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ABSTRACT 

This study concerns failure behaviour of polypropylene/glass bead composites. 

The first paper consists of a brief description of common particulate fillers and 

their effect on the mechanical properties of polymer composites. Results 

concerning the effect of particle size, matrix material and interfacial properties 

are presented together with theories for prediction of strength and modulus of 

particulate-filled polymer composites. 

The second paper concerns the effect of glass beads on the stress-strain 

behaviour of polypropylene. Experimental data indicate interfacial debonding 

to be the initial damage mechanism, and that interfacial debonding is followed 

by plastic yielding of the matrix material at the debond sites. 

In the third paper the effect of glass bead content and residual stresses on the 

failure initiation in polypropylene composites are examined by  FEM  for the 

cases of interfacial debonding, plastic yielding and cavitation. Residual thermal 

stresses are demonstrated to have a large effect on the global failure initiation 

stress. Yielding and cavitation occurs at higher global stresses than debonding. 

The calculated data supports the experimental data in the second paper. 
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Particulate Reinforcement in Polymer Composites 

Anders  Sjögren  

Div. of Engineering Materials  

Linköping  Institute of Technology  

S-581 83  Linköping  * 

Abstract. The survey consist of a brief description of common particulate fillers and 

their effect on the mechanical properties of polymer composites. Results concerning 

the effect of particle size, matrix material and interfacial properties are presented 

together with theories for prediction of strength and modulus of particulate-filled 

polymer composites. 

1. INTRODUCTION 

Particulate reinforcement has traditionally been utilized to enhance secondary 

physical properties of composite materials, whereas fibre reinforcement 

primarily has been used to enhance mechanical strength. However, addition of 

rigid particles to polymeric matrices can positively influence a number of 

properties. Substantial improvements can be gained in stiffness, creep 

performance and fracture toughness. These improvements, together with the 

advantages of isotropic mechanical properties, have lead to that particulate 

composites have been exploited in structural applications. As a result, several 

studies have been undertaken to address the effect of particulate reinforcement 

on the crack or damage behaviour of this class of composites. These studies 

show that the mechanical properties of particulate composites are significantly 

influenced by the reinforcement size, volume fraction, distribution, wetting, 

coating and residual stress levels. The following chapters will discuss these 

effects and give a short description of the most common particulate materials. 

* Present  adress:  Div. of Polymer Engineering, Lulea University of Technology, S-971 87  Luleå  
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2. TYPES OF FILLERS 

This chapter describes some of the most frequently used particulate fillers 

today. For the purpose of the discussion, particulate fillers are defined as fillers 

with low aspect ratios (if needle- or rod-shaped), roughly spherical or plate-

like. The reinforcing effect of these particulate fillers are lower both in number 

and in magnitude than the one obtained with true fibrous reinforcing fillers, 

e.g. glass fibres. The property mainly improved by particulate reinforcing fillers 

is stiffness. Hardness can also be improved, together with a reduction of 

thermal expansion, mould shrinkage, extensibility and creep. Yield strength 

and impact strength are usually decreased, but can under some circumstances 

be slightly improved. 

2.1 Microballoons 

Microballons are manufactured by adding a ferment to the base material. The 

base material is then crushed and heated to activate the ferment. Microballoons 

of glass, carbon or phenolic are often used together with  epoxi  to form a 

syntactic core. This core material can be used to lighten structures, reduce cost 

of assembly, increase the stiffness to weight ratio (when compared to other 

foams), increase impact resistance on a weight basis and improve the 

machinability of the finished part. Compared to other core materials it has the 

disadvantage of being more notch sensitive and having a greater density. 

However, syntactic cores have higher strength to weight ratios. Presently, it is 

used in designs where core sections of 2.5 mm and less are desired and 

honeycomb cores are difficult to form reliably. Some physical properties of 

microballoons, given by Kim et al [1], are presented in Table I. 
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Table I. Physical properties of rnicroballoons. 

Microballoons Phenolic Glass Carbon 

Density 

[g/cm3] 
0.104 0.20 0.23 

Particle size 

[grni 

5 - 150 125 - 175 5 - 50 

Wall thickness 

[tnn] 

1.0 0.8 1.0 - 2.0 

Intrinsic modulus 

[GPa] 

3.45 68.95 206.84 

Sphere effective 

modulus [GPal 

8.27  x  10-5  1.46 42.67 

The density, moduli and strength of a syntactic core depends on the matrix 

resin, microsphere type and quantity. Consideration must be taken to the 

brittleness of the  ballons  when using them as a filler. Most types of 

microballoons can not stand extrusion or injection moulding since they are 

crushed by the screws, and the density of the filler is then the same as for the 

base material. In investigations by Klapprott and Landman [2,3], they showed 

that the syntactic core did not markedly degrade the overall properties in a 

sandwich construction, and that compressive properties can be considerably 

enhanced by the use of syntactic cores. 
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2.2 Glass beads 

The glass (in any form including broken pieces) from glass works is crushed in 

a hammer or ball mill. Then it is sieved and fed to a special furnace in which it 

is carried upwards, whilst melting in a stream of hot gases, produced by an 

annular flame at the bottom of the furnace. Due to the surface tension, the 

irregular glass particles are reshaped to spheres. Since the internal part of the 

particle never melts the solidification step is very fast and the spheres can 

therefore be collected at the top of the furnace without problems of fusion or 

deformation. Coupling agents are normally applied directly after the formation 

of the spheres. After this surface treatment, the spheres are tested for degree of 

roundness, and the particle size is determined. The former test is also a grading 

operation, carried out on a vertically vibrating inclined plane which permits 

only spheres with satisfactory degree of roundness to roll to the bottom. Final 

sieving completes the grading process. 

Some principal effects obtained by introducing glass beads into plastics are 

reduction of shrinkage, improvement in abrasion resistance, compressive 

strength, hardness, tensile strength, modulus and creep. In general the 

improvement of strength, modulus and creep are less than those achieved by 

glass fibre at a comparable level of loading. However, because of the regular 

shape of the spherical filler, the improvement in compressive strength is 

correspondingly greater, and the reinforcing effect is isotropic since filler 

orientation cannot take place. Improvement of modulus have been obtained for 

both thermoplastics and thermosets [4-10], the enhancement is however 

restricted since filler in the form of spheres lead to the smallest possible effect 

on the overall elastic properties. The tensile strength, as well as the breaking 

elongation, is generally reduced [9-10], and the amount of reduction is 

governed by particle size and surface treatment. 

The shear properties of particle composites have traditionally been thought 

to be inferior to those of the pure plastic. However, experimental investigations 

by Ogorkiewicz and  Weidmann  [7] have shown significant improvement in 

shear properties for both epoxy/glass beads with mean diameter of 60 gm, and 

for polypropylene/glass beads with mean diameter of 25 gm. 

Crack propagation in glass beads/epoxy composites seems to occur in the so 

called "stick-slip" mode, which means that the crack advances in a series of 

discrete jumps, producing a saw-tooth load-displacement. 
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In an investigation by Mao et al [11] on glass beads in the range of 53 - 105 gm, 

several small cracks were formed in front of the crack tip. These small cracks 

extended and linked with the main crack before it propagated, but the particles 

themselves never failed. Often they pulled cleanly out of the matrix, with the 

crack passing along the particle-matrix interface. River markings were most 

pronounced on samples containing a low volume fraction of glass beads, and 

less pronounced for high volume fraction glass beads. 

Fatigue crack propagation in glass-fiber and glass-bead filled 

polybutyleneterephtalate was examined by Voss and Karger-Kocsis [12]. The 

glass beads showed poor bonding to the matrix. The main effect of the addition 

of glass beads, as far as the fracture mechanisms were concerned, was to limit 

the amount of plastic deformation of the matrix, and the slope of the fatigue 

crack propagation curves was therefore highly influenced by the addition of 

glass beads. A mixture of 18  vol%  glass-fibres and glass-spheres was also 

tested. This gave the same effect as for the short glass fibre reinforcement alone, 

i.e. no big change in crack propagation but a small resistance to crack initiation. 

Glass-particle filler has also shown to possess a great effect on the abrasive 

wear of  elastomers.  The influence on the wear properties by using different 

particle size has been carefully examined by Yang et al [13]. When the filler size 

was greater than the asperity spacing, the filler provided load support and the 

abrasion of the induvidual filler particles became important. For high filler 

content, the wear of the filled  elastomers  was dominated by the wear property 

of the filler phase. Large filler size compared to the asperity spacing better 

affected the mechanical locking device, and prevented therefore filler loss 

during wear. When the filler became comparable in size with the asperity 

spacing a mechanism of filler pull-out occured, providing that the wear depth 

had a certain critical depth, and this filler pull-out accelerated the abrasive 

wear, due to the combination of both filler loss and weakened worn surfaces. 

An increase in adhesion between the glass beads and matrix significantly 

improved the wear resistance of the  elastomers,  owing to the suppression of 

filler pull-out (medium particles) and debonding-cavitation at the interface 

(small particles). 
Varshney [14] pointed on another interesting phenomenon. An initially 

addition of glass beads resulted in a decrease of the glass temperature  (Tg)  with 

2-3°C. At a higher filler content (40 wt%),  Tg  was 2-3°C higher than for the 

unfilled polymer. 



-  6  - 	 Anders  Sjögren  

2.3 Silica (Si02) 

Amorphous silica is principally a dehydrated, polymerized silicon dioxide, 

which can be treated as a condensation polymer of silicon acid. Amorphous 

silica can be divided into different classes depending on how it is 

manufactured. The following four classes are the most important; silicon acid 

gel, colloidal silicon acid, precipitaded silicon acid and pyrogen silicon dioxide. 

Precipitated silicon acid is very much used in the rubber industry as a 

reinforcing filler. Other applications are e.g. as absorbtion substance or as 

material for viscosity control. Pyrogen silicon acid is a very pure product with 

more than 99.8% silica. The material consist of particles with the size of 100-

400Å which give rise to a particle surface area between 50 and 380 m2 /g. 

Pyrogen silicon acid is mainly used in the plastic- and rubber-industry as a 

thickening- and reinforcing-filler. 

Sumita et al [15] achieved an increase in both failure, yield and necking 

strength by adding ultrafine  (d  = 70 A - 400  .Å)  silica particles into a matrix of 

polyamide. The same effect was found by Nakamura and Yamaguchi [16] for 

epoxy-silica composites. The failure load was increased with decreasing particle 

size and the values for the samples filled with the smallest particles (2, 5 and 18 

gm) were higher than those for the unfilled epoxy resin. Even the impact 

absorbed energy increased with decreasing particle size. This increase in impact 

strength seems to be due to the decrease in the easiness of fracture initiation. In 

the case with 33 and 47 gm particles, the fracture was initiated from a damaged 
particle. 

In the small particle-filled resin the starter crack showed to be sharp, while 

in the large particle-filled resin the crack was not that sharp. However, many 

divergent cracks were observed. These cracks indicate that the nature of the 

starter crack was dependent upon the particle size, and this explains why the 

fracture toughness (Ki) was increased with larger particle size. Koh et al. [17] 

obtained an opposite trend in their results for epoxy-SiO2  particles  (d  -= 2 - 47 

gm). Impact fracture toughness for samples with spherical particles was 

improved by approximately 100 %, compared with unfilled epoxy; the larger 

the particle size the greater the improvement. They also got higher Kic values 

for the composites containing spherical particles than for the composites with 

angular particles. 
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The main difference in fracture behaviour of the epoxy-Si02 composites, 

examined by Koh et al. [17] under impact and static loading conditions, was the 

occurence of debonding at the particle-matrix interface in the case of static 

loading. No discernible interfacial debonding was observed at any temperature 

for the impact fracture surfaces, although there were some relatively clean 

surfaces of exposed particles, particularly for specimens tested at low 

temperatures. In contrast, apparent debonding was prevalent near the initial 

crack for specimens tested under static loading. Depending on the position of 

the particles, relative to the advancing crack tip, some particles were pulled out 

completely which left clean hemispherical holes in the material, while other 

particles were debonded from the matrix with distinct interfacial cracks. 

The results presented by Sumita [151 show also an increase in yield stress 

with increasing filler content and strain rate. The investigation indicate that at a 

given filler volume fraction, the extent of aggregation of filler particles become 

higher with decreasing filler size. The differences in the extent of aggregation of 

particles in polymer species can be correlated with the critical surface tension of 

polymers. To achieve high shear strength it is often necessary to add a large 

amount of filler to the matrix phase. However, this reduces the impact 

resistance of the matrix phase to a great extent. It should therefore be more 

advantageous to add the particles in high concentration adjacent to the surface 

of the fibres, which lead the bulk portion of the matrix relatively free of filler 

material. With this kind of composite the interface region would strengthen the 

composite and maintain the high toughness and ductility needed in the bulk of 

the matrix phase. 

Zhang and Cameron [18] have presented a method of producing silica 

particle-modified glass fibre reinforced polyester composites. The particles they 

used were coated on the glass fibres by a thin film of polyester resin. The 

polyester was then also incorporated into the composite as the matrix phase. 

Test of these composites showed that the modified fibres gave higher shear 

strength and better bonding to the polyester matrix than conventional fibres 

did. 
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2.4 Silicon Carbide (SiC) 

Silicon carbide is frequently used in particulate composites. Variation in 

particle size and amount of filler strongly influence the mechanical properties. 

