silver have similar values of the molar volume (10.2 cm3/mol for 
gold and 10.27 cm3/mol for silver). Equation (4) can be used to obtain x from experimental 
measurements of λa,max. 

The temporal evolution of Au-Ag cluster composition for different reactive mixture 
composition calculated according to (4) is shown in Figure 7a. According to the experimental 
determination of surface plasmon absorption of pure Ag and Au clusters produced in a 
PVP/ethylene glycol medium, the value of λAg,max and λAu,max have been taken equal to 430nm 
and 530nm, respectively. Such behaviour may correspond to the radial one if cluster radius 
develops according to a linear law. As visible, at beginning of reaction the gold content in the 
clusters is zero, then cluster composition changes, gold amount grows and stabilize on a 
constant value. Probably, since the two metallic phase have a different nucleation rate (silver 
nucleate faster than gold), the phase separation process starts with silver core formation and 
then the co-precipitation of two metals follows according to a heterogeneous nucleation 
process. During co-precipitation, the alloy composition may slightly vary because of the 
different consumption of two metals. Consequently, the radial composition of clusters is not 
uniform, but gold amount slowly decreases during the process. Figure 7b shows the 
correspondence between the reactive mixture composition (expressed as molar fraction of 
gold, Y) and the cluster composition (expressed as atomic fraction of gold, X). As visible, the 
percentage of gold in the cluster increases quickly with increasing of gold salt amount in the 
reactive mixture. Probably, the nucleation stage is faster for a pure silver phase but the rate of 
gold atoms deposition at cluster surface is higher than that of silver atoms. 
 
 

6. APPLICATIONS 
 
Thiol-stabilised gold and Au-Ag clusters prepared by the above described chemical 

techniques can be used for a number of technological applications. A short description for the 
prominent potential application of these materials follows. 

Thin films of self-organized thiol-stabilized gold clusters have been shown to change 
their electrical conductivity rapidly and reproducibly in presence of organic vapors [17]. This 
effect is based on the reversible swelling of the material upon gas absorption, which leads to 
an increase in spacing between the metal cores. Since the typical electron hopping 
conductivity in these materials depends very sensitively on such distance, the absorption of 
organic vapor leads to a strong decrease in electrical conductivity. This phenomenon has been 
exploited for the development of novel gas sensors [17]. 

Films of gold nanoparticles exhibit strong optical anisotropy if nanoparticles are aligned 
into parallel rows. Transmitted light polarized parallel to the rows will be absorbed as if it 
were passing through a continuous thin metal film, while light polarized perpendicular to the 
rows will interact with individual particles. This effect can be exploited for polarizing filters 
for displays. Two different approaches have been developed to align the particles. In the first 
method, gold nanoparticles have been deposited onto friction-transferred lines of PTFE on 
glass substrates and optically anisotropic windows were obtained after subsequent drastic heat 
treatment close to the melting point of the plastic material [18]. In the second method, similar 
effects were achieved by mechanical stretching of polyethylene films previously loaded with 
nanoparticles [19]. The particles were found to align parallel to the stretch direction 
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producing ‘neck-lace’ like structures. For example, for silver-based systems, the perceived 
color of the transmitted light was yellow if polarized perpendicular to the rows, and red if 
polarized in parallel. 
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Figure 7. Temporal evolution of Au-Ag alloyed cluster composition for different reactive mixture 
compositions (a), and correspondence between cluster composition, X (molar gold fraction), and 
reactive mixture composition, Y (molar gold fraction) (b). 
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Aggregation of gold nanoparticles produces a color change from ruby-red to blue. This 
has been exploited to develop extremely sensitive colorimetric methods of DNA analysis, 
capable of detecting trace amounts of a particular oligonucleotide sequence. This approach 
also allows to distinguish between perfectly complementary DNA sequences and those that 
exhibit different degrees of base pair mismatches [20]. The relations between structure and 
optical properties in these systems have been studied quantitatively [21] by electrodynamics 
calculations involving aggregates of a large number of particles. 

Applications of thiol-stabilized gold nanoparticles in catalysis include asymmetric 
dihydroxylation reactions [22], carboxylic ester cleavage [23], electro-catalytic reductions by 
anthraquinone-functionalized gold particles [24] and particle-bound ring opening metathesis 
polymerization [25]. These catalytic applications have in common the exploitation of 
carefully designed chemical functionality of the ligand shell, rather than the potential catalytic 
activity of a nanostructured clean metal surface. 

One of the most important potential long-term applications for metal nanoparticles coated 
by a thin dielectric layer is the development of new, ultimately small, electronic devices. 
Several promising attempts to construct devices have already been reported, based on gold 
nanoparticles and Au55 clusters [26]. In particular, the single electron transistor action has 
been demonstrated for systems that contain ideally only one particle in the gap between two 
electrical contacts separated by only a few nanometres. This central metal particle represents 
a Coulomb blockade and exhibits single electron charging effects due to its extremely small 
capacitance. It can also act as a gate if it is independently addressable by a third terminal, for 
example, the substrate itself, or an appropriately positioned STM tip. 

Recently, it has been demonstrated the possibility to fabricate an electrochemically 
addressable nano-switch based on a single gold particle attached to a gold surface via a small 
number of dithiol molecules containing a redox-active viologen moiety [27]. It was shown by 
in situ STM that electron transfer between gold substrate and gold nanoparticle depended 
strongly on the redox-state of the viologen, which could be switched electrochemically. 

 
 

6. CONCLUSION 
 
Thiol-derivatized pure-gold and gold-silver clusters are nanostructured materials useful 

for a number of technological applications. The few synthetic methods available in the 
literature do not offer enough control over thioaurite structure which is of fundamental 
importance for properties tuning. Consequently, the availability of new chemical routes for 
the controlled synthesis of these materials result of primary importance. Alcoholic reduction 
is a well-known technique for preparing colloidal noble metal solutions. This technique is 
also used in the synthesis of layered core/shell and alloyed clusters. Cluster growth can be 
monitored by optical spectroscopy and the presence of a polymeric stabilizers makes possible 
to isolate metal clusters by co-precipitation with polymer with a non-solvent liquid (e.g., 
acetone), thus allowing size control. Clusters stored in a stable polymer-embedded form can 
be used as precursor for thioaurite synthesis. The composite solid is alcohol soluble, 
consequently gold clusters maybe treated by thiols in an alcoholic medium. The thiol 
molecules chemically adsorb on the gold surface through a red-ox reaction (S-Au bond 
formation), removing polymer, and the hydrophobic thioaurite product spontaneously 
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separate. This novel synthesis scheme has been investigated for a number of alkanethiol 
molecules and it can be utilized also for the preparation of alloyed Au/Ag clusters. The main 
advantages of this chemical route lies in its simplicity, low toxicity of reactants used, high 
product purity, and complete control over the compound structure (both nature of the organic 
shell and size of the metal core). 
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