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Abstract. In this work we have investigated the influence of nanoscale and microscale 

structure on the tribo-mechanical performance and failure mechanisms of two biocompatible 

dental polymer composites, with different reinforcing particulates, using advanced microscopy 

techniques. Nano- and microstructural analysis reveals the shape, size and distribution of the 

particles in the composites. In the microparticle filled polymer composite (microcomposite), 

the particles are of irregular shape with sharp edges with non-uniform distribution in the 

matrix. However, in the nanoparticle filled composites (nanocomposite), filler particles are 

spherical in shape with uniform distribution in the matrix. From nanoindentation 

measurements, hardness and reduced modulus of the microcomposite were found to be 

heterogeneous. However, the hardness and reduced modulus of the nanocomposite were found 

to be homogeneous. The nanocomposite shows better tribo-mechanical performance compared 

to that of the microcomposite.  

1.  Introduction 

Nanoscale interactions have profound implications on the macroscopic behaviour of materials as every 

structural level contributes to the mechanical stability and durability of the resulting materials. It has 

become increasingly important to understand and manipulate materials at the nanoscale to develop 

new functional materials for engineering and biomedical applications. Nanostructured and 

nanocomposite [1] materials can show dramatic improvement of mechanical, tribological, electrical 

and chemical properties. New materials used for biomedical applications, including bio-implants, 

restorations and replacements require matching mechanical properties, high durability and 

biocompatibility. Restorative materials used in dental applications require long term durability.  In 

dental restorative applications, nanoparticle reinforced polymer composite materials [1-3] have 

attracted huge interest in recent years, due to many advantages over traditionally used microparticle 

reinforced polymer composites. Nanoparticles used as filler in the polymer composites can be 

dispersed uniformly and lead to high fracture toughness compared to microparticle reinforced polymer 

composites [4]. In this work we addressed the structure-properties relation of the microcomposite and 

the nanocomposite on the tribo-mechanical performance at the nanoscale.  
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2.   Materials and Methods 

The microcomposite is a mixture of silica (SiO2) microparticles and a resin matrix based on various 

monomeric dimethacrylates Bis-GMA, TEGDMA, UDMA, which is called EsthetX, obtained from 

Dentsply, USA. The nanocomposite is a mixture of zirconia (ZrO2)/ silica (SiO2) nanoparticles, 

nanoclusters of nanoparticles, and the same resin matrix, which is called Filtek Supreme Standard, 

obtained from 3M ESPE, USA. For transmission electron microscope (TEM) analysis, 100 nm thick 

samples were cut with a diamond knife using the ultramicrotomy procedure and samples were 

collected on the gold coated copper TEM mesh. For atomic force microscope (AFM) and lateral force 

microscope (LFM) measurements 10 mm diameter and 1 mm thick discs of the nanocomposite and 

microcomposite were prepared on freshly cleaved mica sheets using the visible light curing technique 

at room temperature. A Philips EM420 was used for the TEM analysis. AFM and LFM measurements 

were carried out using a Nanoscope IIIa AFM with DNP-20 V-shaped silicon nitride cantilever probe 

of stiffness 0.06 N/m with tip radius of ~ 30nm. Tapping mode measurements were carried out using a 

rectangular phosphorous doped silicon cantilever (MPP-11100) of stiffness 40 N/m with nominal tip 

radius ~ 10nm and resonant frequency of 364 kHz. Nanowear measurements were carried out using a 

rectangular stainless steel cantilever (PDNISP) of stiffness 240N/m with diamond tip of radius ~40 

nm. Nanoindentation measurements were carried out using a Hysitron nanoindenter with Berkovich 

diamond indenter of tip radius ~150nm. 

3.  Results 

3.1.  Nano/Microstructure characterization 

Figures 1a and 1b show a tapping mode phase image and a TEM image of the microcomposite. The 

measured surface roughness (σrms) of the microcomposite is about 50 nm. The primary particles in the 

microcomposite (figure 1a) have a bimodal size distribution ranging from 100 nm to 500nm and 1µm 

to 4 µm, irregular shapes with sharp edges and non uniform distribution of the particles.  Figure 1c and 

1d show friction and TEM images of the nanocomposite. The nanoparticles are uniformly distributed 

in the resin matrix, the size of the nanoparticles is about 60 nm and the measured surface roughness 

(σrms) is about 20 nm. 

 

      

Figure 1. (a) AFM tapping mode phase image and (b) TEM image of the microcomposite,  the 

particle sizes vary from 100 nm to 4µm; (c) LFM  image  and  (d) TEM image of nanocomposite, the 

nanoparticle  sizes vary from 40-60nm 

3.2.  Nanomechanical properties (Modulus (Er) , Hardness (H)) 

Figures 2a and 2b show load-displacement curves of the microcomposite and nanocomposite 

respectively for a maximum applied load of Pmax, ~425µN. For the microcomposite the contact 

stiffness (i.e slope of the unloading part of the load-displacement curve) varies for a given maximum 

applied load due to heterogeneous mechanical properties. However, for the nanocomposite the 

deviation in the contact stiffness is minimal due to homogeneous mechanical properties. 