A trend of increasing resistance to cyclic fatigue crack growth with increasing 

particle size has been shown by Sheu et al [19]. The material used in their 

investigation was a SiC-PMMA composite, with particle size in the range 1-100 

gm and 30  vol%  SiC. 

Fine filler has showed to play a major role for optimum composite mixture. 

Sidess et al [20] have proposed two models to find the optimum distribution of 

matrix between various filler components, and optimum filler gradation of the 

composite system. According to these two models, to achieve optimal intrinsic 

properties (density and modulus), a good compaction of the particles is needed. 

While in order to achieve optimum properties (strength and strain to failure), a 

more ductile composite has to be formulated. To verify the models they used an 

epoxy-SiC composite. Optimum epoxy content for this composite should 

according to the models be 28.2 wt%, with coarse and fine filler proportions of 

81.3% and 18.7% respectively. The test results for compressive properties and 

density showed to be in good accordance with the predicted values and gave 

an optimum matrix content of 28.5 wt%. 

2.5 Calcium Carbonate (CaCO3) 

Many products with the same chemical composition, but different physical 

properties, can be classified under the designation calcium carbonate. Calcium 

carbonate can be found in sedimentary layers with organic extraction from 

algae and corals, inorganic extraction from precipitation of calcium carbonate 

due to different chemical or physical conditions. Calcium carbonate is without 

competition the most frequently used industry mineral. 

2.5.1 Precipitated Calcium Carbonate 

Very pure calcium carbonate can be achieved by producing calcium carbonate 

in a syntetic way. Important fields of application for this pure calcium 

carbonate are as filler in paint, plastic, rubber and putty materials. 
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The effect of adhesion on the strain energy release rate  (Ge)  and  Charpy  nothed  

impact strength  (NIS)  of calcium carbonate filled polypropylene has been 

investigated by Jancar et al [21]. The average particle diameter was 3.6 gm. 

With no adhesion between the components, the crack tip plastic zone size 
increased with increasing amount of filler. In the region 0 <  Vf<  0.12 there was 
a mixed mode of failure, and the measured value of  Ge  for crack initiation 

increased steadily as the sample cross section approached a fully plane stress 

state. The reduction in yield strength resulted also in an increase in strain 
energy for crack propagation, as reflected by an increase in  NIS.  Above  Vf  = 

0.12 , the specimen cross section was in a fully plane stress state and further 

increase in filler volume fraction (decrease in matrix effective cross section) had 
the net effect of reducing both  Ge  and  NIS.  For volume fractions higher than  Vf  

= 0.2 a steep drop in the strain energy release rate was observed. In the case of 
"perfect" adhesion, the yield strength increased only slightly with  Vf.  In the 
region 0  < Vf  < 0.05 the increase in  Ge  was much less than for the no-adhesion 

case since the size of plastic zone in front of the crack was much smaller. Above  
Vf  = 0.05 a steady reduction in both  Ge  and  NIS  was observed. 

The viscoelastic properties of polypropylene melts, filled with small (0.15 

gm) and large (4.0 gm) CaCO3 particles, was investigated by Li and Masuda 

[22]. In suspensions with noninteracting particles, the viscosity was enhanced 

by the presence of particles. 

Schreiber et al [23] used cold plasma discharges to modify the surface of 
CaCO3 filler  (d  = 1.2 gm). Both modulus and ductility changed with this filler 

surface treatment. Optimization of modulus and ductility possessed different 

requirements on the interfacial properties, and the ductility at failure was for 

example increased by a reduction of the filler surface polarity. 

Fu and Wang [24] modified the filler surface in a brittle high density 
polyethylene (HDPE)/CaCO3  (d  = 4 gm) composite by adding a small amount 

of phosphate. The composites made of HDPE/unmodified-CaCO3 showed 

rather brittle properties, while the composites with surface treated filler was 

even more ductile than the pure HDPE. Impact tests showed that the presence 

of phosphate hardly affected the impact strength, compared with the pure 
HDPE, but the unmodified CaCO3 sharply decreased the impact strength. 

Thus, it can be concluded that it is possible to prepare HDPE, filled with 
modified-CaCO3, having nearly the same value of tensile strength and ultimate 

elongation as the pure HDPE, but higher impact strength. 
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An investigation by Danusso et al [25] on unsaturated polyester/CaCO3  (d  = 3 

p.m) revealed an increase in fracture toughness with increasing amount of 
CaCO3 up to a maximum (plateau) value. The corresponding values of fracture 

energy  G,  showed a wide maximum, owing to a remarkable increase in 

modulus with the addition of filler. They also produced a ternary system by 

adding a thermoplastic polymer to the polyester resin. This gave a slightly 

lower modulus, but a drastic reduction in tensile strength. They explained the 

lower strength with that the particles of the substansially thermoplastic phase 
had a size much larger than the CaCO3, and therefore induced large critical 

flaws that dominated the fracture initiation. 

2.5.2 Chalk 

Chalk is calcium carbonate particulates with a diameter of 3-5 micron, and 

consist mainly of skeleton from coccolitealgae. Oriented chalk-filled materials 

exhibit many interesting properties; high concentration of open interconnected 

pores, high elastic modulus, relatively high tensile strength, ability to absorb 

large quantities of liquids, white color and roughness of the surface.  Galeski  et 

al [26] presented a large increase in elastic moduli in polyolefins filled with 

chalk, but the yield stress droped with increasing filler content. However, the 

most undesirable effect was the loss of toughness. The best way to maintain the 

toughness seemed to be a weak filler-polymer interface. 

Extrusion of chalk filled isotactic polypropylene (iPP) films is often 

disturbed by the formation of bubbles and eruption of gaseous products caused 

by water desorption from the chalk filled PP. Extrudates cooled in air or in 

water in the investigation by  Galeski  showed to absorb similar quantities of 

moisture. 

2.6 Barium Sulphate (BaSO4) 

Crystalline barium sulphate is a relatively soft mineral. Due to its high density 

(4.3-4.5 g/cm3) it is sometimes used in plastic products to increase the sound 

absorption. 
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Beaumont et al [27] investigated the influence of BaSO4-particles in brittle 

polymethylmethacrylate (PMMA). The particles had a mean diameter of about 
0.9 gm. The addition of BaSO4 filler lead to a decrease in both plane-strain 

fracture toughness and fracture surface energy. An addition of about 6 wt% 
BaSO4 decreased the fracture toughness with more than 25 )̀/0. 

2.7 Whiskers, Talc, Mica and Wollastonite 

Whiskers are considered to be outside the scope of the present report since they 

are fibers rather than fillers. The interested reader is refered to [28]. Talc 

(magnesium silicate) and mica (aluminium silicate) are both crystalline, with 

similar structures of a layered type. Si02 tetrahedra is firmly linked together in 

layers, sandwiching other oxides, but with weak bonds between the layers. It is 

this weakness of inter-layer bonding that allows crystals to be readily split 

along the layers by the mechanical actions of crushing and grinding. The 

resulting particles have therefore the shape of small plates, 10-1000 gm in width 

and 1-5 gm in thickness. Wollastonite (calcium silicate) is an acicular filler with 

aspect ratios about 13-15 and average size about 80 gm. 

The success of mineral platelet reinforcement is due to their desirable 

combination of cost and properties. As a result, when a relatively high mineral 

filler weight fraction (typically 20-50%) are used to reinforce plastics, significant 

increase in modulus (with talc and mica) and strength (only mica) can be 

obtained at little or no increase in cost [29]. 

The presence of fillers, whatever their nature, induce a shift of the 

crystallization exotherm towards high temperatures. In an investigation by 

Trotignon et al [30,31] on filled polypropylene (PP), the nucleation rate 

appeared to be in the order: 

unfilled PP < mica < wollastonite < talc 

The nucleation effects showed to be much more sensitive to the mineral 

structure then to concentration-dependent parameters. All three fillers had the 

same effect on the matrix; a strong tendency to decrease the crystalline 

orientation in the whole sample. This effect was however more marked for talc 

than for wollastonite or mica; in other words, it appeared to be linked to the 

nucleating power of the filler. 
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Experimental studies with 0.5 to 5 wt% mineral filler in polypropylene showed 

the following influence on Young's modulus, yield stress and ultimate stress: 

First, the elastic and yield properties were practically unaffected by the 

presence of fillers. 

Second, all the mineral fillers under study, induced an increase of about 50 `)/0 

in the ultimate stress, and the effect of mineral nature or concentration was 

relatively small compared with this change. 

Third, small differences in ultimate stress values relative to filled materials 

were observed. The ultimate tensile strength showed significantly higher values 

for talc composites than for mica or wollastonite composites. It was then noted 

that composite mechanisms considerations would in principle predict the 

opposite trends owing to the hierarchy of aspect ratios. The nucleating effect of 

fillers on polymer crystallization may complicate the picture. 

All three mineral fillers decreased the unnotched fatigue lifetime by a factor 

of 3 to 5, essentially linked to the number of mineral particles per unit volume. 

The fatigue cracking seemed to be relatively independent of the nature of filler, 

but essentially controlled by the number of particles per unit volume, each 

particle acting as a potential initiation site for cracking. 

The use of coupling agents have been fundamentally directed to increase the 

mechanical and chemical resistance of mineral composites, as well as to 

improve their rheology. Among coupling agents, the application of titanium 

organic compounds have increased in recent years. Talc modified with 1% of 

titanate coupling agent showed a great improvement in composite stiffness in a 

test by Ramos et al [32]. Tensile and flexural modulus increased as much as 140 

and 100 percent, respectively. The strength of the composite increased also, but 

in this case much less (35-75%). However, the effect of titanate coupling agent 

was very much controled by the choice of matrix material. 

2.11 Sand 

In recent years, inexpensive composites as sand-particle-filled polyester 

composites has become popular for a wide varity of applications that utilize 

polymer concrete, e.g. civil engineering structures such as slabs, floor tiles etc. 

Sand can be described as an earth deposit which consist of mineral particles up 

to 12 mm. However, the main mineral is always quartz, with impurities of 

other minerals. 
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Experimental tests on sand/polyester composites by Mall et al [33] showed 

higher tensile modulus and less catastrophic break at maximum load than the 

pure polyester. For the sand/polyester composites with small sand particles 

(0.1 mm) the cracks were arrested (pinned), probably by the next row of sand 

particles. This resulted in a more tortuous crack path than for the composites 

with bigger particle sizes. 

Post-curing has also been shown to be of great importance for the 

mechanical properties of sand-filled polymers. Investigations by Ahmed and 

Jones [34] on sand-filled polyester gave progressively higher values on tensile 

modulus for samples post-cured at 50°C and 120°C, than for cold-cured 

samples. 

3. EFFECTS OF PARTICLE SIZE 

3.1 Tensile strength  

Nicolais  and Mashelker [35] suggested that the tensile strength of polymer 

particle composites can be described by the following empirical relationship: 

(1) 

where 6 and Go are the tensile strength of the composite and the unfilled 

matrix, respectively,  Vf  is the volume fraction filler, and  n  and  b  are two 

empirical parameters for which only positive values are admissible. This last 

condition implies that the strength of the filled matrix cannot be greater than 

the strength of the unfilled matrix. However, this was not the case for 

composites filled with ultra fine fillers, reported by Sumita et al [15]. Both 

failure and yield stress were higher than for the pure matrix material when the 

filler size was in the range of 70-400 .A, but the failure stress decreased with 

filler size, for constant volume fraction filler. Nakamura and Yamaguchi [16] 

have also shown an increase in strength with decreasing particle size. Their 

smallest examined particle size, with a particle diameter in the range of 2-18 

gm, revealed a higher strength than the pure epoxy resin. 



-  14  - 	 Anders  Sjögren  

For metal filled composites the strength was shown to depend on particle size, 

as well as the mean free path between particles. A relationship showing that the 

strength is proportional to the inverse of the square root of the mean free path 

was suggested by Swapan et al [36]. 

3.2 Strain to failure 

Based on the reported values in the literature, the strain to failure appear to 

always be reduced with introduction of fillers into polymers, and small 

particles do not seem to influence on the strain to failure as much as large 

particles do. 

3.3 Modulus 

Vollenberg and Heikens [37] reported the Young's modulus to be a function of 

the particle size, for constant volume fraction filler. This was also the result in 

an investigation by Ahmed and Jones [34], where they observed higher 

modulus with both increasing filler size and increasing amount of filler in a 

composite made of sand and polyester. Koh et al [17] looked on the influence of 

particle shape on Young's modulus. No particular difference in elastic moduli 

between the examined spherical and angular shape was however found. 

3.4 Impact 

The impact energy was found to increase with decreasing particle size in a test 

on silica filled epoxy, by Nakamura and Yamaguchi [16]. However, the 

functional dependence of impact fracture toughness on particle size can be 

completely different for different shapes of particles. Koh et al [17] reported an 

improvement by approximately 100 % in impact fracture toughness for samples 

containing spherical particles compared to the unfilled epoxy resin. The larger 

the particle size, the greater the improvement in impact fracture toughness, 

which is an opposite trend to many other investigations. 
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3.5 Fracture toughness 

Many investigators have reported that the crack front is momentarily pinned at 

the position of inhomogeneities as it moves through a brittle material. During 

cleavage fracture, steps are formed perpendicular to the moving crack front. 

