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ABSTRACT 

 
The effect of particle size on the elastic modulus and the effect of nanoparticles on the 

strain hardening response were investigated. It was found that elastic modulus and strain 
hardening response are strongly dependent on the size of the reinforcing filler. 

The interpretation of the reinforcing effect of particles in nanocomposites was based on 
the concept of immobilization and the kinetics of the entanglements. While for the elastic 
modulus a large extent of data was published, trying to interpret the observed trends, the 
strain-hardening region is somehow omitted. In an elastic region, the structure of the material 
remains the same as prepared; however, after passing the yield point, the primary structure is 
transformed. It was shown that incorporation of the nanoparticles yielded to the increase of 
strain hardening. It is assumed that the particles can serve as physical cross-links yielding to 
physically denser network. Rejuvenated yield stress was used as a suitable parameter for 
scaling the strain hardening response. A linear correlation was found for neat matrix. With 
addition of nanoparticles a pronounced nonlinearity occurs, while approaching to the Tg. 

An amorphous, polymethylmethacrylate glassy matrix was chosen to avoid the effects 
associated with crystallization. The PMMA matrix was selected for its moderate brittleness 
and entanglement density compared with polystyrene and polycarbonate. In addition, the 
dissolution and handling was easy. As reinforcement, micro and nano beads were chosen to 
avoid a complications resulting from particle orientation during sample preparation. 

ABSTRAKT 

 
Práce sledovala vliv velikosti částic na deformační odezvu v elastické oblasti a oblasti 

za mezí kluzu pro skelný polymer plněný nano a mikro plnivem. Bylo zjištěno, že jak 
elastická oblast, tak oblast za mezí kluzu ukazuje silnou závislost chování na velikosti 
vyztužujících částic. 

Deformační chovaní plněného PMMA bylo pozorováno v elastické a plastické 
deformační oblasti. V obou těchto oblastech byl sledován vliv velikosti částic na velikost 
elastického modulu a deformačního zpevnění. Mechanizmus vyztužení pomocí nano částic je 
často interpretován s použitím imobilizační teorie. Nano částice mají silný vliv na 
molekulární dynamiku a kinetiku tvorby zapletenin. Ačkoli pro velikost modulu byla 
publikována značná množství dat, vliv velikosti částic na deformační zpevnění je poskromnu. 
Během elastické deformace je primární struktura materiálu neměnná, ale za mezí kluzu se 
transformuje. Bylo prokázáno, že obsah nano částic zvyšuje tuhost a vede k vyššímu 
deformačnímu zpevnění. Je předpokládáno, že nano částice slouží jako další fyzikální uzly, 
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které vedou k fyzikálně více zapletenému systému. Jednoznačná interpretace deformačního 
zpevnění a přijatelný způsob vyhodnocení deformačního zpevnění však stále chybí. 

Jako modelový materiál byla vybrána amorfní matrice se sférickým plnivem. Amorfní 
matrice byla vybrána z důvodu, vyhnout se aspektům souvisejícím s krystalizací. 
Polymethylmethakrylát PMMA se z tohoto pohledu jevil jako ideální z důvodu své křehkosti 
a rovněž zacházení s ním je příjemné. Jako výztuž bylo použito sférické plnivo s rozměry v 
mikro a nano oblasti. Sférické plnivo bylo rovněž vybráno z důvodu jednoduchosti fyzikální 
interpretace a za účelem vyhnout se nepříjemnostem s orientací plniva během přípravy a 
měření vzorku. 
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CURRENT STATE-OF-THE-ART 

General introduction into a field of glassy polymers and composites is 
presented here. Theories on polymer glasses are presented. It is shown 
that polymer glasses are system with qualitatively large complexity. 
Current state of research on polymer glasses is preferentially focused 
on vitrification, energy landscape paradigm and fragility concept. 
Recent theories on reinforcement in micro and nanocomposites and 
deformation behavior are introduced. 

Polymer Glasses and Polymer Composites 

Polymer glasses 

In rubbery region, the polymer is in equilibrium, while going down below the Tg the 
system is constantly evolving, hence glass is not thermodynamically equilibrated state. The 
temperature of this transition depends on how quickly the liquid is cooled or heated. It has 
seemed more natural to describe the process in terms of kinetics rather than thermodynamics. 
Several theories have been derived to describe the glass and glass transition phenomena with 
more or less accuracy [1, 2]. However, an agreement on the comprehensive theory of glasses 
including even metallic, inorganic, and low molecular weight organics is still missing. 
Recently, new theories were introduced, trying to look on the glass phenomenon from another 
side. From these theories, the energy landscape introduced by Stillinger [3] and concepts of 
fragility introduced by Angell [4] do the most comprehend. 

What exactly is the glass? When lowering the temperature, the viscosity of the liquid 
increases and the molecules move more and more slowly. At some temperature, the molecules 
are moving so slowly that they do not have a chance to rearrange at the time of the experiment. 
At this temperature, the time scale for the rearrangement will become infinitely long 
compared to the time possible for observation and the material becomes frozen. From that 
statement, the glass transition temperature is not a true phase-transition, but rather a 
temperature where the time scale of the molecular movement and time scale of observation 
are crossing each other [5]. Glass on a contrary with crystal cannot be considered as a 
thermodynamically stable state. It is slowly relaxing toward a more stable state, seeking local 
energy minimum. This dynamic evolution can be related to the changes in the nature of the 
energy landscape. The energy landscape paradigm is mostly used to explain a metastable and 
complex system behavior. The landscape topology controls the kinetics and the 
thermodynamics perspective is viewed as an average of energy minima visited at certain 
temperature [6]. With decreasing temperature, a point is reached where the movement to a 
lower minimum becomes impossible – time consuming. Bringing the temperature up a little, 
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allows the system in a reasonable time to explore a surrounding minima and to evolve that 
direction. This process is called relaxation or annealing. 

The concept of liquid fragility is closely related to the energy landscape paradigm. 
Angell [7] was the first, who broadly extended the fragility concept in both the dynamics 
(viscosity for example) and thermodynamics (heat capacities). The term fragility can be 
simplified as sensitivity to temperature change. The glasses that are very sensitive to the 
temperature changes strongly deviate from the Arrhenius temperature dependence of the 
relaxation properties. Strong liquids exhibit a nearly Arrhenius dependence of dynamic 
properties. Fragile liquids exhibit VFTH or WLF behavior [8]. 