Nanoindentation on high packing density areas of the microcomposite results in high contact stiffness, 

modulus and hardness but nanoindentation on polymer or low packing density areas of the 

microcomposite yields low contact stiffness, modulus and hardness. Hardness and reduced modulus of 

the microcomposite measurements vary widely but for the nanocomposite the variations are minimal. 

a b c d

4µm 0.5µm 100 nm 100 nm 
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Figure 2. Nanoindentation characterisation: (a) force-displacement curves of the microcomposite with 

maximum applied load, Pmax, ~425µN and (b) force-displacement curves of the nanocomposite with 

maximum applied load, Pmax, ~425µN  

For the microcomposite the hardness (H) varies from 0.4 GPa to 1.7 GPa and the reduced modulus 

(Er) varies from 8 GPa to 22 GPa. For the nanocomposite the hardness (H) varies from 0.75 GPa to 

1.15 GPa and the reduced modulus (Er) varies from 13.5 to 19 GPa. 

3.3.  Nanotribological properties (friction, wear) 

Friction measurements were carried out in LFM mode, the friction force being  measured by averaging 

the friction force images for the same scan area 1µm × 1µm [5-7].  Figure 3a shows friction force 

versus applied load. Friction forces of the microcomposite are always greater than for the 

nanocomposite for a given applied load and a steep increase of the friction force at higher applied load 

was observed for the microcomposite.  

 

 

Figure 3. (a)  Friction force versus the applied load of the microcomposite (filled circle) and the 

nanocomposite (filled square). (b) The wear depth (nm) versus the number of scanning laps (n) of the 

microcomposite (filled circle) and the nanocomposite (filled square). 

Figure 3b shows measured wear depth versus number of scanning laps for the applied load of ~15μN 

and the  scan area of  10μm × 10μm. The wear depth of both the microcomposite and the 

nanocomposite increases with scanning lap and the microcomposite shows a higher wear rate than the 

microcomposite. 

3.4.  Failure mechanisms (nanoscratch, nano-/micro-wear, nanofracture) 

SEM examination of the wear crater figures 4a-d reveal different failure mechanisms of the 

microcomposite and nanocomposite. In the microcomposite, large particles get removed due to weak 

bonding and delamination between the particles and matrix interface. The crater created by the 

removal of a large particle which acts as a hot spot for wear. Subsequent scan laps around the crater 

leads to rapid removal of material resulting in high wear.  

(a) (b) 

Electron Microscopy and Analysis Group Conference 2007 (EMAG 2007) IOP Publishing

Journal of Physics: Conference Series 126 (2008) 012057 doi:10.1088/1742-6596/126/1/012057

3



 

 

 

 

 

 

     
 

Figure 4 a-d show failure mechanisms of the microcomposite and nanocomposite: (a) a wear scar on 

the microcomposite due to a scratch (an arrow indicates the scratch direction and the circle indicates 

the crater) (b) AFM scan of lateral movement (along arrow direction) of a filler particle in the 

microcomposite; (c) worn area and associated debris of the nanocomposite (arrow indicates the scratch 

direction) and (d) micro-crack on the nanocomposite, the fracture initiated by indentation.  

4.  Discussion 

Nanoscale and microscale structure measurements show a bimodal distribution of filler particles in the 

microcomposite which have irregular shapes, sharp edges and heterogeneous distribution in the 

matrix.  Nanoindentations show a wide variation in the elastic modulus (E≈Er), 8-22 GPa and the 

hardness (H), 0.5-1.7 GPa. The high and low values of the measured elastic modulus (E) and hardness 

(H) of the microcomposite correspond to the regions with high and low particle packing density 

respectively. During sliding contact, the sharp edges of particles increase the friction, heterogeneous 

mechanical properties result in high energy dissipation and big particles with weak interfacial bonding 

get removed resulting in big craters on the sliding surface which act as failure hot-spots. Failure 

mechanisms of the microcomposite were dominated by large particle removal due to indentation and 

scratch. In the case of nanocomposites, the nanoparticles have spherical shape, uniform distribution 

and relatively strong interfacial bonding between the particles and the matrix.  Uniform packing 

density of nanoparticles in the polymer matrix results in homogeneous mechanical properties. The 

measured values of the elastic modulus (E ≈ Er), 13.5 -19 GPa, and the hardness (H), 0.75-1.15 GPa, 

are in a very narrow range. During sliding, the spherical nanoparticles act as bearings which lead to 

low frictional resistance to the AFM probe, failure mechanisms are dominated by gradual removal of 

nanoparticles and polymer matrix. The strong interfacial bonding between the nanoparticles and the 

matrix due to high specific surface area of nanoparticles enhances the wear resistance of the 

nanocomposite which results in better nanotribolgical performance compared to that of the 

microcomposite. 
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