The pattern of these steps, commonly referred to as "river patterns", can 

therefore be used to trace the shape of the crack front at any position during 

fracture. The observation of greatest interest, with regard to the fracture energy 

of a particulate composite, is that the crack front increase its length as it bows 

between each pair of pinning positions. 

Nakamura and Yamaguchi [16] found that for composites with angular and 

spherical particles the fracture toughness, measured from single-edge notched 

flexure and double torsion tests, increased with increasing particle size in the 

range 2-47 gm. The highest fracture toughness was obtained for the samples 

with spherical particles. In the small particle-filled resin the starter crack was 

sharp. In the large particle-filled resin the crack was less sharp, but there were 

instead plenty of divergent cracks. This result is in accordance with the result 

presented by Sheu et al [19]. They also found the highest fracture strength for 

the largest particle size tested (c1=1.00 gm). Their test on 1 gm particle size 

showed evidence of failure during  R-curve testing by primary void growth and 

coalescence, producing a ductile cup and cone fracture morphology. Filler 

particles were observed in the fracture surface voids, indicating that the voids 

may have been initiated by the particles. Also Mall et al [33] reported 

improvement in fracture toughness with increasing particle size up to about 

300 gm. Further increase of the particle size resulted in a drop of fracture 

toughness. 

3.6 Fatigue 

A trend of increasing resistance to cyclic fatigue crack growth with increasing 

particle size was clearly exhibited in an investigation by Sheu et al [19]. The 

fatigue behaviour seemed to be relatively independent of the nature and shape 

of the filler, but strongly affected by the number of particles per unit volume, 

since each particle acted as a potential initiation site for cracking. 
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3.7 Wear 

The wear properties of glass filled silicon rubber has closely been investigated 

by Yang et al [13]. The size effect showed great importance. For large fillers, 

where the load support action was provided by the filler, the wear of the 

individual filler particles was important during the abrasion of the filled  

elastomer.  

As the filler fraction increased, the abrasion was dominated by the wear of 

the particles. When the filler was comparable in size with the asperity spacing, 

a mechanism of filler "pull-out" was observed which triggered an accelerated 

wear rate. For small fillers, where no load supporting action was offered by the 

particles, a damage zone model could be used to describe the abrasion. 

3.8 Agglomeration 

Failure is usually initiated by structural inhomogenities of the specimen. Such 

inhomogenities can be aggregated filler particles and holes around particles not 

completely wetted by the matrix. For very large particle size, the formed 

cavities are large and merge to cracks of critical size. 

The formation of agglomerated structures of particles is related to the 

particle size and particle content. Jancar et al [21] reported that in high-filled 

systems with small particles the particles easily form agglomerated structures. 

Pukanszky [38] pointed out that with a decreasing particle size (increasing 

surface area) the aggregation tendency of the filler increased. The larger particle 

size also gave a better dispersion than the smaller size. 

Mall et al [33] have a slightly different opinion. They found indications of 

that beyond a particular filler size, as the particulate dimension is increased, a 

non-uniform distribution of particulates and agglomeration may adversely 

influence the laminate quality. Primarily due to peripheral drag of larger 

particles during shear mixing. Filler agglomeration results, due to an 

investigation by Ahmed and Jones [34], in the transfer of stress by particle to 

particle rather than by any shear mechanism. 
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4. EFFECTS OF MATRIX MATERIAL 

4.1 Tensile strength 

Reinforcement of a poly(styrene-co-n-buthylmethacrylate) random copolymer 

with glass beads by Varshney et al [14] lead to a slight improvement of the 

tensile strength. They also modified the matrix material with 5 wt% styrene. 

This gave a considerable improvement of the tensile strength compared to the 

unmodified copolymer (approximately 500 %). This effect was presumably due 

to bonding between the carboxylic acid groups on the modified polymer and 

the glass surface. Danusso et al [25] showed an opposite behaviour when they 

introduced a moderate amount of polystyrene into a polyester resin. The 

shrinkage was reduced and a minor change in modulus was achieved, but the 

tensile strength decreased dramaticly down to almost half the value of the 

unmodified matrix material. 

A temperature increase was reported by Trotignon et al [30,31] to favour 

defect nucleation. For a given macroscopic strain the nucleation was easier in 

filled samples than in unfilled, because the particles acted as stress 

concentrators. 

4.2 Modulus 

Ogorkiewicz and  Weidmann  [7,39,40] found that composites made of epoxy 

and glass beads are as stiff in shear as in tension, relative to the matrix material. 

Filling of polypropylene with glass beads showed significant increase in shear 

stiffness, and the improvement of the shear stiffness was in the same range as 

the relative increase in tensile stiffness. 

4.3 Fracture toughness 

The minimum value of plane strain fracture toughness has been reported by 

Varshney et al [14] to be a purely matrix property, independent of the presence 

of particulate filler. Their investigations on high impact polystyrene and 

polyethylene modified polypropylenes showed very little change in fracture 

toughness with the addition of a second phase. 
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Both Pearson and Yee [41] and Guild and Young [42] have investigated the 

reinforcing effect of rubber. Pearson and Yee found that fracture toughness 

values for neat epoxies were almost independent of the monomer molecular 

weight of the used epoxide resin. The fracture toughness of the  elastomer-

modified epoxy was however very dependent upon the epoxide monomer 

molecular weight. Toughness enhancement was thought to principally be due 

to two energy dissipating mechanisms at the crack tip. The first mechanism 

dissipate bulk strain energy and relives the triaxial constraint via cavitation of 

the rubber particles. The second mechanism dissipates shear strain energy 

through the formation of shear bands in the matrix, which is enhanced by the 

rubber particles. Pearson and Yee therefore concluded that the toughenability 

increase with the ability to shear yield and cold draw. 

The ultimate strain of the matrix seems also to affect the fracture toughness. 

Mall et al [33] examined sand reinforced polyester and found that an increase in 

ultimate strain up to about 5.5% lead to a distinct improvement in fracture 

toughness. But further increase in ductility of the matrix did not affect the 

fracture toughness. Varshney et al [14] found that a reduction in material yield 

strength lead to higher extent of plastic deformation in the crack front, and 

therefore also to both higher strain energy release rate for crack propagation 

and better  Charpy  notched impact strength. 

4.4 Fatigue 

Residual stresses in the matrix material can have either beneficial or 

detrimental effects on the mechanical properties of plastics. The increase in 

fatigue life on treated samples appears to be directly related to the magnitude 

of the surface compressive residual stress.  Hornberger  and Devries [43] have 

shown that the fatigue life of polycarbonate samples is significantly increased 

by a liquid nitrogen and ice water quenching process. They observed that 

quenching, with its associated imposed residual compressive stresses, drasticly 

increased the impact strength of both  nothed  and unnotched samples. 
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4.5 Viscosity 

It is well known that for an addition of relatively small amounts of oxide or 

hydroxide of metals, such as Mg or Ca (thickening agent), an appropriate 

polyester resin can undergo a thickening process by which the system viscosity 

increase up to a plateau value in a time of a few hours. 

The viscosity is also affected by the surface area of the filler material. Sheu et 

al [19] showed that when the surface area was increased, either by an increase 

in volume fraction filler or by a decrease in filler particle size, it became much 

more difficult to achieve a uniform polymer wetting. To improve the wetting 

the viscosity of the system has to be reduced . However, since the suspension 

stability then decrease with reduced viscosity, excessive settling may occur 

which lead to non-uniform particulate distributions. 

4.6 Glass temperature 

The gel time  Tg  can be affected by the addition of fillers. Pingsheng and Chune 

[44] found that the gel time  Tg  for Si02 powder filled epoxy was shorter than 

for the pure epoxy resin, and they therefore concluded that the addition of Si02 

filler reduce gel times and increase the rate of cure reaction of the resin system. 

4.7 Crystallization 

The presence of fillers, whatever their nature, induce a shift of the 

crystallization exotherm towards higher temperatures. In a study by Trotignon 

et al [30,31] all their investigated fillers showed the same effect; the filler tended 

to decrease the crystalline orientation in the samples, with a more marked effect 

for talc than for wollastonite or mica, or in other words, the crystalline 

orientation appeared to be linked to the nucleating power of the filler. 
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5. EFFECTS OF INTERFACIAL PROPERTIES 

5.1 Surface treatment 

Beside the size of the interphase, the strength of the interface between filler and 

matrix are important for the ultimate tensile properties. These interface 

interactions can be modified by surface treatment of the filler. A non-reactive 

surface treatment with some organic substance always decrease the surface 

tension of the fillers, and as a consequence also the polymer/filler interaction. 

A reduction of the interaction strength often lower the tensile strength but may 

increase the strain to failure. 

To improve the wetting and adhesion between fibres/particles and polymer 

matrices the fibres/particles are usually coated with coupling agents or sizings. 

Most of these surface modifications are introduced to control interfacial 

conditions within the composite. Specifically CaCO3  is often surface treated 

with commodity chemicals, such as stearic acid or by coupling agents of the 

silane or titanate type. A more varied and powerful approach to surface 

modification is represented by cold plasma discharges. With this method it is 

possible to implant reactive groups into substrates or to encapsulate the 

substrates with deposits of plasma-polymers. 

5.2 Agglomeration 

The differences in the extent of agglomeration of particles in polymer species 

can be correlated with the critical surface tension of polymers. Sumita et al [15] 

concluded that, when the polymer has a large critical surface tension, the ability 

of fillers to bond to the polymer become large. Surface treatment of particles 

reduces the particle-particle interaction, which result in a decrease in the degree 

of particle agglomeration. Surface treatment of filler particles often reduce the 

melt viscosity. If the matrix polymer chains are attached to the surfaces of 

particles, the interaction between particles will be notably decreased. 

It has been found that the use of coupling agents on particle surfaces can 

decrease the particle-particle interaction and then also prevent the formation of 

agglomerated structures of particles. On the other hand, particle-particle 

interaction is related to the particle content, becoming stronger with increasing 

particle content, and it is therefore possible to form agglomerated structures of 

particles even for systems filled with relatively large particles. 
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5.3 Locus of failure 

It was concluded from micrographs, by Miller et al [45], that there were at least 

two major types of interfacial bonding in their investigated system. First, there 

was polyethylene chemically bonded directly to the glass surface through a 

bridging silane molecule. The polyethylene directly bonded to the glass surface 

did not affect the locus of fracture in the composite and had only a very small 

influence on the dynamic mechanical properties of the composite. However, a 

second type of interfacial bonding produced a layer of adhering polyethylene 

to the glass surface. This layer of polyethylene was caused by migration of 

monomeric or low molecular weight oligomers of the alkoxysilane into a region 

surrounding the glass. The build-up of this type of layer drastically changed the 

locus of fracture and significantly changed the dynamic-mechanical properties 

of the composite. 

Koh et al [17] found that for composites reinforced by glass beads with no 

surface modification there was no substantial bonding at the particle-matrix 

interface. The locus of failure was at the equator of the spheres with associated 

brittle fracture in the matrix. At the highest level of surface modification, the 

locus of failure had moved to the pole of the spheres, and was completely 

through the matrix material. These microscopic examinations seems to agree 

well with analytical predictions by Guild and Young [42]. In a combined finite 

element and spatial statistic study on particulate composites they found that for 

poorly bonded particles the position for maximum stress concentration is at the 

equator of the spheres. Whereas for well-bonded particles it is above the poles 

of the spheres. 

5.4 Temperature 

Koh et al [17] explained the temperature dependent failure mechanisms, which 

occurs around a particle-matrix interface, in terms of the inherent interfacial 

bond strength,  Tb,  relative to the matrix shear strength , 'cm. This idea was also 

applied successfully to a fibre-reinforced epoxy matrix composite. Failure at the 

the interface region was mainly cohesive and the temperature dependence was 

matrix-controlled due to changes in matrix strength and stiffness. 
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5.5 Thermal residual stresses 

According to Koh et al [17] the thermal expansion coefficiant is a very 

important parameter in composites. It determines the residual stress 

distribution and thus has vital effects on the mechanical performance. When the 

thermal expansion coefficient (Ace =  c  -  ap)  between the matrix (06) and the 
particle  (ap)  is positive, as in the case of silica-filled epoxy, a compressive stress 

is generated at the particle-matrix interface upon cooling from the cure 

temperature. When there are large compressive radial stresses at the interface, 

the surrounding matrix will be subjected to a residual tensile stress in the 

circumferential direction, which decrease the capability of the matrix material 

to sustain crack initiation. A crude estimate of the magnitude of these residual 

stresses in the radial (at) and circuferential (at) direction can be determined by: 

AaAT 
	 — Aa4TE„, 
(1+ v „I 2E„,)+(1-2vp  I  Ep )  

(2) 

where  E  and v are elastic modulus and Poisson's ratio, respectively, and AT is 

the alteration in temperature, e.g. for thermosets the glass temperature minus 

the test temperature . The subscripts m and  p  refer to the matrix and particle, 

respectively. 