Resent progress was provided by McKenna et al, where the glasses were divided into 
several groups according to the fragility index. A roughly linear correlation between dynamic 
fragility and glass transition temperature was found [9, 10]. In the concept of the energy 
landscape paradigm, the fragile liquids are glasses with numerous minima and sparser minima 
are found in non-fragile liquids. Polymer materials are mostly fragile liquids because having 
long chains mostly with certain degree of polydispersity. With increase in glass transition 
temperature an increase of dynamic fragility was observed. 

Polymer nano and micro composites 

One of the benefits of micro composite over the neat matrix is the increased stiffness. 
An attention must be paid to uniform dispersion and surface treatment of the used filler. 
Current micromechanical theories assume that the effective properties of composite materials 
such as Young’s modulus, yield strength and elongation at break are related to the properties 
of their constituents, volume fraction of components, shape and spatial arrangement of filler 
and properties of the matrix/filler interphase. The properties of the material are considered 
independent of the particles. This is correct for systems with particles in micro size range. 
Micromechanical models are based on the assumption that the polymer matrix is a 
homogeneous continuum that may be characterized using its average properties. The effect of 
reinforcement in the size of micro range is mostly dependent on the volume fraction of the 
microparticles. In addition, all well established models, such as Guth-Gold [11], Kerner-
Nielsen [12], show the correspondence between increasing volume fraction and increase in 
stiffness. Usually, nanocomposites show a steep increase in modulus for a small amount of 
nanoparticles ~ 0.03-0.05. The modulus increase exceeds the continuum mechanics models 
derived for microcomposites. For the matrix reinforced with nanoparticles, these models are 
no longer valid. First, the sizes of the nanoparticles around ~ 10 nm, are comparable with the 
average random coil size (~10 nm) of most conventional polymers [13], see Figure 1. When 
the sizes are comparable, the assumption of matrix continuity is no longer valid. In addition, 
the contact between the matrix and the particles reaches a larger extent, due to the high 
specific surface area and the close interparticle distance even for low volume fractions. Thus, 
the main reinforcing mechanism in nanocomposites is found different from that in 
microparticles [14]. Nanocomposites are materials defined as composites being reinforced 
with particles having at least one dimension in a nano meter size range. Since the introduction 
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of nanoparticles in the 90th of last century, most of the effort was focused on the preparation 
and understanding the behavior of nanocomposites. First, concepts that were established for 
microcomposite were just scaled three orders of magnitude lower to describe and understand 
the nanocomposite behavior. As it was shown by Jancar et al [15, 16], this approach might not 
be the proper one. With decreasing particle size, the specific surface area increases. The large 
portion of polymer is in an intimate contact with the filler surface and takes a maximum 
advantage of interphase area. This has a strong influence of several composite properties like 
stiffness and yield stress. Figure 1 shows a simplified scheme of the relation of polymer coil 
to nano and micro particle.  While the size of the polymer coil is at least 1,000 times one 
smaller than the micro sphere, so the effect of local chain conformation changes is very small. 

Deformation Behavior of Polymer Composites 

For all polymers, the mechanical behavior shows an initial elastic modulus followed by 
viscoelastic response up to yield stress. Yield is followed by strain softening and strain 
hardening and at the maximum extension an ultimately break occurs. Strain softening is 
characterized as a decrease of true stress with increasing strain; on the other hand, strain 
hardening is characterized as a continuous increase of stress with increasing strain rate, until 
the ultimate fracture of the specimen. It is well established that polymer consist of long chains 
and that these play a dominant role after passing the yield point of the matrix. Below the yield 
point, the stress strain response is governed by the secondary interactions. These interactions 
determine the elastic and viscoelastic response. With increasing strain deformation, the chains 
started to orient in the direction of the applied load. Leading to the oriented structure and 
enhanced properties in loading direction. During this loading, a stress-induced crystallization 
like in rubbers can occur. Chain orientation is not the only phenomenon responsible for stress 
increase, because high molecular weight PS always shows a brittle behavior. 

Microparticle

Polymer 
Chain

Nanoparticle

Polymer 
Chain

NanoparticleMicroparticle

Figure 1 Simplified sketch on the length scale considered in our system. Nanoparticle has about 10 nm. 
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The deformation behavior is strongly dependent on the prior history of the material, 
changing with time and temperature without any significant changes in structure or chemical 
composition [17]. The effect of aging shows the increase of both the yield stress and strain 
softening as indicated by mechanical tests. The annealed material was also found to require a 
higher stress to yield. Differential scanning calorimeter is used to observe the enthalpy 
overshoot at Tg, showing that aging is accompanied by decrease in enthalpy or entropy. The 
deformation of glassy polymers has been postulated to consist of two distinct barriers to 
deformation: one being an isotropic, viscoelastic barrier to chain segment rotation, the second 
being an anisotropic barrier to chain orientation and alignment. Each barrier was considered 
to evolve separately and differently with strain. During the initial stages of deformation, a 
substation portion of mechanical work is stored within a material in pre-yield deformation. 
Additional portion is stored to align the polymer segments in the stress directions in post-yield 
deformation [18]. 

After passing the yield point, the disruption of secondary bonds occurs. Polymer started 
to flow and it is hold together by primary bonds. The flow stress has been shown to be 
independent of physical aging, giving rise to so-called strain softening, and a decrease in true 
stress as the deformation proceeds. Experiments show that small extent of deformation like 
cold rolling [19 - 21] or torque [22] are responsible for erasure of effects associated with 
physical aging, so when the polymer is deformed immediately after that, no pronounced yield 
stress and strain softening occurs. This behavior was called the mechanical rejuvenation. Even 
for polystyrene, a shear banding was found as a deformation mechanism instead of crazing at 
room temperature. Aging yields to restoration of pronounced yield stress and strain softening. 
From the perspective of energy landscape model, the mechanical rejuvenation yields to 
formation of structural states with shallower energy minima. Actually this means that the 
polymer is during the plastic deformation removed from deep energy minima where the 
polymer glasses continuously evolves to lower energy states [23]. It is believed that the 
polymer glass is removed from the energy minima to some energetically higher positions. 
McKenna [9] questioned this interpretation, so the agreement on the rejuvenation of polymer 
glasses is still missing. 

