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A model is proposed to explain the observed relationships between particle size and fracture 

resistance in high-performance blends, which typically reach maximum toughness at particle 

diameters of 0.2-0.4 μm. To date there has been no satisfactory explanation for the ductile-

brittle (DB) transition at large particle sizes. The model is based on a recently-developed 

criterion for craze initiation, which treats large cavitated rubber particles as craze-initiating 

Griffith flaws. Using this criterion in conjunction with Westergaard’s equations, it is possible 

to map the spread from the notch tip of three deformation mechanisms: rubber particle 

cavitation, multiple crazing and shear yielding. Comparison of zone sizes leads to the 

conclusion that maximum toughness is achieved when the particles are large enough to 

cavitate a long way ahead of a notch or crack tip, but not so large that they initiate unstable 

crazes and thus reduce fracture resistance. 
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1.  Introduction 

It has long been known that the impact resistance of rubber toughened polymers is strongly 

dependent upon the concentration, size and size distribution of the rubber particles [1]. This 

knowledge has underpinned the development of a wide range of commercially successful 

products over the past 50 years.  A good general rule is that small particles (weight-average 

diameters Dw in the range 0.2–0.4 μm) work well when shear yielding dominates the 

toughening mechanism, whereas larger particles (Dw between 2 and 3 μm) are more effective 

when multiple crazing is the principal mechanism of energy absorption. 

 For any given blend composition, maximum toughness is restricted to a limited range of 

particle sizes, which is often quite narrow. Moving beyond the preferred range in either 

direction results in a ductile-brittle transition, as illustrated in Figure 1, where b and d 

respectively mark the midpoints of the lower and upper transitions and thus define critical 

particle sizes. The curve is based on results for a specific rubber-toughened nylon 6 (RTPA6) 

blend [2], but with appropriate scaling of particle size and peak height, similar curves could 

be drawn for almost any well-made rubber-toughened polymer.  

For many years, interest in particle size effects came mainly from polymer 

manufacturers, who were best placed to carry out the necessary experiments. However, the 

introduction of ‘supertough’ nylons by DuPont [3-4] in the late 1970s attracted the attention 

of the wider scientific community, for two reasons. First, the new blends were made by the 

novel process of reactive compounding, which is a relatively simple method for preparing 

blends with controlled particle sizes. Second, the relationships between impact behavior and 

particle size in RTPA6.6 blends proved to be far from simple [5-6].  

As a result of the interest generated by the first publications in this area, there is now a 

substantial body of literature describing the effects of particle size on impact behavior in a 

wide range of polyamides [5-25], and in a more limited range of thermoplastic polyesters 

[26-30]. Polypropylene blends present a greater challenge because of their low chemical 

reactivity and more restricted range of average particle sizes, but have nevertheless been the 

subjects of several investigations [31-35]. 
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This research was stimulated by the pioneering work of Wu, who prepared PA6.6 blends 

containing 10%, 15% and 25% of grafted polyolefin rubber.  He varied average particle sizes 

from 0.3 to 3.0 μm, and (as expected) observed DB transitions similar to the one shown in 

section c-e of Figure 1. However, against expectation he also found that the critical average 

particle size <D>crit increased systematically with rubber content. On this basis Wu 

concluded that average particle size was not the primary factor governing impact resistance. 

Instead, he advocated using average inter-particle spacing <dip> as a more fundamental 

parameter, where dip is the smallest distance between the surfaces of neighboring particles.   

To calculate <dip> Wu made two simplifying assumptions: that all particles have the 

same diameter D, and that the particles form a regular cubic array.  The resulting expression 

is:  
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where φp is the volume fraction of rubber particles.  His plots of Izod impact energy against 

log<dip> showed that the upper DB transition occurred at the same estimated critical inter-

particle spacing in all three sets of RTPA6.6 blends.  Subsequently, Wu made provision for 

the distribution of particle sizes in melt-compounded blends, and introduced the term ‘matrix 

ligament thickness’ to describe <dip>, in order to shift the focus from the rubber particles to 

the matrix material [36].  Margolina and Wu postulated that shear yielding occurs only in 

ligaments below a critical thickness, and that general yielding takes place when <dip> is 

below a critical mean matrix ligament thickness <dip>crit, so that plastic deformation 

percolates across the specimen.  These ideas have been extended and elaborated over the 

years [37-42]. 

 One consequence of increasing rubber content (thereby reducing <dip>) is an increase in 

local stress concentrations, as the stress fields surrounding individual particles begin to 

overlap. This has led to suggestions that the inter-particle spacing effect has its origins in 

stress field overlap [7, 43].  In evaluating these suggestions, it is important to differentiate 

between reductions in <dip> due to increases in φp and those due to reductions in D. A higher 

volume fraction of soft particles inevitably raises stress concentrations in the matrix, because 

the same loads are borne by a smaller cross-sectional area.  By contrast, changing particle 
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size has no effect on local stress concentrations, provided that the volume fraction and degree 

of dispersion are held constant.  Put simply, there are no length scales in finite element 

analysis; if all linear dimensions, including particle size and interparticle spacing, are 

changed by the same ratio, the pattern of stresses across the region under analysis remains 

unchanged. Clearly the impact behavior reported by Wu cannot be explained by stress field 

overlap.  