5.6 Fracture toughness 

From an investigation by Sheu et al [19], controlled particle-matrix debonding 

may result in additional toughening mechanisms such as zone shielding 

(microcrack toughening), crack deflection and crack bridging. Toughening from 

zone shielding is due to interfacial debonding/microcracking in a zone of 

material around the crack. The resulting dilated zone is similar to that obtained 

during transformation toughening and may provide significant shielding of the 

crack tip. However, excessive debonding degrade the material ahead of the 

crack tip to such an extent that the overall resistance to crack propagation is 

reduced. 
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From a report by Fu and Wang [24], it is expected that improved dispersion 

would lead to a great number of close together and localized crazes. However, 

the dimension of these crazes are smaller than the crazes initiated in regions of 

agglomerated particles . The stress field is therefore no longer simply additive, 

and the field around neighbouring particles will interact considerably, resulting 

in enhanced matrix yielding and hence the composites can be toughened.  

Galeski  et al [26] established that softening of the polymer-filler interface is 

the best way to maintain good toughness, and application of a compliant 

rubber can produce even further toughening. According to a test by Koh et al 

[17] do particle fracture not contribute much to the fracture toughness of glass 

reinforced epoxy. Since the strength of both the spherical and angular particles 

were greater than the epoxy resin, as evidenced by higher strength of the filled 

composites than for the pure epoxy. It was believed that surface flaws and 

internal imperfections in the large particles were the most likely reason to 

premature particle fracture. 

5.7 Fatigue 

A systematic microscopic investigation of fatigue damaged samples by 

Trotignon et al [30,31] revealed the existence of three crack propagation modes 

around mineral particles. Mode I corresponded to a matrix/particle debonding 

and was, for a given strain amplitude, expected to occur in systems 

characterized by a low interfacial adhesion. Mode II could be assimilated to a 

mixed mode, involving partial debonding and  reinitiation  at the particle edge. 

Mode III was found in the case of strong interfacial adhesion, where the 

conditions of stress transfer from the matrix to the the filler particle were 

maximum. In this case brittle fracture of the filler particles occured and the 

crack propagated linearly through the whole sample. 
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6. THEORETICAL MODELLING OF PARTICULATE COMPOSITES 

In the scientific literature a number of theories and equations have been 

developed to describe the mechanical behaviour of polymer particle 

composites. Much of the modelling done for metal matrix composites and 

ceramic matrix composites have also been used for polymer matrix composites. 

6.1 Tensile strength 

During the deformation of a specimen from zero deformation up to failure, 

several processes take place, i.e., elastic deformation, crazing, shear yielding, 

orientation of the crystalline and amorphous phases, failure initiation and 

propagation, which all change the structure of the polymer and determine its 

properties. During a test, the dimensions of the specimen change also. The 

situation is further complicated by the addition of a second component. The 

presence of a filler or a reinforcement may change the time and deformation 

dependence of the above processes. 

As pointed out by Nielsen [46], the theories for the strength of filled systems 

are much less developed than the ones for the moduli. In some approaches the 

strength of particulate composites has been determined by the effective 

available area of load bearing matrix [46-48]. The following empirical 

relationships has been proposed: 

(3) 

ac /m = (.7 —111/3)S' 	 (4) 

(5) 

Gc  /m = exp(—aVf  ) 	 (6) 

where Gc  and Gm  denote the tensile strength of the composite and the matrix, 

respectively, S. S', A and a are empirical constants, and  Vf  is the volume 

fraction filler. 
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These equations are merely based on the relationship of area fraction to volume 

fraction of the inclusions.  Nicolais  and Narkis [49], considered a cubic matrix 

filled with uniformly disperesed spherical particles, where fracture was 

assumed to occur in the minimum cross-section of the continuous phase which 

was perpendicular to the applied load. Equation (5) then becomes: 

GC / 	= (1  1.21e3 ) 
	

(7)  

Piggot  and  Leidner  [50]  argued that  the uniform  filler  arrangement  assumed  in 
most models is  unlikely  in  practice  and  proposed therefore  the  following 
empirical relationship:  

= BY — bVf 	 (8) 

where  B  is a stress concentration factor and  b  a constant dependent upon the 

particle-matrix adhesion. Landon et al [51] proposed a similar equation: 

Gc  = CSm (h— Vf ) - kVf d (9) 

where  d  is the average particle diameter and  k  the slope of the plot of tensile 

strength against mean particle diameter. A simpler but more elaborate 

approach has been developed by Leidner et al [52]. The ultimate tensile 

strength of the composite was taken as the sum of the maximum load carried 

by the matrix and the filler and given by: 

Gc  = (a, + O. 	) + oaC(/ — Vf ) 	 (10) 

for good  interfacial adhesion  and: 

G, = 0.83athaVf +  warn  (1 —  Vf  ) 	 (11) 

in the case of no interfacial adhesion.  G  a  and a, are the strength of the 

interfacial bond and the ultimate strength of the matrix, respectively, 'Cm  the 

shear strength of the matrix,  C  a stress concentration factor, w a parameter 

which depends on the particle size, Gffi the thermal compressive stress acting on 

the the boundary of the particle and a the coefficient of friction. 
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There have also been a number of attempts to correlate the strength of 

particulate-filled systems with the diameter of the particle,  d.  For example Hojo 

et al [53] have found that the strength of silica-filled epoxy decrease as the size 

of the particles increase, following a relationship of the form: 

Gc  = Gm  +  hd-1/2 	 (12) 

where  h  is a constant and  d  is the mean particle diameter. 

6.2 Strain to failure 

The strain to failure decrease to a significant extent with the introduction of a 

filler. A simple empirical analysis for the strain to failure of elastomeric 

composites by Nielsen [54] gave the following relationship: 

Ec 	Em (1— V7/3) 
	

(13) 

where  Vf  is the volume fraction filler, en, the strain in the matrix material and et  

the strain imposed on the composite. 

However, the model above often predict values of the strain to failure that 

are substantially higher than the experimentally determined results. This hints 

upon a relationship of filler area fraction V "3  and elongation. Hence, 

following the method described by Mitsuishi et al [55] the equation to describe 

breaking elongation becomes: 

ec  = em(1— De3 ) 	 (14) 

where  D  is a constant value depending on the filler size and the modification of 

the filler. 
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6.3 Modulus 

The elastic modulus of polymer particle composites depends primarily on the 

elastic modulus ratio between filler and matrix and on the amount of added 

filler. Other factors that also have shown to be relevant are particle size, shape, 

adhesion and particle clustering. Several theoretical methods have been 

presented in the literature to tackle the problem of prediction or estimation of 

the effective elastic modulus of random heterogeneous multiphase materials. In 

this chapter bounds, estimates through effective medium theories and dilute 

limit theories are considered. The results are often presented in bulk modulus  

(K)  and shear modulus  (G),  but Young's modulus and Poisson's ratio can easily 

be determined, under the assumption of isotropic properties and linear 

elasticity, by the following two equations: 

9KG 
E = 

3K + G 

v 
3K — 2G 

6K + 2G 

6.3.1 Bounds 

For arbitrary internal phase geometry with isotropic phases the extremum 

principles of minimum potential and minimum complementary energy leads to 

the following elementary bounds, usually referred to as the  Voigt  and Reuss 

bounds [56,57]:  

K, =V f 1(1 ±VK„, 

Gv =17  fG1 +V„G„,  

1 
=

VI 
 ±

Vm  
KR  K.f  Km  (17) 

1 V V  

GR 	
r 

Gf  Gm  

(15)  

(16)  
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For most applications the  Voigt  and Reuss bounds are not close enough. 
Improved bounds for arbitrary statistically isotropic phase geometry was 

therefore derived by Hashin and Shtrikman [58]. For a two-phase material these 
bounds are:  

K„,=  K f  +  1Vm  
3V f  

Km —  lc 3K+  4G1 

G„,=G f  +  Vm  
1  	6(K f  +2Gf )V f  

Gm  —  G1  5G1(3Kf  +4G1) 

K„, = Km  +  
V f  

 

1 	317„,  
K f  —K„, 3Km +4Gm  

(18) 

V f  G„, =  Gm +  6(K.+2Gm )Vm  
G f  —Gm  5Gm (3Km +4Gm ) 

These bounds are of practical value for phase stiffness mutual ratios up to 
about 10. They obviously cannot provide good estimates for extreme phase 

stiffness ratios such as one rigid phase or a porous medium. To improve these 
bounds it is necessary to incorporate additional geometrical information. One 
way of doing this is in terms of higher order statistical information. The 

experimental determination of the required probability functions is however a 

so involved and time-consuming task that it is probably easier to determine the 
effective moduli experimentally. 

A different way to obtain improved bounds is to abandon general phase 
geometry and to construct bounds for a specific model. A case in point is the 
effective shear modulus of the composite spheres assemblage model. The 

solutions for a sheared composite sphere can be interpreted as admissible fields 

for the principles of minimum potential and minimum complementary energy. 
This gives the following upper bound for the case of particles stiffer than the 

matrix, Hashin [591: 



1+ 
1 	A(1 — 171) — Vf  (1— 17. 13 ) 

y-1 	(BV f"' + C) 

Gm+  = 
V f (19) 
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where 

7=G f /Gm  

  

Ar 2(4  —  5  vm  )  
15(1—  vm ) 

 

B= 
 10(1—  vm )  

21  

 

i  (7 —10v, )(7 +5vm )— 7(7 —10vm )(7+5vf ) 
4(7-1019+7(7+5v» 

  

C =  —
10

(7 —10  vm )(1 — vm )  
21 

while the lower bounds remains the same as (18). These bounds are much more 

restrictive than (18), of course at the price of very special geometry, and are 

close even for high particle/matrix stiffness ratio. 

6.3.2 Effective medium theory 

A well-known approximation for effective properties of particulate composites 

is the so called Self Consistent Scheme (SCS). A typical particle is assumed to 

have spherical or ellipsoidal shape. In the most commonly used version of the 

method it is assumed that a particle is embedded in a homogeneous body 

which has the unknown properties  K*  and  G*,  and is at infinity subject to the 

following boundary conditions: 

ui(S) = exi 	Or 	Ui(S) = ejjxj 

where  e  is the isotropic part of the average stress and ejj  is the deviatoric part of 

the average stress. 
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This defines a boundary value problem which can be solved for an arbitrary 

ellipsoidal particle, Eshelby [60], resulting in a uniform strain in the particle 

that is a function of  K*  and  G*.  Inserting the average particle strain into:  

Eu)  
= K„ + (K f  — K„) —

E 
 V f  

(20)  

eV.)  
G*  =  G„  + (G f  

e,  

results in two simultaneous algebraic equations for  K*  and  G*.  It appears that 

the method originates with Bruggeman [61] who named it effective medium 

theory. This method is by Hashin [62] considered as the first version of the SCS, 

and was first applied for spherical particles by Budiansky [63] and Hill [64]. 

The final results as given by the latter are: 

V  m 	V f 	3 

="-- — K f  K*  — K„ 3K*  + 4G*  

(21)  

V„ 	±  V f  _  6(K*  + 2G*  ) 
G*  — G f 	— 	— 5G*  (3K*  + 4G*  )  

It may be shown that  K*  and  G*  as defined by (21) are always between the 

bounds (18). If plotted as functions of particle volume fraction they are tangent 

to the lower bounds at  Vf  = 0 and tangent to the upper bounds at  Vf  = 1. 

There is, however, no compelling reason to embed the particle directly in the 

effective medium, but instead imagine the particle to be embedded in a matrix 

shell which is embedded in the effective medium. This method is considered by 

Hashin as the generalized SCS. The first attempt appears to be due to Kerner 

[65] who made a number of unnecessary assumptions, obtained the correct 

result for  K*  and an incorrect result for  G*.  Another incorrect analysis to obtain  

G*  was given by Van der Poel [66], who employed an inadmissible elasticity 

solution for the matrix shell. The correct solution for  G*  was first given by 

Smith [67]. It is a complicated implicit result but is easily evaluated 

numerically. The correct results for the generalized SCS are: 
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K.(3K f  + 4G,„)+ 4V fGrn (K f  — K.) 

(3K1  + 4G",)+ 3V 	—K1 ) 

G*  = G,n (1+ X)  

where  X is given by 

AX 2  +BX+C=0  

where  

A = 2(M —1)[M(7 +51/1  )+ 4(7 — lOvf  )1[4(7 —10 v.)(4 — 5 v„,)(1— ci 3  )(1— a7 ) —63a3(1— a2 )2 ] + 

+280(M— 1)(7 —10 vf  )(1 — )(4 — 5 v. )(1— a3 )d + 60[M(7 + 5 vf ) + 4(7 — 10 vf  )1(1 — ) 

(7 —10v.)(1— a7 )+ 2100(7 — lOvf )(1— v m )2a7  

B =70(M —1)[M(7 + 51/1  ) + 4(7 — 10 v1)](1— )[(4 — 5 v. )(1 — (13)-6(23 (1— a2 )] + 

525[M(7 +5v f )+ 4(7 —10 vf  )1(1— v.)2  + 60(M — 1)[M(7 + 5 vf  ) + 4(7 — 10v1)] 

(1— v.)[10v.a2 (1— a7 ) —7 a5  (1— )]— 2100(M-1)(7 —101/1)(1— v m )2  

C = —525(M —1)[M(7 +5v f ) + 4(7 — 10 vf  )](1 — v„, )2 a3  

where M=G f /G,T, and a is the radius of the filler sphere. Then by definition of 

the unit radius is a3  equal to the volume fraction  Vf  of the filler. The generalized 

SCS appears to be a more realistic approximation than the first SCS version 

since the matrix shell mitigates the problem of satisfaction of interface 

conditions and results are no longer unbiased to the phase interchange. 