The macroscopic deformation behavior of polymer glasses is generally dominated by 
the localization phenomena like shear banding or crazing and necking. Although all glassy 
polymers show quite similar intrinsic pre-yield behavior, their macroscopic deformation 
behavior is quite different. For example, PS is very brittle compared with PC, which is tough. 
In PS the localization phenomena is due to the pronounced strain softening and since the 
strain, hardening is to weak to overcome the localization of strain. For PC the pronounced 
strain hardening is sufficient to stabilize the strain localization. Strain localization can be 
reduced by thermal and mechanical preconditioning as mentioned in chapter 3. Hence, this 
procedure has only a temporary effect on mechanical behavior and the sample starts to age 
rapidly after treatment. Any localization of the strain is stabilized if the molecular network 
can transfer sufficient load. Contrary to the Treloar´s rubber elasticity, a decrease in strain 
hardening moduli was found with increasing temperature and decreasing strain rate. These 
observations lead to the conclusion that in high strain regions the viscoelastic part of the 

 8



Deformation Behavior of Nano/Micro Reinforced PMMA 

response is still active and decreases the strain hardening response as [24]. A viscoelastic 
component is referred to the intermolecular interactions on a segmental scale. While the strain 
hardening elastic spring is referred to the chain network response during loading. Strain 
hardening intensity is of magnitude larger than what can be expected form the network 
density determined in the melt. The reasons might be a presence of strong energetic 
contributions of the response, while in rubber elasticity this contribution is negligible. 

Various models based on continuum mechanics are used to describe the structure and 
performance of interphase on a micro-scale, satisfactorily. At the micro-scale, the interphase 
is considered a continuum with average properties. Assumptions and models derived using 
this concept characterize the interphase by its thickness, modulus and shear strength. The 
effort to transfer the same approach and concepts to nano-scale seems not right. On the nano 
scale, a discrete molecular structure must be considered. The term interphase from 
micromechanics is loosing its meaning and has to be redefined to embrace a discrete nature of 
polymer coils on the nano scale. The segmental immobilization resulting in retarded chain 
dynamics in the vicinity of nanoparticles is thought to be more convenient term for interphase 
on the nano scale. The following Figure (2) shows a schematic representation of “interphase” 
in nano and microcomposite. Three distinct phases can be recognized: Reinforcing particles, 
bulk and interphase matrix. The extent of interphase in microcomposites is relatively small, 
and usually transfers the stress from matrix to the filler. The largest portion of the 
reinforcement comes from the volume effect or the stress transfer to the anisometric particles 
like fibers or platelets. For the spherical particles, the reinforcing effect related to the volume 
fraction can only be considered. 

Particles

Bulk

 From the previous Figures 1 and 2, it is also clear, why the interphase can be 
considered as a continuum region. From these figures, it is also clear, why the extent of 
interphase in microcomposites is so low. The proximity between the microparticles is so large 
that a small amount of polymer coils is in an intimate contact with the particles and forming 

Interphase

20 nm

Particles

Bulk

Interphase

20 nm

Particles

Bulk

Interphase

20 nm

Figure 2 schematic views on the extent of “interphase/retarded reptation zone” in micro and nanocomposites. 
On the left: A simplified view on nanocomposite is shown. Due to interparticle distances and high specific 
surface area, large quantities of polymer coils are near nanoparticles. Three distinct regions can be easily 
recognized, Bulk polymer (cyan), interphase (blue) and nanoparticles (white). On the right side: A schematic 
view of microcomposite. The interparticle distance makes the inter penetrating of interphase impossible. A large 
quantity of matrix remains without any contact with particles.  
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an interphase. A large portion of polymer chains is not influenced by the particle presence and 
retains its bulk properties. Thus, in microcomposites, three distinct regions exist: filler, matrix 
and interphase and that these regions can be described by some average properties. The 
comparable sizes of nanoparticles and polymer chain coils [16] complicate the unambiguous 
development of any models to predict nanocomposites behavior. Chain conformation and 
changes in local dynamics must be taken into a consideration. Large contact area between 
matrix and filler yields to increased stiffness for low volume fraction of particles never seen 
in microcomposites. This “nano effect” has its origin in the comparable sizes of polymer coil 
and particle and in high specific surface area of nanoparticles; these attributes have a 
pronounced effect even in low volume fractions. Assuming the chain immobilization to be the 
primary reinforcing mechanism on nano scale, observing the changes in conformational 
entropy within the polymer phase is of primary importance. 

MATERIALS AND METHODS 

Material 

The high molecular weights PMMA (150 kg.mol-1 5MC, Plexiglas Rohm Industries, 
Germany and Sigma Aldrich 300 kg.mol-1 10MC) were used as a matrix. Silton Jc-50 in the 
range of 5μm (Mizusawa Industries, Japan) and Silica in range of 10 μm and 20 nm of 
primary particles (Sigma Aldrich) were used as the reinforcement. Detailed information is 
listed in Table 1 and 2. Parameters in Table 1 were obtained from SEM, TEM and Confocal 
Laser Scanning Microscopy. Size distribution was measured using a Zetasizer 3000HS 
(Malvern Instruments Ltd). BET absorption isotherm was measured on Chembet 3000 
(Quantachrom) to obtain a specific surface area needed for farther calculations. 

The master batches were prepared as follows. A certain amount of filler was dispersed 
in a solvent (Acetone + Toluene 1:1 vol. fractions). Required amount of filler was added and 
stirred while sonicating for 1 hour. Meanwhile a certain amount of matrix was dissolved and 
added to the mixture. Master batch was then stirred and sonicated for a next 1 hour. Prepared 
mixture was poured on the aluminum sheets at room temperature and dried for 4 hours at 
80 °C to evaporate the solvent. Thin composite sheets were milled and dried at 140 °C for 1 
hour. Prepared master batch was compression molded at 180 °C for 4 minutes into plates of 
thickness of 0.5 mm. Plates were cooled to room temperature immediately. The volume 
fraction of filler used in experiments varies from zero to ten-volume percentage. 

For measurement in tension a dog-bone specimens were cut off from the sheets. 
Specimens for dynamic mechanical analysis were cut off using a rectangular shaped cutter. 
Compression specimens were prepared from blocks, which were prepared by stacking sheets 
upon each other and compressed at the same thermal conditions as previously, but for 8 
minutes. From these block a compression specimens were prepared using a mill and slugger-
cutter drill with internal diameter 6 mm. 
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Table 1 Applied Fillers 

Particle Diameter Specific Surface 
Area 

Microscope Zeta Sizer BET 
Average 

Size 
Standard 
deviation 

Average 
Size 

Standard 
deviation 

Average 
Size 

Standard 
deviation 

Particle Material 

μm/nm+ μm/nm+ m2.g-1

SILTON 

Sodium 
Calcium 
Alumino 
Silicate 

4.24 0.87 5.62 2.85 3.8 0.1 

GLASS 
BEADS SiO2 8.77 7.20 9.21 4.35 0.3 - 
FUMED 
SILICA+ SiO2 20+ 10 19.5+ 2.4 272.9 1.4 

 
 
 
Table 2 Applied Matrices 

Mz Mw Mn ν *McMatrix 
g.mol-1 g.mol-1 g.mol-1 - g.mol-1

31 530PMMA 168 061 115 959 67 781 1.71 
24 100

PMMA  300 000    
Literature values from 24 100 [25], 31 530 [26] 
 
 

Methods 

First series of specimens were tested using a Universal Tensile Testing Machine (Zwick 
1940) in a tensile mode. Environmental chamber was used and samples were tested at 80 °C 
at strain rates 10-4, 10-3, 10-2 s-1 (0.1%, 1%, and 10% of overall deformation). Compression 
measurements were performed using the Instron 5800 at logarithmic strain rates ranging from 
10-4 to 100 s-1, at temperature range from 20 °C to 80 °C. Dynamic mechanical analysis was 
performed on ARG2 rheometer (TA instruments) using torsion clamps. Temperature sweeps 
from 40 °C to 160 °C were performed at constant frequency 1 Hz and 0.01% amplitude. For 
all measurements, an average value of three measurements was taken and a standard deviation 
was calculated. The size of the symbol in figures represents the standard deviation. 
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PROGRESS BEYOND STATE-OF-THE-ART 

The study is concerned with the composite stiffness reinforced with filler having 
different particle sizes. Composite stiffness in a sub-Tg region and above Tg region was 
observed. PMMA with two different molecular weights and particles having a diameter from 
10 microns to 20 nanometers were used. Correlation of experimental results with existing 
micromechanical models was presented. Reinforcing mechanism for microcomposites lies in 
volume, while as a primary source of stiffening in nanocomposites a chain immobilization 
was found. Particles on the boarder line of micro and nano size were chosen intentionally, 
seek the particle threshold size were the chain immobilization started to play a main role [27]. 
Data were plotted against the volume fraction and specific surface area of the filler. With 
decreasing particle size, the modulus of the composite increases. Finally, a simple model was 
introduced for capturing the reinforcing effects [13]. 

While the effect of nanoparticles on the composite elastic modulus has been 
investigated thoroughly, the strain hardening is somehow omitted. After passing the yield 
point, the primary structure of the material is transformed, because of plastic deformation. 
Current interpretation of the strain hardening in polymer glasses was derived using a concept 
of entangled network. With increasing entanglement density the strain hardening increases, 
however, concept of rubber elasticity is controversial in deformed polymer glass [28]. The 
effect of particles on the strain hardening response was observed for neat, nano and micro 
filled matrix. Strain hardening modulus was derivated as a slope in a linear region after the 
yield point in stress strain curve. Strain hardening modulus was scaled with yield stress, 
thought, giving view that is convenient. Strain hardening was interpreted using a concept of 
immobilization theory. 

 Neat PMMA
 5% Nanoparticles

σ = σyRejuvenated + GH(Neo-Hookean Strain)

Figure 3 Compression stress-strain curve: Elastic region (blue) and Strain hardening region (red). 
Compression measurement for neat and nanofilled PMMA. 
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The present investigation was carried out on PMMA grades reinforced with nano and 
micro particles, with varying temperature, strain rate and thermal treatment, used to establish 
relationship on the influence of particles on the strain hardening response. It is shown that 
strain hardening is not related to entropic back stress, but that chain particle interactions and 
orientation effects are responsible for observed trends. 

Elastic Modulus 

Experimental results are reported from which it appears that stiffness 
of the composite is particle size dependent. Measured data were 
correlated with Kerner and Guth-Gold equation. For modulus below 
and above glass transition temperature a superior role of nano 
reinforcement was found. It is shown that these micromechanical 
models do not predict the reinforcement of nanocomposites 
satisfactorily. The effect of particle size and the specific surface area 
of the filler are not considered. It was shown that specific surface area 
of the nano particles play a significant role in matrix stiffening. 

Introduction 

The elastic modulus of particulate filled material is generally determined by the 
properties of its constituents – matrix and filler, particle loading and aspect ratio. In the case 
of spherical filler, the composite stiffness depends only on the properties of its constituents 
and loading. Modulus of a composite has been the subject of several studies and a number of 
models were derived, predicting the composite modulus variation with varying accuracy. 
Kerner, Mori-Tanaka and Guth-Gold models are the most respected [11, 12, 29]. These 
theories considered the matrix as an isotropic homogeneous continuum and the modulus of 
composite independent of filler size. Although these theories are giving a good correlation 
with experimental results for microcomposites, it was shown by several authors [30 - 32] that 
there existed a certain dependence of composite modulus on particle size. With decreasing 
particle size, a larger modulus was observed compared with the composite modulus filled 
with larger particles. None of certain explanations was able to interpret the observed trends 
[31]. 