6.3.3 Dilute limit theory 

The definition of "dilute" is that the state of strain in any one particle in the 

composite body under homogeneous boundary conditions is not affected by all 

the other particles. Thus the strain is that of a single particle in an infinite body 

and this happens to be uniform for an ellipsoid with far field homogeneous 

strain, Eshelby [60]. Thus for spherical particles it follows: 

(22)  

(23)  
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3K„, + 4G„,  
K* K„,+Vf(Kr 'rn)  3K f  +4G,, 

(24)  

5(3K„, 
=G, + V f (Gf 	) 

9K„, +8G„, +6(K„,  + 2G„)Gf  1 G,„ 

given independently in [60,68,69]. Hashin [70] considered the case with rigid 

particles in an infinite elastic medium. For spherical particles the bulk- and 

shear-modulus are given by: 

K 	
„, 

1+3V 
1+ v„, )  

(25)  
( 

G 1+ V„.
15(1— 

' 2(1+ v„,) 

As a special case, treating "extreme inclusions - incompressible phase",  Kf  /Km  

->  Q..  and very rigid spherical particles (24) gives: 

7 	1 	•N 
'Km  1+—V, 

\ 3 

G -
7 

1+ 
15K„, + 20G„,  

V 
6K„ +12G„, f 

6.4 Thermal expansion 

Composites and other two-phase materials possess inherent  mis-match of linear 

coefficient of thermal expansion at the matrix and reinforcement interface. Due 

to difference in coefficients of thermal expansion, Young's moduli and 

Poisson's ratio of the two phases, residual thermal stresses are developed in the 

matrix and reinforcement. If composite parts are subjected to operational cyclic 

temperature variations, they may fail due to thermal fatigue. To design a 

composite part for safe operations, the design engineer needs mathematical 

tools to predict the thermal expansion coefficients and to evaluate residual 

thermal stresses. 

7 	1—v  

(26)  
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This chapter discuss various theories proposed in the literature to calculate 

linear or volumetric coefficients of thermal expansion of composite materials. 

6.4.1 General aspects 

A general closed-form expression for the effective thermal expansion coefficient 

was for a long time thought to be very complicated or even virtually impossible 

to derive. Then the following exact form of the linear expansion coefficient was 

presented by  B  M Levin in 1967 [71]. 

a= V a eff 	m m 
am —al 	 V1  

11  K„  —1  I K f 	K„ K f  
(27) 

   

The problem of finding aeff  is thus essentially reduced to finding the effective 

bulk modulus of the composite. 

6.4.1.1 Bounds 

Let  (af  - am)(Kf - Km) > 0 and Gf  > Gm. Then, inserting the upper Hashin-

Shtrikman bound  Klis+  for Keff  in (27) yields an upper bound aHs+: 

= a, —V ar  — ) 	  
m( 	K f (3K„ + 4G f )+ 4V„G f (K„ —K1) 

The lower bound is obtained by interchanging the labels f and m in (28). If not  
(af  - am)(Kf- Km) > 0 and Gf >  G,  the bounds are reveresed so that (28) gives 

the lower bound aHs_. When  af  = a, the composite has aeff =  af  = a,. It is also 

interesting to note that the upper and lower bounds to aeff  coincide when Gf = 

=  G.  Then: 

4 	G(K  f  —  Km  ) 
Ueff  Vmam  + Vfaf — VmVf  (am  af ) 	 (29) 

3  KmKf +  4  G(VmKm  +  Vf  Kf )  

The bounds to aeff  are often very close, when compared with the bounds for the 

elastic properties. 

K„(3KJ, +4G) 
(28) 
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6.4.1.2 Effective medium theory 

If one uses the effective medium theory result (21) for  K*  as an approximation 
to /cif, the resulting aeff becomes algebraically very complicated even if  Y/  = v2 
= 0.2 so that the equations in (21) for  K*  and  G*  decouple. 

6.4.1.3 Dilute limit theory 

If one consider the thermal expansion of a material with voids of any shape. 

The voids can be regarded as a phase with bulk modulus  Kf  = 0. If  Kf  -> 0 in 

(27) the matrix is still connected so that Keff is finite: 

ceeff = Vmum  + Vflaf Vf  (am  - af)=  (Vm  - Vf  )am  =  am  (30) 

Hence, the effective thermal expansion coefficient is equal to that of the matrix, 

which is an obvious result. 

7. DISCUSSION AND CONCLUSIONS 

Addition of rigid particles to polymeric matrices can positively influence a 

number of properties like stiffness, creep and fracture toughness. Tensile 

strength and strain to failure are often less favoured by particle reinforcement, 

and are often lower than for the pure matrix material. However, this 

detrimental effect is less evident when small particles are used, and the tensile 

strength can even be improved by using ultrafine particles (0.1-0.4 p.m). 

Ultrafine particles, whose diameter are comparable to the crystalline regions in 

the polymer, have a prominent reinforcing effect on the elastic properties of the 

polymer. Small particles adhere strongly to the polymer, which leads to a 

strong reinforcing effect. The problem is that they also adhere strongly to each 

other, forming aggregates. These aggregates act as failure initiation sites, 

leading to fast unstable failure propagation. Particle-particle interaction is 

always related to the particle content, becoming stronger with increasing 

particle content. Surface treatment or use of coupling agents on the particle 

surface can decrease the particle-particle interaction, and prevent the formation 

of agglomerated structures. 
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Small particles are therefore to recommend when it is important to preserve 

high yield strength, high strain to failure and good impact energy absorption 

properties. The fracture toughness of brittle matrices is however improved 

more efficiently with larger particles and seems to increase with increasing 

particle size up to relatively large particle sizes. For these large particles, 

dewetting take place easily, the formed cavities are large and they merge to 

cracks of critical size, leading to a slow stable failure propagation. A trend of 

increasing resistance to cyclic fatigue crack growth with increasing particle size 

is also clearly exhibited. The fatigue behaviour does not appear to be dependent 

of the nature and shape of the filler, but instead strongly affected by the 

magnitude of surface compressive residual stresses and number of particles per 

unit volume. 

Particulate reinforcement can substantially improve the mechanical 

properties of polymers. These improvements together with the advantage of 

isotropic properties have lead to a large field of applications e.g. gear wheels, 

fittings, clips, hoods etc. The large amount of different filler types and matrices 

gives excellent possibilities to produce composites with tailored properties. 
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Abstact. The effect of glass beads on the stress-strain behaviour of polypropylene has 

been examined. Poisson's ratio and secant compliance as a function of strain have been 

measured. Both sets of data indicate interfacial debonding to be the initial damage 

mechanism. Interfacial debonding is then followed by plastic yielding of the matrix 

material at the debond sites. The maximum stress and strain to failure decrease with 

glass bead content and glass bead diameter. Impact properties correlate with the 

ability of the composites to reach high strain to failure. The proposed failure 

mechanisms are supported by fractography and in-situ deformation studies by 

scanning electron microscopy. 

1. INTRODUCTION 

Addition of rigid reinforcements into polymeric materials is an established 

practice in the polymer industry. By introduction of a stiff second phase, 

substantial improvements in stiffness, strength, creep performance, fracture 

toughness etc. can be obtained. The reinforcement is often in the form of 

spheres, plates or fibers. Fibers are often used as reinforcement, although this 

often results in anisotropic properties. This may lead to problems with warpage 

and variation in component dimensions. Particulate fillers in the form of 

spheres or plates can therefore sometimes be a better choice when close 

tolerances or isotropic properties are required. The mechanical properties of 

particulate composites depend on composition and constituent properties. If 

the surface of the particulate filler is unmodified the maximum stress and strain 

to failure appear to be governed by particle content and diameter of the 

particles [1-3]. 
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Accurate modelling of the effect of particulate reinforcement on failure is not 

easy. Most existing models are based on the effective area of load carrying 

matrix material [3-6]. Improved models require better understanding of the 

mechanisms of failure. 

In pure polymers is commonly the micromechanical damage governed by 

shear yielding and crazing. In particulate polymer composites these 

micromechanical damage processes might be replaced or accompanied by 

debonding and cavitation. In several investigations interfacial debonding is 

believed to be the initial active damage mechanism [7-10]. 

The objective of this study was to delineate the mechanisms behind the 

stress-strain behaviour of polypropylene with glass beads. Special interest was 

focused on the strain at damage initiation, and the influence of glass bead 

diameter. The Poisson's ratio and secant compliance changes with strain were 

used to determine the strain at damage initiation, and to explain the first 

prevailing damage mechanism. Also the governing factors for the ultimate 

properties were discussed. The proposed mechanisms are also based on 

fractography and in-situ deformation studies by scanning electron microscope  
(SEM).  

2. EXPERIMENTAL 

2.1 Materials 

The matrix material was a reactor blend of polypropylene and polyethylene 

from Borealis AS. The polyethylene formed small rubbery particles in the 

polypropylene. The melt flow index was 8 g/10 min at 230°C and the density 

was 899 kg m'. Two different commercially available grades of glass spheres 

from Potters-Ballotini were used. The smaller glass spheres (5000) had a median 

diameter of 3.5-7.0 gm and the larger ones (2000) a median diameter of 27-36 

gm. Four different composites were prepared by combination of the two grades 

and two volume fractions. 
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2.2 Specimen preparation 

Particulate composite materials were compounded in a twin screw extruder 

(Werner&Pfleiderer ZSK M9/2, Stuttgart). Extrusion temperatures were: 140, 

190, 215, 220, 225 and 220°C in the respective zones of the extruder and the die. 

Extrudates were cooled in air and then milled to a length of about 5 mm in a 

blade granulator. The four different compounds were then injection moulded in 

a Mannesmann  Demag  D60-182 NC II injection moulding machine in order to 

prepare sheets with the dimension 160x40x3 mm. The temperatures in the four 

zones in the injection moulding machine were 220, 225, 230 and 225°C, and the 

mould temperature was 23°C. The packing and cooling stages were 6 and 10 s, 

respectively. 

2.3 Mechanical testing 

Tensile testing was carried out following ISO/R527:1966(E). Tests to determine 

strain to failure were performed in an Alwetron TCT 50 machine, at a strain 

rate of 50 mm min-1. Further tensile tests were performed in a tensile stage for 

scanning electron microscope  (SEM),  at a strain rate of 1 mm min'. 

Measurements of Young's modulus and Poisson's ratio were performed with 

extensometers below 0.2% strain. All data for Poisson's ratio and secant 

compliance were collected with extensometers. The strains and stresses were 

recorded simultaneously on a PC using a data acquisition software at a 

frequency of 10 points per second. The same deformation was assumed in the 

two lateral directions. The reduction in relative Young's modulus with strain 

was studied by detecting the difference in Young's modulus between the first 

and second loading. The annealing test was carried out for 72 hours at 110°C. 

The specimens were then kept at room temperature for 15 hours before they 

were reloaded. The notched specimens for impact tests were machined 

according to instructions in ISO 180/4A:1993(E). The impact strength was 

measured in an Izod pendulum machine (AB Alpha 4H-401), with a hammer 

speed of 3.14 ms-1. The drop weight strength was determined based on the 

standard ISO 6603-2:1989(E). The impact velocity of the striker was 4.15 rns-1  

and the energy of the impactor 90  J.  The rectangular impact specimens (75x40x3 

mm) were freely supported on a ring of 20 mm internal diameter. All tests were 

carried out at room temperature. 
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2.4 Material characterization 

The glass bead content in the composites was measured by burning off the 

matrix material at 550°C for 20 min. The specimens used for the tensile test in 

the scanning electron microscope  (SEM)  were first polished on a silicon carbide 

paper of grit size 240. Fine polishing was done on a Texmet surface with 25 gm 

diamond based oil followed by 6 gm diamond based oil. Final polishing was 

performed with a SiO2  suspension. To avoid any artifacts the specimens were 

uncoated, instead an accelerating voltage of only 1.0 kV was used. The strain 
rate in the  SEM  was 0.25 mm min'. Fracture surfaces were prepared at liquid 

nitrogen temperature by simply breaking the test pieces manually in bending. 

3. RESULTS AND DISCUSSION 

3.1 Tensile properties and modulus predictions 

Figure 1 shows the stress-strain behaviour of the polypropylene/glass bead 

composites. The highly ductile polypropylene is very sensitive to the 

introduction of glass beads, and a sharp drop in strain to failure is observed 
already at 4.8  vol%  glass. A quite evident size effect is also observed, and the 

strain to failure is reduced for the composites with larger bead diameter. The 

initial part of the stress-strain curves is presented in Figure 2. A reduction in 

maximum stress and corresponding strain is observed with increased glass 

bead content. The influence of glass bead diameter is not so strong for the low 

volume fraction composites. For high volume fraction of glass beads, both the 

maximum stress and the corresponding strain are reduced by increased bead 

diameter. Data from the tensile test are presented in Table I. 