Results 

The experimentally obtained data were plotted against volume fraction of the filler in 
the following figures, while changing the temperature and strain rate of the experiment. In 
these plots a predictions according to the modified Kerner equation [33] are presented as 
continuous curves. The modified Kerner equation is expressed as: 
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In Equations 2.1 E is the Young’s modulus, the subscripts C, M and F refers to 
composite, matrix and filler, respectively, ν is the Poisson’s ratio and vf is the filler volume 
fraction. The ratio of composite modulus to the modulus of matrix is known as a relative 
modulus of the composite. In addition, ψ  is defined as follows: 
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+=
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Where the parameters have the meaning as previously and vmax is the maximum volume 
fraction, occupied by particles for random special packing [12]. Several theoretical models 
were derived yielding to approximately the same values for spherical reinforcement – 0.64. 
No significant differences existed between modified Kerner equation and unmodified 
equation for composites in this study. No significant error in calculations or conclusions is 
caused by this decision. 

Figure 4 Relative modulus PMMA for two micro and nano composite in tension. 
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Figure 4 shows a selected view of measured data at constant strain rate and temperature 
as measured in tension. Relative modulus of composite is plotted against volume fraction of 
particles. A correlation between Kerner-Nielsen model and experimentally obtained data was 
found for microcomposites. A steep divergence was observed for nanocomposites. All 
micromechanical models are based on the assumption that primary contribution to the 
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stiffening is related to the volume fraction of the filler. This approach is valid only for micro 
particles, while in nanocomposites it is related to the molecular stiffening. It is shown that the 
influence of molecular stiffening is recognizable even at temperatures below the Tg of matrix. 

The Figures 4 and 5 show data as measured for temperatures around Tg (Figure 4) and 
above Tg (Figure 5). For both regions, the observed trend was the same. For nanoparticles a 
steeper increase in modulus, compared with microparticles was recognized. 
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Discussions 

It was assumed [13] that the modulus of composite is dependent on the volume fraction 
of the filler and that the matrix modulus is assumed to be independent of the filler content. 
Than the relative modulus is only a function of volume fraction. 

( )fR0
m

C vfM
M
M

== ,                                                                                                        (2) 

where M refers to modulus and subscripts c, m and R to composite, matrix and relative 
modulus, respectively. This approach implies that the modulus of matrix stays unaffected and 
that the MC is not particle size dependent. The steep increase of modulus for nanocomposites 
compared with microcomposites is generally ascribed to the molecular stiffening mechanism. 
Experimental data [27, 34] suggest that modulus increase is proportional to the filler-matrix 
interfacial area. This approach implies a significant dependence of matrix modulus on the 
particle dimensions. For this case, the composite modulus is expressed in the following form: 

( )fmC vfMM *= ,                                                                                                              (3) 

where is the matrix modulus dependent on the presence of the filler. The is a 

function of specific surface area of the filler and neat matrix modulus. 
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Figure 5 Rubbery elastic modulus for nano/micro particles embedded in PMMA 
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The  is an unknown function expressing the dependence of the extent of 
interfacial area between matrix and filler and the quality of the matrix filler interactions. For 
large particles, i.e., particle radius r >> R

( )fSΦ

g and large vf the function 1→Φ  and . 
This means that the matrix modulus is approximately the same for neat and for filled system. 
For low v

0
mm MM ≈*

f and , the  and the reinforcement is predominantly due to the 

matrix stiffening, i.e. . 
gRr ≈ ( ) 1vf f →

*
mC MM ≈

In order to test this approach, the experimental data were reduced using the Guth-Gold 
equation for modulus above Tg (Figure 6 and 7): 

2
ff

C
m v114v521

E
E

..
*

++
=                                                                                                  (5) 

and the Kerner-Nielsen:  
( )

f

fC
m ABv1

Bv1E
E

+
−

=*                                                                                                           (6) 

and for data in sub-Tg region (Figure 6 and 7). In agreement with the hypothesis, there 
is a strong dependence of  for nanometer-sized particles and the increase is approximately 
linear with logS

*
mE

f. On the other hand, matrix modulus of particles in a micro range is 
practically not affected. 

In the Figure 6, the overall plot of nano and micro composites as measured for two 
PMMA matrices, with different molecular weight, is shown. A linear correlation between the 
specific surface area of the microcomposite and the rubbery modulus of the matrix was 
found. For the microcomposites, the matrix modulus is approximately independent on the 
volume fraction of particles. The situation in nanocomposites is quite different, hence, due to 
the close inter particle proximity, large extent of polymer coils is in contact with the filler 
particles, and the matrix stiffness changes dramatically and is roughly linear with the 
logarithm of specific surface area. The same correlation, between the matrix modulus and the 
specific surface area of the filler, was observed above T

*
mM

g on the following figure 7. 
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From the Figure 8 below, it is clear that the extent of reinforcement changes 
dramatically with the temperature. For microcomposites (spheres), the data measured data 
measured far below Tg show a larger modulus, compared with data measured around Tg. 

When approaching the Tg the increase in temperature also increase the segmental mobility of 
the system, which causes on the macroscopic scale, the softening of the composite and 
decrease in modulus. Data measured for microcomposites coincides with data in figures 6 and 
7. The trend is always the same; the matrix modulus is constant and independent on the 
volume fraction within our framework. The situation in nanocomposites is quite different.  In 
addition, here the effect of temperature yield to soften the matrix, but the presence of particles 
changes the shape of the modulus dramatically. For the data measured at temperatures far 
below Tg, a small increase in modulus was recognized on the other hand data obtained around 
Tg a steeper increase in modulus was found. The figure 8 support the hypothesis, that the 

Figure 7 Dependence of matrix modulus Mm
* on the logarithm of the specific interface above Tg. 
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mechanism of reinforcement has an entropic origin, with increasing temperature increase in 
modulus is observed. 

Conclusion 

The elastic modulus of PMMA filled with particles having different particle sizes were 
observed for a broad range of strain rates, temperatures, matrix molecular weight and type of 
deformation. Incorporation of particles in the size of nano and micro range yields to increase 
in stiffness of neat matrix. Composite stiffness was observed for two temperature regions, 
below Tg (glassy elastic modulus) and above Tg (the rubbery elastic modulus). A divergence 
form predictions based on the Kerner and Guth-Gold models occur. Experimental evidence is 
given that the composite stiffness is particle size dependent. With decreasing particle size, the 
steeper increase in modulus was observed. While incorporation of particles yields to increase 
in composite stiffness, the underlining reinforcing mechanisms differ. 