The elastic constants for the polypropylene/glass bead composites are 

presented in Table II. Young's modulus increases with glass bead content, 

while the Poisson's ratio decreases with glass bead content. Both elastic 

constants are unaffected by glass bead diameter. The measured values of the 

elastic constants are compared with Hashin and Shtrikman's upper (ub) and 

lower (lb) bounds [11]. The experimental data for Young's modulus are close to 

the lower bound, whereas the experimental data for Poisson's ratio are closer to 

the upper bound. This is in accordance with previous investigations [12,13]. 
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3.2 Material behaviour at strains 0-2.0% 

The stress-strain curves start to deviate from linearity at about 0.3% strain. This 

first sign of non-linearity, due to the viscoelastic behaviour of the matrix, is for 

the composites with 20  vol%  glass beads followed by a sharper deflection at 

0.7% strain, see Figure 3. The deflection is influenced by glass bead diameter. 

This non-linearity at low strain levels differs from the behaviour of the pure 

matrix material. 

The change in Poisson's ratio with strain is presented in Figure 4. The 

Poisson's ratio of the pure polypropylene is unchanged in the examined strain 
interval. But with 20  vol%  glass beads in the material, the Poisson's ratio starts 

to decrease in the strain range 0.7-1.2%. Also here the particle diameter has an 

effect, and the drop in Poisson's ratio occurs at a lower strain level with large 

spheres. This marked decrease in Poisson's ratio means that material volume 

changes take place. A likely reason for this is debonding at the 

polypropylene/glass bead interface. 

In addition to Poisson's ratio changes, micromechanical deformation 

mechanisms may also be interpreted from changes in secant compliance, i.e. 

true axial strain divided by true stress. The secant compliance versus axial 

strain is presented in Figure 5. The curve for the pure matrix material starts to 

deviate slowly at about 1% strain. This is expected and due to the viscoelastic 

relaxation processes. The secant compliance for the composites with 20  vol%  

glass is constant up to 0.7-0.9% strain. Above this strain level the secant 

compliance increases at a fast rate, indicating a different damage mechanism in 

the composites as compared with the pure matrix material. The deviation from 

constant secant compliance occurs at a slightly lower strain level with large 

spheres, which is in support of the data for Poisson's ratio. 

The tensile dilatometry technique is related to Poisson's ratio. The volume 

change is determined from 

AV = (1+s,)(1+F.,)2  - 1 

where  E.,  and r represent the nominal axial and transverse strains, respectively. 

The technique has been used by Pukanszky et al [8] for polypropylene/CaCO3  

composites, and by Hartingsveldt and Aartsen [9] for polyamide /glass bead 

composites. Both investigations consider tensile dilatometry as a sensitive tool 

to detect interfacial debonding. 
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The volume change with strain of the examined polypropylene/glass bead 

composites is presented in Figure 6. Only strain in one lateral dimension was 

measured since equality of strain in the other lateral dimension was assumed. 

No extra volume increase, except the one due to elastic deformation, is 

observed for the investigated materials in the strain interval 0-2.0%. The results 

from the Poisson's ratio and the secant compliance technique indicate internal 

damage in the composites at 0.7-1.0% strain. This internal damage is not 

detected with tensile dilatometry, as was also observed by Meddad et al [10]. 

By use of the secant compliance technique they saw distinct changes at low 

strains, interpreted as interfacial debonding. They were however unable to 

detect these changes by tensile dilatometry. They therefore concluded that the 

secant compliance method is a preferable technique at low strains, whereas 

tensile dilatometry is useful at higher strains. 

Figure 7 presents a micrograph taken from an in-situ tensile test in a 

scanning electron microscope  (SEM).  The specimens were not surface coated, 

instead a low voltage was used. This explains the poor contrast in the 

micrograph. The first sign of any defect was observed at 1.5% strain. An 

interfacial debond crack was initiated at the pole of the sphere. As the strain 

was increased the debond crack propagated along the interface between the 

glass bead and the matrix. The micrograph in Figure 7 is from 6% strain. These 

results are in further support of interfacial debonding as the initial damage 

mechanism. Nevertheless, since the matrix material contains a second soft 

phase, cavitation is also a possible mechanism for initiation of failure [14,15]. 

No indication of cavitation was however observed by fractographic 

examination, and interfacial debonding is therefore most likely the first damage 

mechanism in the composites. This is further supported by a related theoretical 

study [16]. 

3.3 Damage growth at strains 2-15% 

The change in Poisson's ratio with strain is presented in Figure 8. The Poisson's 

ratio of the polypropylene starts to increase at about 3.5% strain, probably 

because of plastic yielding in the material. The Poisson's ratio of the composites 

with low glass bead content is almost constant below 7% strain. It is possible 

that the expected increase from plastic yielding is balanced by the decrease in 

Poisson's ratio expected from debonding. 
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At higher strain levels debonding effects become significant and Poisson's ratio 

decreases. With high glass bead content, the Poisson's ratio starts to decrease 

much earlier. After 1% strain the Poisson's ratio decreases continuously. Since 

debond initiation is expected to be governed by a critical radial stress at the 

particle surface, the initiation of debonding ought to be independent of glass 

bead diameter. It is therefore believed that debonding starts somewhere around 

0.7% strain, where the behaviour of materials with different glass bead 

diameter starts to diverge. Divergence is caused by differences in local damage 

mechanisms, i.e. average debond length, average crack opening displacement, 

number of debond cracks and extent of local matrix plasticity. For the local 

matrix plasticity the particle diameter is expected to be important. This is 

because larger diameter spheres have larger debonds with larger local stress 

intensity. 

The secant compliance up to 15% strain, presented in Figure 9, supports the 

information obtained from Figure 8. The first real sign of difference in 

behaviour between the composites with low glass bead content and the pure 

matrix material occurs above 7% strain. 

The volume strain as a function of strain confirms the results from the 

Poisson's ratio and the secant compliance techniques, see Figure 10. However, 

at high strains, tensile dilatometry shows more clearly the volume change in the 

composites and the yielding of the pure matrix material. 

Figure 11 presents the relative Young's modulus as a function of the strain to 

which the material was initially deformed, here termed "prestrain". Once the 

composites have been strained beyond the debonding point, Young's modulus 

is expected to decrease. This is also in accordance with data, although the strain 

where reduced modulus is observed is higher than the expected strain for 

initial debonding. This is probably because the initial debond cracks need to 

reach sufficient crack opening displacement before the modulus decreases. The 

decrease in modulus at high strains is substantially higher for the composites as 

compared with polypropylene. This is because of the additional displacement 

provided by the debond cracks. 

The relative Young's modulus for the pure polypropylene decreases also 

with prestrain. Differential scanning calorimetry (DSC) revealed a 2% increase 

in crystallinity with 15% prestrain. The reduction in relative Young's modulus 

for the polypropylene is probably due to a strain softening phenomenon. The 

strain softening mechanism has been considered by Haward [17]. A possible 

explanation is progressive break-down of interaction points for secondary 

bounds between adjacent molecules. 
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However, most of the drop in relative Young's modulus was restored by 

annealing the test samples for 72 hours at 110°C, see Figure 12. This annealing 

procedure recovered the values of Young's modulus to more than 80% of the 

initial value at 10% prestrain. During annealing, molecules apparently 

reorganize and secondary bounds are recovered. 

The fractographic  SEM  micrograph in Figure 13 illustrates the debonding 

mechanism. The test samples were prestrained up to 15% strain, and then 

cooled in liquid nitrogen. The micrograph was obtained from a fracture surface 

transverse to the loading direction, and show interfacial debonding to be 

accompanied by plastic yielding of the matrix material (the debonds show 

substantial crack opening displacement). Large crack opening displacements 

are apparent at the interfacial debonds in the in-situ  SEM  micrograph obtained 

at 20% strain, see Figure 14. Such large crack opening displacements require 

substantial plastic deformation in the matrix. 

Based on the results above, damage development in the strain interval 2-15% 

seems to be debond opening and plastic yielding of the matrix material at the 

debond sites. The interfacial debond cracks may initiate plastic yielding in the 

matrix, contributing to further opening of the debond cracks. The maximum 

stress therefore drops with introduction of glass beads. Debonding occur much 

earlier than the strain at which maximum stress is reached. Instead, maximum 

stress seems related to the presence of numerous debonds initiating matrix 

plasticity in a large material volume. 

The plastic yielding of the matrix material is partly recovered during 

annealing and the debond cracks are therefore partly closed. This phenomenon, 

in addition to recovered secondary bounds, explains the restoration of Young's 

modulus with the annealing treatment. 

3.4 Ultimate properties 

The effect of glass beads on the ultimate properties is generally similar to the 

effect on maximum stress, i.e. the strain to failure and impact strength decrease 

with glass bead content and glass bead diameter. Table III presents the 

measured strain to failure, Izod impact strength and drop-weight impact 

strength. 
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Higher strain to failure is obtained with 19.3  vol%  glass than with 4.8  vol%  
glass. This effect was due to localized necking for the composites with 4.8  vol%  

glass, where the true local strain was much higher than the globally measured. 

The composites with high glass bead content never formed a neck, instead the 

whole waist was evenly strained until final fracture. 

The impact strength decreased with glass bead content and diameter. Table 

III reveals a dramatic decrease in drop-weight impact strength for the 

composite with high glass content and large spheres. The fractured material 

displayed a brittle appearance for this composite, whereas the fracture events 

were more ductile for the other composites and the pure matrix material, see 
Figure 15(a)-(d).  This behaviour correlates with the strain to failure, and the 

impact properties appear to depend on the ability of the materials to reach high 

strain to failure. 

The large effect of glass bead diameter is not so easy to explain. Figures 

16(a)-(b)  illustrate the difference in microscopic fracture surfaces for small and 

large glass beads. For the smaller beads, the matrix has failed by a ductile 

tearing process. For the larger beads, final matrix fracture has occured through 

a more brittle crack growth process. Large debonding voids are formed at high 

strains, and a likely mechanism for final fracture with large glass beads is 

linking of debond voids by crack growth perpendicular to the load direction. A 

few large debond voids formed with large particles are apparently more 

detrimental than many small debond voids. 

4. CONCLUSIONS 

The increase in modulus of polypropylene with glass bead addition is in good 

agreement with the predicted values by Hashin and Shtrikman's lower bound. 

Debonding is initiated at about 0.7% strain and is then followed by plastic 

yielding of the matrix at the debond sites. During deformation to ultimate 

failure, debond cracks are opened and transformed to cylindrical entities 

parallel to the load direction. In this process, material stiffness is significantly 

reduced. This is partly because of matrix strain softening, partly because of 

damage associated with the debond cracks. The maximum stress and strain to 

failure decrease with increasing glass bead diameter. Larger diameter beads 

lead to the local formation of a large defect and subsequent brittle crack 

growth. With smaller beads, the matrix fails in a ductile tearing process. Impact 

strength correlates with the ability of the material to reach high strain to failure. 
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Table I. Maximum nominal stress and strain to failure for polypropylene/glass bead 

composites. 

Material 	 Filler 	 max 6nom 	Strain to failure 

[vor/01 	 [MPa] 	 [%1 

PP 0 19.6 (0.52) 237 (6) 

PP 5000 4.8 17.9 (0.17) 61 (4) 

PP 2000 4.8 17.9 (0.32) 42 (11) 

PP 5000 19.3 13.7 (0.10) 97 (7) 

PP 2000 21.0 12.8 (0.15) 37 (3) 

(Values within brackets denote standard deviation) 

Table II. Young's modulus and Poisson's ratio for polypropylene/glass bead 

composites. E 5, vhib,  EI ,  and vh,, are the theoretical Young's modulus and Poisson's 

ratio determined by Hashin and Shtrikman's upper (ub) and lower (lb) bounds. 

Material Filler  Experimental 	 Hashin/Shtrikman  

[vol%] 

E [GPa] V Eib  [GPa] Vlb Eub [GPa] Vub  

PP 0 0.97 (0.04) 0.40 0.97 0.40 0.97 0.40 

PP 5000 4.8 1.26 (0.05) 0.38 1.07 0.32 2.77 0.40 

PP 2000 4.8 1.22 (0.03) 0.38 1.07 0.32 2.77 0.40 

PP 5000 19.3 1.90 (0.04) 0.36 1.45 0.25 8.51 0.38 

PP 2000 21.0 1.95 (0.06) 0.35 1.51 0.25 9.23 0.38 

(Values within brackets denote standard deviation) 
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Table III. 	Strain to failure, Izod- and drop-weight impact strength for 

polypropylene/glass bead composites. 

Material 
	

Filler 	Strain to failure Izod impact 	Drop-weight 

[vor/01 	 P/01 	[kJ/m2] 	impact 0] 

PP 0 237 (6) No break 5.89 (0.47) 

PP 5000 4.8 61 (4) 12.5 (2.0) 5.98 (0.26) 

PP 2000 4.8 42 (11) 10.9 (2.0) 5.81 (0.36) 

PP 5000 19.3 97(7) 7.2 (0.4) 5.65 (0.26) 

PP 2000 21.0 37 (3) 6.1 (0.6) 1.43 (0.12) 

(Values within brackets denote standard deviation) 
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Figure captions 

Figure 1. Stress-strain curves of polypropylene with and without glass beads. 