Incorporation of micro sized particle filler yield to increase the composite modulus. The 
increase in composite modulus is related to the volume fraction of the filler. Saying 
differently: when a larger amount of matrix is replaced by stiff particles, the pronounced 
reinforcing effect is observed. It is assumed that the matrix modulus stays practically 
unaffected by the incorporation of particles. The extent of formed interphase area of the micro 
filler is small (for observed volume fractions) compared with the bulk and did not affect the 
matrix modulus. The reinforcing effect of microparticles is related to the volume fraction of 
the filler, while the matrix modulus keeps its bulk properties. This statement is valid for 
temperatures below Tg and above Tg in a glassy and rubbery state, respectively. A trace 
amount of nanoparticles increases the composite modulus significantly. With adding 
nanoparticles, the increase in relative modulus exceeds the semiemprical rules. The effect of 
reinforcement in nanocomposites lies in a close interparticle distances and large interphase 
area of the nanoparticles. The reinforcing effect of nanoparticles is related to the increase in 
matrix modulus compared with the bulk. This entropic origin is responsible for pronounced 
discrepancies between micromechanical models such as Kerner-Nielsen and Guth-Gold 
model. 

Various reinforcing mechanisms were found in nano reinforced and micro reinforced 
PMMA. From statement derivated previously, there must exist a particle size, below the effect 
of particles on the matrix modulus is significant and above this critical particle size, where the 
effect of particles on the matrix modulus is negligible. Simple model was introduced to show 
this kind of effect. The matrix modulus was plotted versus specific interphacial surface area 
of the filler. While for the particles in the micro range the matrix modulus is unaffected, for 
nanocomposites, an increase in modulus with the logarithm of specific surface area was found. 
A critical particle size was observed approximately around 1μm, below where the specific 
surface area starts to play a significant role. Below this critical particle size, the matrix 
modulus is strongly dependent on the particle dimension and above this critical size; the effect 
of particles size is independent. 
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Experimental results were given to show a particle size dependence of filler on the 
elastic modulus of PMMA below and above Tg. It was shown that matrix modulus increases 
with adding nanoparticles, while for a microparticles remains as bulk. A simple semiemprical 
model is given to show the effect of specific surface area of the filler on the elastic modulus. 
Even though the proposed model does not describe the molecular mechanism of chain 
stiffening, it is found valuable as a framework how to look on experimental data for nano and 
micro composites. The origin of reinforcing effects in nanocomposites (entropic origin) and 
microcomposites (volume) was defined. The use of classical micromechanical model to 
predict and interpret the observed data for nanocomposites is not correct. 

Strain Hardening 

The effect of adding nano and micro particles on the strain hardening 
region of amorphous PMMA has been investigated. While traditional 
entropic network model can fit total stress, its underlying assumptions 
are inconsistent with theoretical background of strain hardening. 
Simple Guth-Gold equation was used to analyze the effect of particle 
content on strain hardening. Strain hardening was scaled the yield 
stress. The dependence of strain hardening showed a linear correlation 
and increasing non-linearity with increasing the content of 
nanoparticles. 

Introduction 

The deformation behavior of polymer glasses in their post-yield region is always 
modeled using a concepts originating in the rubber elasticity. These rubber models are 
inconsistent with experimental measurements and simulation results [23, 35]. Glasses are 
assumed to behave like a cross linked rubber, with the number of chains cross linked 
chemically or physically. The origin of the strain hardening is associated with changes in the 
entropy of stretching the entangled network [36]. The stress-strain curve is fit using a neo-
hookean model as shown on the Figure 3. For uniaxial compression with a longitudinal 
stretch λ , the stress is given by: 

( ) ,
T

ST ⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

−=
λ

λλσ                                                                                                         (7) 

where ( )λσ  is the true stress, S is entropy per unit volume and T is the temperature. 
The equation yields to an equation: 

( ) ( )12 −−= λλλσ HG ,                                                                                                      (8) 
with GH as a strain hardening modulus. This yields to equation 9 with the strain 

hardening modulus GH that is linearly proportional to the temperature and entanglement 
density: 
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TkG BeH ρ= ,                                                                                                                  (9) 

where kB is the Boltzmann constant a eρ is the entanglement density [24]. The 

application of entropic argument to the glassy state seems controversial for several reasons. (i) 
Rubber is a thermodynamically equilibrium state which the glasses and especially fragile 
polymer glasses are not. (ii) Assuming that strain hardening shows an entropic origin the GH 
modulus suppose to be comparable with the polymer melt. However, the GH is of order higher 
[23]. (iii) Strain hardening region shows pronounced strain rate and temperature dependence. 
With increasing temperature and decreasing strain rate, the GH decreases, this is also in 
contradiction with rubber’s elasticity. Rubber elasticity proposes increasing the modulus with 
temperature. Post-yield response shows a typical viscoelastic behavior. (iv) Strain hardening 
has been observed for un-entangled and uncross linked systems [37]. (v) The full recovery of 
deformed glasses after heating above Tg is believed to be the evidence of entropic origin of 
strain hardening response. This memory effect is only a testimony against the disruption of 
primary chain bonds and evidence of segmental orientation of polymer chains. For the 
energetic and rubbery elasticity, the shape recovery is immediate. From statements above it is 
more convenient to propose that strain hardening has not much things in common with 
rubbers or polymer melts. It is more close to the viscoelastic behavior. Typical example of 
this kind of behavior is the yield point. (a) Same temperature and strain rate dependence, (b) 
the magnitude have the same order. (c) Both can be scaled showing a linear correlation 
against the logarithm of strain rate. (d) Yield stress is the onset of plastic deformation, and the 
post-yield response is the progress of plastic deformation. However, after a sufficient progress 
in experimental field caused by Meijer [38], Chen et al [39] and in simulation approach by 
Vorselaars [40] and Hoy et al [35] we are still far from complete understanding of post-yield 
response and strain hardening. 

It is believed that strain hardening response of filled PMMA can be separated to several 
contributions induced by stress and temperature. Stress yields to deformation and breakage of 
the secondary forced, where the chain segments starts to orient and slip upon each other and 
orient in the direction of applied stress. The chain orientation is associated with the energy 
storage, while the breakage of the secondary bonds is associated with the energy dissipation. 
From theoretical simulations of Hoy et al, the dominant part of the strain hardening is the 
energy dissipation rather than energy storage [35, 41]. The dissipative stress is due to the 
presence of energy barriers. Strain hardening carries signs for energy activation process, like 
strain rate and temperature dependence. This is a typical behavior from a thermally activated 
process. In addition, it can be interpreted within the barrier-crossing picture. For higher 
deformation rates, fewer chain segments are able to overtake the energy barriers by a thermal 
fluctuation and therefore more chain segments are forced for crossing the barrier, yielding to 
increase in strain hardening. 

The present investigation was carried out on PMMA reinforced with nano and micro 
particles, with varying temperature, strain rate and thermal treatment, used to establish 
relationship on the influence of particles on the strain hardening response. Attention is paid to 
the new approach, how to scale the strain hardening response. It is shown that strain 
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hardening is not related to entropic back stress, but that chain particle interactions and 
orientation effects are responsible for observed trends. 

Results 

The relation between the engineering values and true values was defined in previous 
chapter, so here it is only reminded the neo-hookean elastic spring [24]. This expression holds 
for volume-conserving uniaxial compression: 

( )12
HyRT G −−+= λλσσ ,                                                                                             (10) 

yRσ , GH and λ  have the same meaning as previously. Strain Hardening modulus is 
determined as a slope of a linear part between the values -1.25 and 1.5 (marked by red line in 
figure 3). 

Strain hardening was measured at various temperatures and strain rates (Figure 9). It is 
shown, that with increasing temperature the strain hardening decreases. With increasing strain 
rate, the strain hardening increases and becomes more pronounced. 

The Figure 10 shows the stress strain curve on neat and nano filled PMMA. For all 
observed volume fractions of particles used in this experiment, an increase of strain hardening 
modulus was observed. 
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Figure 9 Strain Hardening response to various strain rates on the left part and strain hardening response as 
exposed to several temperatures of neat PMMA on the right part of the Figure. 
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Figure 10 Effect of nanoparticles on the strain hardening response at constant temperature and strain rate 
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Discussion 

The Figure 11 shows the correlation between the GH of nanocomposite for two 
temperatures. On the left part of the figure the behavior of nanocomposite is shown, while on 
the right part of the figure the behavior of microcomposite is shown. Data were measured at 
room temperature (hollow symbols) and around Tg (filled symbols). Both data were correlated 
with Guth-Gold equation. It is assumed that in certain ways the plastically deformed material 
can be described as a highly viscous liquid. The Guth-Gold equation in the Figure 11 is 
shown as a continuous line. It was shown by several authors that nanoparticles significantly 
affect the molecular dynamics in the polymer melts and elastomers including the kinetics of 
disentanglement and stiffening. Large retardation of chain dynamics in the vicinity of the 
nanoparticles was recognized and it is believed that this is responsible for stiffening in 

Figure 11 Strain hardening modulus against volume fraction as measured for two temperatures: around TG 
(filled symbols) and far below Tg (hollow symbols). Nanocomposites on the left part of the Figure 
manifested pronounced temperature dependence and microcomposites on the right part with weak 
temperature dependence.  
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nanocomposites [13, 27]. It is assumed that nanoparticles can serve as an additional physical 
cross-links yielding denser physically entangled network. With approaching the Tg from 
below the polymer segment wriggling intensively and at certain volume fraction of 
nanoparticles the reduced mobility, suppose to be recognized. While for the microcomposite 
practically no significant temperature dependence was recognized, the situation for the 
nanoparticles is different. Here, the strain hardening modulus as measured around Tg shows a 
steep increase. It is believed that immobilizing effect can be recognized at elevated 
temperatures around Tg as shown for the nanocomposite on the left part of the Figure 11. The 
dashed line serves only as a guide for an eye. 

Figure 12 Strain hardening modulus GH as a function of flow stress. Hollow spheres for neat PMMA 
(5MC grade), violet squares for 1% nanoparticles and triangles for 5% nanocomposites. Data were 
measured for various strain rate and temperatures and superpositioned. The lines, continuous for neat 
matrix, dashed for 1% filled and dotted for 5% nanofilled composites show a linear fit. 
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Resent experimental [42] and theoretical works [43] show that change in GH correlate 
with those in the plastic flow stress. Indeed, entire stress strain curve collapse when 
normalized by the yield stress. This is not expected from the entropic models, where 
rejuvenated yield stress is treated as an independent parameter arising from local plasticity. A 
linear correlation between the rejuvenated yield stress and strain hardening was found for neat 
matrix. Data shown in the Figure 12 shows the linear dependence of the universal equation: 

y0HH CGG σ+= .                                                                                                         (11) 

Both values shows the same temperature and strain rate dependence and have the same 
order of magnitude, both refers to the plastic deformation of the polymer. With increasing the 
yield stress an increase in the strain hardening response was found. 

The most direct way to vary the yield stress is by changing the intermolecular 
interactions. In the previous chapter, the increase with yield stress and rejuvenated yield stress 
was documented by adding nano particles. However, the experimental results showing that 
GH can be scaled with the flow stress and its temperature and strain rate dependence can be 
explained in the way of energy activated process. Two microscopic origins of strain hardening 
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are proposed here to explain the observed experimental data. Network models (equation 10) 
are not consistent with observed changes with varying temperature, strain rate and with 
changes in energy, heat flow and molecular conformations from simulation of Hoy [41] and 
additional experimental results performed by Wendtlandt [44]. The stress can be divided into 
energetic and thermal contributions. The energetic contribution is strictly zero in entropic 
models, but it becomes significant, as the segments between entanglements are stretched taut 
[45]. This thermal stress is found to be directly related to the rate of local plastic 
rearrangements. 