Figure 2. Stress-strain curves of polypropylene with and without glass beads in 
the range 0-15% strain. 

Figure 3. Initial stress-strain curves of polypropylene with and without glass 
beads. 

Figure 4. Initial change of Poisson's ratio with strain. 

Figure 5. Initial change in secant compliance with strain. 

Figure 6. Initial change in volume strain with strain. 

Figure 7. Micrograph of single glass bead subjected to 6% strain. 

Figure 8. Poisson's ratio as a function of strain. 

Figure 9. Secant compliance as a function of strain. 

Figure 10. Volume strain as a function of strain. 

Figure 11. Relative Young's modulus as a function of prestrain, the strain to 
which the materials were subjected before unloading. 

Figure 12. Young's modulus as a function of prestrain and thermal treatment. 

Figure 13. Fractographic  SEM  micrograph illustrating the debonding 
mechanism. The micrograph is from a fracture surface transverse to the loading 
direction. The specimen was strained to 15% and subsequently broken at liquid 
nitrogen temperature. 

Figure 14. In-situ  SEM  micrograph at 20% strain. 
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Figure 15. Photographs of plates subjected to drop-weight impact fracture. a) 

Pure PP.  b)  PP with 4.8  vol%  glass beads.  c)  PP with 19.3  vol%  small glass 
beads.  d)  PP with 21.0  vol%  large glass beads. 

Figure 16. Fracture surfaces for the composites with high glass bead contents. a) 

Small glass beads es = 5 gm.  b)  Large glass beads to 30 gm. 
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Figure 1. Stress-strain curves of polypropylene with and 

without glass beads. 
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Figure 2. Stress-strain curves of polypropylene with and 

without glass beads in the range 0-15% strain. 
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Figure 3. Initial stress-strain curves of polypropylene with 

and without glass beads. 
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Figure 4. Initial change of Poisson's ratio with strain. 
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Figure 5. Initial change in secant compliance with strain. 
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Figure 6. Initial change in volume strain with strain. 
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Figure 7. Micrograph of single glass bead subjected to 6% strain. 
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Figure 8. Poisson's ratio as a function of strain. 
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Figure 9. Secant compliance as a function of strain. 
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Figure 10. Volume strain as a function of strain. 
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P  restrain Pk] 

Figure 11. Relative Young's modulus as a function of prestrain, 

the strain to which the materials were subjected before unloading. 
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Figure 12. Relative Young's modulus as a function of prestrain 

and thermal treatment. 
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Figure 13. Fractographic  SEM  micrograph illustrating the 
debonding mechanism. The micrograph is from a fracture 

surface transverse to the loading direction. The specimen 
was strained up to 15% and subsequently broken at liquid 

nitrogen temperature. 



- 30 - BA.  Sjögren  and  L.A.  Berglund 

Figure 14. In-situ  SEM  micrograph at 20% strain. 
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Figure 15. Photographs of plates subjected to drop-weight impact fracture. a) 

Pure PP.  b)  PP with 4.8  vol%  glass beads.  c)  PP with 19.3  vol%  small glass 

beads.  d)  PP with 21.0  vol%  large glass beads. 
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Figure 16. Fracture surfaces for the composites with high glass 

bead contents. a) Small glass beads la = 5 gm.  b)  Large glass 

beads o = 30 gm. 
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Figure 16. (Cont.) 



Paper III 

Prediction of Failure Initiation in 
Polypropylene with Glass Beads 



Prediction of Failure Initiation in Polypropylene 
with Glass Beads 

L.E.  Asp,  B.A.  Sjögren  and  L.A. Berglund 

Div. of  Polymer  Engineering  

Luleå  University of Technology  

5-971 87  Luleå  

Abstract. The effect of glass bead content and residual stresses on failure initiation in 

polypropylene composites has been investigated by  FEM  for the cases of interfacial 

debonding, plastic yielding and cavitation. Residual thermal stresses are demonstrated 

to have a large effect on global failure initiation stress. Yielding and cavitation occurs 

at higher global stresses than debonding. Modelling results as well as previous 

experimental data support debonding as the initial failure mechanism. 

1. INTRODUCTION 

Particulate composites based on polymers are widely used as load-bearing 

materials in industry. Their mechanical behaviour is therefore of interest. 

Thermoelastic properties have been successfully modelled by numerous 

authors [1-6]. However, failure properties are less well understood. 

Experimental results therefore appear to provide contradictory information. 

Addition of rigid particles of varying stiffness, surface properties and geometry 

to polymer matrices of different properties result in different failure behaviour. 

Even general changes in failure properties with particulate content are 

dissimilar. Most existing models [7-9] are empirical in nature and not based on 

physical micromechanisms of failure. The understanding of how constituent 

properties affect failure is therefore limited. Improved models based on 

micomechanical considerations would contribute to our ability to tailor the 

properties of particulate polymer composites. 
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As a starting point, an improved analysis on the microlevel must be based on a 

sound description of the stress state in the material. Once the state of stress or 

strain is known, a criterion for initiation of failure is needed. Initiation of failure 

is really the simplest failure event we can try to predict. Ultimate failure is a 

much more difficult problem since the true stress state in the material is 

difficult to determine due to the presence of irreversible material damage. The 

failure initiation criterion in question must be in accordance with the physical 

mechanism of failure. 

The objective is to study the effect of glass bead content and residual stresses 

on initiation of tensile failure by three different mechanisms in polypropylene 

with glass beads. Stress analysis is performed by the finite element method  

(FEM).  The following three criteria are used in combination with the stress 

analysis; plastic yielding, cavitation and interfacial debonding. 

2. METHOD OF ANALYSIS 

2.1 Materials 

The analyzed composite consists of a polypropylene matrix reinforced by glass 

beads. The mechanical properties of neat polypropylene and polypropylene 

based composites have been experimentally investigated in a previous study 

[10]. The material properties used in the analysis are presented in Table I. 

2.2 Finite element analysis 

Analysis of the local stresses in a particle composite loaded in  uniaxial  tension 

was conducted using the commercial finite element code ANSYS®. A random 

particle packing arrangement was analyzed for a constructed unit cell. The unit 

cell is shown in Figure 1. All quantities averaged over a unit cell are 

approximated as averages over a representative volume element (RVE) of the 

composite. The matrix is assumed to be perfectly bonded to the particles 

throughout the analysis. Both matrix and particles are assumed to be linearly 

elastic. The volume fraction of particles (Vp) was varied between 5 and 40  vol%  

in the RVEs. 
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Eight node "PLANE82" quadrilateral-triangular elements were used in the finite 

element code in all unit cells. The element has two degrees of freedom at each 

node. In this analysis the "PLANE82" element is configured to model 

axisymmetry, where the y-axis is the axis of symmetry. The axisymmetric 

geometry is not ideal although it provides an approximate analysis of a 

particulate composite. The drawback with the axisymmetric model is that 

complete packing is not achieved. Regions of neat matrix are left out in the 

analysis. Therefore, to estimate mechanical properties of the composite a 

statistical approach as by Davy and Guild [11] is suggested. The ratio r/R for 

the analyzed volume fractions of randomly distributed particles is solved in 

[11], the r/R ratios are presented in Table II. 

The unit cells are subjected to loading and boundary conditions 

representative for a state of tensile loading. Unit cell displacements in the  x-

direction are prohibited for all nodes on the left edge. Similarly, displacements 

in the  y-direction are prohibited for all nodes on the lower edge. External stress 

is applied to the unit cell on the upper edge by means of negative pressure, 

o-giobai. To fulfil compatibility with neighboring unit cells, the upper and right 

edges are constrained to remain straight after deformation. Thermal stresses 

were computed under the assumption that the temperature is spatially uniform 

throughout the unit cell. Based on the Vicat softening temperature, a 

temperature change of -121  °C  is chosen in the analyses. In order to include 

stress relaxation effects, temperature changes of -60°C and 0°C are also 

analyzed. 

O ,global) Local stresses are calculated for the global tensile stress ( 	applied on 

the unit cell. To avoid problems due to stress averaging for dissimilar materials, 

matrix stresses are evaluated within selected elements. 

The finite element mesh of the unit cell is shown in Figure 2. The modelled 

unit cell is 1/8 of a periodic element, see Figures 1 and 2. This model is 

expected to yield reasonable results of stresses based on the given boundary 

conditions. Therefore the stress approximations will give realistic information 

about failure initiation events,  je  mode of failure initiation and position of 

initiation site. 
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2.3 Failure criteria 

Three different criteria are used to predict failure initiation in the matrix within 

the composite. The criterion first to reach its critical value in any point of the 

matrix is assumed to initiate failure in the polypropylene/glass bead 

composite. 

The first criterion is the von Mises yield criterion. The yield stress for 

polypropylene is taken from experimental data and determined to 21.9 MPa by 

Consid&e construction [12]. Yield stress of glassy polymers is known to be 

sensitive to hydrostatic pressure. The von Mises yield criterion does not take 

the dependence of hydrostatic pressure into account. However, the influence of 

the hydrostatic pressure will result in the von Mises effective stress becoming 

an overestimate of the true yield stress in the first quadrant and an 

underestimate elsewhere [13]. High dilatational stresses are expected to inhibit 

shear yielding. Therefore, assuming high dilatational stresses to increase the 

stresses at yielding, the von Mises yield criterion is expected to give a 

conservative estimation of yield initiated failure in polypropylene. 

As the second criterion, the dilatational energy density criterion assumes 

failure to initiate in the matrix material of a composite due to the induced 

triaxial stress state. The dilatational energy density criterion is proposed for 

cavitation-induced failure in epoxies in a study by Asp et al [13]. The 

dilatational (volumetric) energy density for a linear elastic material is given by 

1 — 2 v 
6E 	' 

H-cr2 + (1) 

where 02, o-2, and o-,3 are the principal stresses, v and  E  are the Poisson's ratio 

and Young's modulus, respectively. Cavitation initiation in the matrix is 
assumed to occur at a point when this quantity attains a critical value (IT,r`f). 

This material parameter is obtained by an equitriaxial test such as the poker 
chip test. U7 was obtained for DGEBA/DETA epoxy in the study by Asp et al 

[13]. The critical dilatational energy density for polypropylene is assumed to be 

0.25 MPa which is inbetween those of epoxy (0.2 MPa) [13] and natural rubber 

(0.3 MPa)[141. 

Finally as the third criterion, debonding is modelled by a maximum 

interfacial radial stress criterion. The critical value of the maximum radial stress 

is calculated from experimental data from a previous study for polypropylene 

with 20  vol%  glass beads [10]. 
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3. RESULTS AND DISCUSSION 

Figure 3 shows the initial stress-strain behaviour of the polypropylene and the 

polypropylene composite with 20  vol%  glass beads. Both maximum stress and 

global strain for yield initiation decrease with the introduction of glass beads. 

The stress-strain curves start to deviate from linearity at about 0.3% strain. This 

first part of non-linearity, due to the viscoelastic behaviour of the 

polypropylene, is for the composite followed by a sharper deflection at 0.7% 

strain. This initiation of substantial non-linear behaviour differs from the 

behaviour of the matrix material. The earlier non-linear behaviour is likely to be 

one of the following three damage mechanisms; plastic yielding of the matrix, 

cavitation in the matrix or interfacial debonding between the polypropylene 

and the glass beads. 

The change of Poisson's ratio for the composite, in the strain interval 0-2.0%, 

is presented in Figure 4(a). The Poisson's ratio for the matrix material is 

unchanged in the examined strain interval, whereas the Poisson's ratio for the 

composite starts to decrease around 0.7% strain at a global stress of 7.4 MPa. 

This marked decrease in Poisson' ratio implies that the material volume 

changes. 

The secant compliance technique, ie true axial strain divided by true stress as 

a function of strain, supports the information from the change in Poisson's 

ratio, see Figure 4(b). The curve for the matrix material starts to deviate slowly 

at around 1.0% strain. This is expected and due to viscoelastic relaxation 

processes. The secant compliance for the composite is constant up to around 

0.7% strain. Above this strain level the secant compliance increases at a fast 

rate, indicating a different damage mechanism in the composite as compared 

with in the polypropylene. 

Based on the results presented above and other results from the previous 

study [10], the damage initiation mechanism in the composite is different from 

the mechanism in the pure matrix material. This damage mechanism appears to 

start at 0.7% global strain and a corresponding global stress of 7.4 MPa. 

3.1 Plastic yielding 

The first mechanism of failure initiation to be considered is plastic yielding. 

Predictions of yielding are based on experimental data for the matrix, as 

described earlier. Due to stress magnification effects, the presence of glass 
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beads will lead to a difference between the global stress applied to the 

specimen and the local stress in the matrix. Results from predictions based on 

the von Mises criterion are presented in Figure 5. The most conservative 

calculations are based on an assumption of negligible stress relaxation effects, 

AT=-121°C. For this case, plastic yielding occured due to residual stresses only, 

prior to mechanical loading. Since preliminary experiments (8 MPa stress at 

room temperature for two days) indicate rapid relaxation rates also at room 

temperature (50% stress relaxation in two days), the case of AT=-60°C was also 

studied. Results in Figure 5 demonstrate an increased global yield stress with 

particle content due to residual stresses. For the case of no residual stresses, 

AT=0°C, there is an initial increase in global yield stress with Vp  and thereafter 

a weak decrease. The general dependence of yield stress on Vp  is weak. 