Conclusion 

While the effect of nanoparticles on the elastic modulus and yield stress draw an 
enormous attention. The effect of nanoparticles in the post-yield response is somehow omitted. 
PMMA, nano and micro composites were prepared with varying volume fractions and 
observed in compression tests over the broad range of temperature and strain rate intervals. 
The strain hardening modulus was analyzed using concepts of rubber elasticity as a slope in 
post-yield response. 

Form the perspective derived first by Melick el [46] all the experimental results can be 
view as follows. The incorporation of the nanoparticles affects the entanglement density of 
the polymer chains. Polymer yields to more entangled system and the strain hardening 
response rises. On the nano scale, the entanglements are proposed to be the effect of 
adsorbing and desorbing the polymer chains on the particle surface, induced by temperature 
and strain rate. Simple Guth-Gold model was used to evaluate a measured data. Pronounced 
temperature dependence of strain hardening in nanocomposites was found. With approaching 
the Tg, the effect of nanoparticles on the strain hardening increases. No comparable 
temperature dependence was recognized in microcomposites. In the presence of nanoparticles 
the segmental movement is affected by adsorption/desorption which is also a temperature 
activated process. Both are responsible for observed strain hardening. 

The effect of temperature on the strain hardening is in dramatic disagreement with the 
entropic model. GH decreases with increasing temperature rather being proportional to the 
temperature as is for polymer melts. This behavior maintains the same when approaching Tg 
of the polymer. Values of the GH at all temperatures are very much larger than the entropic 
prediction GR = TkBeρ and even near the Tg it is of order higher in experiments. Entropic 

network models predict GH ≈ GR for temperatures approaching Tg from below and for zero 
yield stress. No such a behavior was found. The same correlation was found for strain rate 
where with increasing strain rate the strain hardening modulus increases, while in the rubber 
elasticity the dependence is not that pronounced. Both observations suggested strain 
hardening corresponds rather with the yield stress. 

The entropy-based theory does describe the some features of the post-yield response 
and fit the experimental data but fails in predicting the absolute magnitude of the strain 
hardening modulus. The failure of the rubber elastic theory was mentioned in the introduction 
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and the existence of frozen in conformation, because of the existence of the energetic barriers 
between various states. Moreover, to deform the glassy material this energetic barriers needed 
to be surpassed. The chain connectivity and steric hindrances present a severe obstacle in the 
relaxation. Strain Hardening implies the microscopic arrangement of chains evolved under 
external stress. The correlation of GH with σyR suggests on the relationship of those 
engineering values. In both case the slope and the strain hardening depends on the 
temperature and strain rate. Strain hardening models based on the plastic deformation rather 
than an entropic model suppose to be found. A qualitative explanation of the trends observed 
here lies in the activated process of plastic rearrangements with strain and temperature. 

CONCLUDING REMARKS 

The literature review on mechanical deformation of nano and micro composites was 
presented here. Attention was paid to explain certain peculiarities found in nano and micro 
composites. Most of the review was devoted to the mechanical stiffening and deformation 
behavior of composites. Elastic moduli and the strain hardening response were observed for a 
glassy system with particles in the size of nano and micro range. Pronounced particle size 
dependence of elastic modulus and strain hardening was found. The outcome of the work 
supposes to help with farther understanding of reinforcing mechanisms and the post-yield 
response of nano and microcomposites. The behavior of polymer glass and composite 
material subjected to small and high strain deformations have been reviewed, with particular 
emphasis on the question of the effects of particle size on the stiffness and strain hardening 
response. 

The understanding of stiffening and reinforcing mechanisms in nanocomposites remains 
in its infancy. Since the basic approach and concept how to look on the nanocomposites has 
been established, the comprehensive theory on the reinforcement in nanocomposites is still 
missing. The primary objective of this work is pointed on peculiarities between the nano and 
micro reinforced composites. The influence of particle size dependence on the stiffening 
below and above matrix main temperature transition is shown. Different mechanisms of 
stiffening are proposed for nano and microcomposites to show that simple scaling is not 
necessarily the right and satisfactory approach. With decreasing particles size, the effect on 
moduli increases significantly. The reason lies in the mechanisms of stiffening where for the 
microcomposites the reinforcing is related to the volume, while for the nanoparticles the 
stiffening is related to the polymer particle interactions. Saying by other words, the more you 
replace the weak polymer with stiff filler the greater reinforcing effect you will receive for 
spherical microparticles. In nanocomposites, the reinforcing effect lies in the changes in the 
matrix caused by the nanoparticles. The threshold particle size was found were the first 
reinforcing mechanism plays a dominant role (in microcomposites) and the chain stiffening is 
negligible and vice versa. 
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After passing the yield point, the primary structure of the material is irreversibly 
damaged and the material starts to flow held by primary bonds. From the network perspective 
the incorporation of the nanoparticles yields to denser entanglement network and hence to an 
increase of the strain hardening response. Contrary the presence of the nanoparticles affects 
the local chain packing significantly yielding to pronounced nonaffine deformation. With 
increasing an amount of nanoaffinly deformed segments with addition of nanoparticles the 
strain hardening increases. The adsorbion/desorbion of chain segments is assumed responsible 
for pronounced GH at elevated temperatures. As a stress activated process, the strain 
hardening increases with increasing energy barriers needed to surpasses with polymer 
deformation. While the addition of the nanoparticles the polymer glasses becomes more 
fragile and the high of such a barrier increases, it is reasonable to expect the increase in strain 
hardening modulus with addition of nanoparticles. 

 
A presented approach is not a comprehensive study on such a vast and complex 

problems, like the effect of particle size on the reinforcing mechanism and post-yield response, 
but shows a new look how to analyze and think about measured data of nano and 
microcomposites. Although polymer nanocomposites are under investigation for several 
decades, it is still far from fully understanding molecular mechanisms responsible for the 
observed behavior. While these remarks in the preceding pages address the main problem 
areas in the study of deformation behavior of polymer glass filled with nano and micro 
particles, it is obvious that they represent only a scratch on the surface of the overall problem. 
Obviously no one shares responsibility for the view presented here, which are entirely my 
own. This PhD work is based on the measurement and discussions taken part in BUT and 
UMASS.
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