The general stress level in Figure 5 is higher than the earlier discussed 

experimental value of 7.4 MPa for onset of material damage. The residual stress 

state in the real material is unknown. If AT is larger than about -90°C, plastic 

yielding is a candidate mechanism for failure initiation. However, this is not 

very likely due to the high relaxation rate in polypropylene. Moreover, 

experimental data show a decrease in Poisson's ratio with strain above a global 

stress of 7.4 MPa [10]. This is not in accordance with expectations if yielding 

occurs. In the same study, pure polypropylene showed increased Poisson's 

ratio with strain and this is also in line with the Poisson's ratio value of 0.5 for 

an ideal plastic material. For this reason, plastic yielding is not considered as a 

likely mechanism for initiation of failure. 

3.2 Cavitation 

The second mechanism of failure initiation to be considered is cavitation. Fu et 

al [15,16] considered this mechanism in particulate composites. Asp et al have 

recently suggested cavitation as a mechanism for failure initiation in epoxies 

subjected to triaxial stress states [13]. Results from cavitation predictions are 

presented in Figure 6. The general stress levels are lower than for plastic 

yielding. For AT=-60°C and -121°C, there is a minimum in global cavitation 

stress. This is due to considerable residual stresses at high particle content and 

was observed also for fiber composites [17]. For AT= 0°C, there is a continuous 
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decrease in global stress with V. For all values of AT, even the conservative 

worst case, the predicted global stress is higher than the experimentally 

observed 7.4 MPa. Cavitation is therefore unlikely as a mechanism for failure 
initiation. 

3.3 Interfacial debonding 

The third mechanism is interfacial debonding where maximum radial stress at 

the interface is used as a criterion. The value for the maximum interfacial radial 

stress in the material was determined in the following way. Experimental data 

for polypropylene/glass beads with Vp=0.2 is available for two different 

particle diameters [10]. For a maximum radial stress criterion applied to  FEM  

analysis, the radial stress must be independent of particle diameter for a given 

particle content. However, as a debond has formed, the stress intensity at the 

tip of that debond crack depends on debond length and therefore particle 

diameter. In the data for two particle diameters, stress-strain data are identical 

until 0.7% strain. The larger particle material then shows stronger non-linearity, 

as predicted from the qualitative reasoning just described. Since 0.7% also 

coincides with the onset of decreased Poisson's ratio, this strain is taken as the 

strain for debond formation. The corresponding global stress was 7.4 MPa. The 

corresponding maximum radial stress at the interface was calculated and found 

to be 15.2, 8.31 and 1.39 MPa for T=0°C, -60°C and -120°C, respectively. These 

values were then used as criteria for debonding. Corresponding global stresses 

for debond initiation were calculated as a function of particle content and T. 

In Figure 7, results from debond predictions are presented. In the 

commercially important range of 0.05 < V < 0.2, there is a general decrease in 

global debond stress with increasing Vp. Effects from residual stresses are 

apparent for AT=-120°C and -60°C. At AT=-60°C , increasing residual stresses 

in the matrix cause a minimum in the curve followed by an increasing trend at 

high particle contents. For AT=-121°C, the behaviour is even more complicated. 

The reason for the drop in global stress at the highest particle content is that the 

position of the maximum radial stress is shifted approximately 10°. Similar 

effects are observed in fiber composites for cavitation at high fiber contents. 

For AT=0°C, the decrease in global debonding stress with VF, is caused by the 

stress magnifying effect of the stiff glass beads. The trend is also in agreement 

with experimental data [10,18-20]. 
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3.4 Comparison of failure mechanisms 

Results for the three different criteria are summarized in Figure 8 at AT=-60°C. 

According to the predictions, debonding initiates failure since this stress level is 

the lowest. This is also supported by the experimental data in Figure 4(a), 

where decreased Poisson's ratio with strain is observed. If the residual stresses 

were much higher than we have estimated, yielding could take place. The 

increased yield stress with VP  does not support yielding as an initiation 

criterion since experimental data show the opposite trend [10,20-23]. 

In Figure 9, results for the three criteria are presented for the case of no 

residual thermal stresses. Also here debonding occurs at the lowest stress. It is 

interesting to note that the cavitation stress as a function of Vp  follows the 

debonding stress trend. The effect of Vp  on maximum interfacial radial stress is 

apparently the same as the effect of Vp  on maximum dilational energy density, 

except when both residual stresses and glass bead content are high. The global 

yield stress initially increases with Vp  which is not in accordance with 

experimental data. 

Initiation of failure is always close to the surface of the beads at 0=0°, see 

Figure 1. This means that failure is initiated away from the circumference of the 

model cylinder. At AT=-121°C plastic yielding is initiated in the vicinity of the 

complete interface at zero mechanical load. For AT=-60°C plastic yielding 

occurs in the interval 0=400-700, for AT=0° the initiation point has moved to 

point  D  in Figure 1. For interfacial debonding the initiation point is at the pole, 

see Figure 1, except for 4T=-121°C at V=0.3 and 0.4. For this case, the initiation 

point is shifted approximately 10° along the surface of the sphere. The initiation 

region for cavitation is close to, or the same as, the point for debonding. 

3.5 Two-dimensional study 

In the previous experimental study, in-situ  SEM  observations were conducted 

at the surface of tensile loaded specimens [10]. In order to more correctly 

estimate the stress state at the specimen surface, a plane stress  FEM-analysis is 

performed. The first sign of debonding in the  SEM  was observed at 1.5% strain. 

The corresponding global stress was 10.5 MPa. This global stress corresponds to 

the maximum radial stresses presented in Table III. The maximum radial 

stresses in Table III are higher than the critical radial stresses used earlier as 
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criteria. Initiation of debonding is predicted to occur at the pole, which is in 

agreement with experimental observations. As the strain was increased, the 

debond crack propagated along the interface between the glass bead and the 

matrix. The appearance of a crack initiated at the interface is illustrated in the 

micrograph in Figure 10, obtained at 6% strain. 

4. CONCLUSIONS 

The effect of glass bead content and residual stresses on failure initiation in 

polypropylene composites has been investigated by  FEM  for the cases of 

interfacial debonding, plastic yielding and cavitation. Residual thermal stresses 

are demonstrated to have a large effect on global failure initiation stress. 

Cavitation always occurs at higher stress than debonding and is therefore 

excluded as a plausible mechanism. Yielding also occurs at a higher global 

stress than debonding. However, higher residual stresses than estimated could 

lead to yield initiated failure although experimental data do not support this. 

Instead, experimental data as well as the results from the present modelling 

study are in support of debonding as the initial failure mechanism. Since the 

stress analysis assumes linear elastic behaviour, quantitative results must be 

viewed with caution. 



-  10  - 	 L.E.  Asp,  B.A. Sjögren  and LA.  Berglund 

REFERENCES 

1. Z. Hashin and S. Shtrikrnan, A variational approach to the theory of the 

elastic behaviour of multiphase materials, Journal of Mechanics and Physics 
of Solids, 11 (1963) pp. 127-140. 

2. Z. Hashin, The elastic behaviour of heterogeneous materials, ASME 
Journal of Applied Mechanics, 29 (1962) pp. 143-150. 

3. J.D. Eshelby, The determination of the field of an ellipsoidal inclusion 

and related problems, Proceedings of the Royal Society, A 241 (1957) 

pp. 376-396. 

4. R.  Hill, A self-consistent mechanics of composite materials, Journal of 

Mechanics and Physics of Solids, 13 (1965) pp. 213-222. 

5. E.H. Kerner, The elastic and thermoelastic properties of composite 

media, Proceedings of the Physical Society,  B  69 (1956) pp. 807-808. 

6. J.W.  Ju  and T.M. Chen, Effective elastic moduli of two-phase composites 

containing randomly dispersed spherical inhomogeneities,  Acta  
Mechanica, 103 (1994) pp. 123-144. 

7. L.E. Nielsen, Simple theory of stress-strain properties of filled polymers, 

Journal of Applied Polymer Science, 10 (1966) pp. 97-103. 

8. L.  Nicolais  and M. Narkis, Stress-strain behaviour of styrene-

acrylonitrile/glass bead composites in the glassy region, Polymer 

Engineering and Science, 11 (1971) pp. 194-199. 

9. G.  Landon,  G.  Lewis and G.F.  Boden,  The influence of particle size on the 

tensile strength of particulate-filled polymers, Journal of Materials Science, 

12 (1977) pp. 1605-1613. 

10. B.A.  Sjögren  and L.A. Berglund, Failure mechanisms in polypropylene 

with glass beads, manuscript. 



Prediction of Failure Initiation in Polypropylene with Glass Beads 	 - 11 - 

11. P.J. Davy and F.J. Guild, The distribution of interparticle distance and its 

application in finite-element modelling of composite materials, 

Proceedings of the Royal Society, A 418 (1988) pp. 95-112. 

12. I.M. Ward and D.W. Hadley, Mechanical properties of solid polymers, 

Wiley & Sons, London (1971). 

13. L.E. Asp, L.A. Berglund and  R.  Talreja, A criterion for crack initiation in 

glassy polymers subjected to a composite-like stress state, submitted to 

Composites Science and Technology. 

14. A.N. Gent and P.B. Lindley, Internal rupture of bonded rubber 

cylinders in tension, Proceedings of the Royal Society, A 249, (1959), 
pp. 195-205. 

15. Q.  Fu and  G.  Wang, Polyethylene toughened by rigid inorganic particles, 

Polymer Engineering and Science, 32 (1992) pp. 94-97. 

16. Q.  Fu,  G.  Wang and  J.  Shen, Polyethylene toughened by CaCO3  particle*: 

Brittle-ductile transition of CaCO3-toughened HDPE, Journal of Applied 

Polymer Science, 49 (1993) pp. 673-677. 

17. L.E. Asp, L.A. Berglund and  R.  Talreja, Prediction of matrix initiated 

transverse failure in polymer composites, submitted to Composites 

Science and Technology. 

18. E.A.A. van Hartingsveldt and J.J. van Aartsen, Interfacial debonding in 

polyamide-6/glass bead composites, Polymer, 30 (1989) pp. 1984-1991. 

19. A. Meddad, S. Fellahi, M. Pinard and  B.  Fisa,  Filler-matrix debonding 

monitored by tensile test, ANTEC '94, pp. 2284-2288. 

20. B.  Pukanszky, M. van Es, F.H.J. Maurer and  G.  Vörös, Micromechanical 

deformations in particulate filled thermoplastics: volume strain 

measurements, Journal of Materials Science, 29 (1994) pp. 2350-2358. 



-  12  - 	 L.E.  Asp,  B.A. Sjögren  and  L.A.  Berglund  

21. K.  Mitsuishi, S. Kodama and  H.  Kawasaki, Mechanical properties of 

polypropylene filled with calcium carbonate, Polymer Engineering and 

Science, 25 (1985) pp. 1069-1073. 

22. S.N. Maiti and P.K. Mahapatro, Mechanical properties of i-PP/CaCO3  

composites, Journal of Applied Polymer Science, 42 (1991) pp. 3101-3110. 

23. S.N. Maiti and B.H. Lopez, Tensile properties of polypropylene/kaolin 

composites, Journal of Applied Polymer Science, 44 (1992) pp. 353-360. 



Prediction of Failure Initiation in Polypropylene with Glass Beads 	 - 13 - 

Table I. Material properties of composite constituents. 

Material 	Young's modulus Poisson's ratio 	Thermal expansion 

[GPa] 	 coefficient [10-61°C]  

E-glass  68.9 0.21 7.75 

Polypropylene  0.97 0.38 100 

Table II. Cylinder to sphere radius ratios (r/R) corresponding to given volume 

fractions (VP ). 

Sphere to cylinder 

radius (r  /R)  

0.4217 0.5313 0.6694 0.7663 0.8435 

Volume fraction 

(Vp  ) 

0.05 0.10 0.20 0.30 0.40 

Table III. Results of the plane stress analysis relevant to in-situ  

SEM  data at 1.5% strain and 10.5 MPa global stress. 

Temperature change 	max csR  [MPa) 

PC] 

0 16.8 

-60 13.6 

-121 10.5 
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Figure captions 

Figure 1. Schematic of the constructed unit cell. 

Figure 2. Finite element mesh of the unit cell. 

Figure 3. Initial stress-strain curves of polypropylene with and without glass 

beads. 

Figure 4. a) Initial change in Poisson's ratio with strain.  b)  Initial change in 

secant compliance with strain. 

Figure 5. Results from plastic yield predictions. 

Figure 6. Results from cavitation predictions. 

Figure 7. Results from interfacial debonding predictions. 

Figure 8. Results from three different criteria at AT=-60°C. 

Figure 9. Results from three different criteria at AT=0°C. 

Figure 10. Micrograph of single glass bead subjected to 6% strain. 
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Figure 6. Results from cavitation predictions. 
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Figure 7. Results from interfacial debonding predictions. 
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Figure 8. Results from three different criteria at AT = -60°C. 
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Figure 10. Micrograph of single glass bead subjected to 6% strain. 
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