 Following Wu’s work, Gaymans, Borggreve and co-workers extended the study to 

include blends with very small particles, and impact tests at various temperatures [8-13, 26].  

They showed that RTPA6 exhibits both a lower and an upper DB transition, and that the 

upper critical particle size defined by point d in Figure 1 is temperature-dependent, varying 

continuously from 0.5 μm at −10°C to 1.5 μm at 50°C in RTPA6 blends containing 20 wt % 

of grafted EPDM rubber. Extensive subsequent work has demonstrated the existence of a 

minimum rubber particle size for toughening in other semi-crystalline polyamides [17], 

amorphous nylon (a-PA) [2, 44], poly(methyl methacrylate) (PMMA) [45], poly(vinyl 

chloride) (PVC) [46-47] and PA6 containing a variety of different elastomers [22-25]. 

 Previous attempts to interpret the impact behavior of these ‘supertough’ blends have met 

with mixed success. There is general agreement that very small particles are ineffective 

because they are more resistant to cavitation, but to date there has been no convincing 

explanation for the upper DB transition. Muratoglu, Argon and Cohen have argued that 

super-tough behavior in RTPA6 blends is due to an oriented crystalline layer of limited 

thickness (~ 0.15 μm) which extends radially from the surface of each rubber particle [48-

51].  However, this hypothesis is not consistent with the strong relationship observed by 

Gaymans and co-workers between critical particle size and temperature, nor with recent work 

by Huang et al, which shows that the impact behavior of 80/20 rubber-toughened blends 

based on the amorphous nylon Zytel 330 is very similar to that of 80/20 blends based on PA6 

[2, 44, 52].   

 Despite this growing body of evidence, the inter-particle spacing theory still has its 

supporters. Recent articles by Corté and Leibler claim that high levels of toughening are 

extremely difficult to achieve in glassy polymers, and that lamellar crystalline structure in 

semi-crystalline polymers accounts for the dependence of impact resistance on inter-particle 

spacing [53-54]. Neither of these claims is valid. Supertough blends based on glassy 
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polymers have been available commercially since 1958, when core-shell particles were first 

used to make rubber-toughened PVC blends [55-56] . Another very successful family of non-

crystalline supertough polymers comprises rubber-toughened blends based on polycarbonate 

[57-60], which were first introduced in the 1960s. There are numerous other examples of 

high-performance blends based on glassy polymers. The work of Huang et al on amorphous 

nylon comprehensively undermines the second claim.  Furthermore, the results published by 

Corté and Liebler show that critical inter-particle spacings in PA6.6 and PA12 increase 

linearly with particle diameter and vary inversely with the square of the shear yield stress 

[54].  These findings demonstrate that there is no advantage in using dip rather than D as a 

basis for comparing impact data, especially as D is much easier to measure experimentally.   

 In light of this evidence, there are sound reasons for abandoning the concept of inter-

particle spacing altogether. The alternative is to base all discussions of impact behavior on 

the size and volume fraction of rubber particles, which are known to affect fracture resistance 

in all polymer blends. From this perspective, any correlations involving spacings should be 

regarded as purely fortuitous.      

The aim of the present article is to introduce a new model for deformation and fracture in 

polymer blends, which explains the observed impact behavior without relying on unnecessary 

hypotheses involving dip.  

2.  Yielding near notch tips 

To understand the fracture resistance of polymer blends, it is first necessary to analyze 

their deformation behavior close to the tip of a sharp notch.  The standard method is to apply 

Westergaard’s crack tip stress field equations [61], as follows: 
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where r and θ  are polar coordinates with their origin at the crack tip, and θ  = 0 on the crack 

plane. Axis 1 is the direction of applied stress, axis 2 is along the crack plane, and axis 3 is 

parallel to the crack tip; the shear stresses σ12 act on planes at θ = 45°. Most fracture 

mechanics textbooks combine von Mises’ yield criterion with these equations to map the 

boundaries of the resulting shear yield zone [62-65].  Using this principle, rp, the radius of the 

plastic zone on the crack plane (θ = 0) is then given by: 
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where KI = stress intensity factor and σ1y = first principal stress at yield.  Provided the 

material near the crack tip is an elastic-plastic continuum, if follows that:  

( ) )5(21
2
1

)4(
2
1

2

2

strainplaneinKr

stressplaneinKr

y

I
p

y

I
p

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

σ
ν

π

σπ
 

where σy = tensile yield stress and ν = Poisson’s ratio.  Since ν = 0.4 in a typical rigid 

polymer, the calculated plastic zone radius in plane stress is higher by a factor of 25 than rp in 

plane strain. It has long been recognized that the simplified treatment outlined above leads to 

an underestimate of rp, because it makes no provision for the redistribution of stress that 

inevitably follows crack tip plasticity.  A simple method of overcoming this problem is to 

apply Irwin’s correction, which specifies that the rp values given by equations 3-5 should be 

doubled [66].  

 Since blends containing high concentrations of cavitated rubber particles cannot be 

described as continua, equations 4 and 5 do not apply to them.  Free from the constraints of 

continuum mechanics, the cavitated plastic zones formed in polymer blends are able to 

increase substantially in radius even under plane strain conditions.  They are by no means 

unique in this respect; microvoid nucleation and growth confer the same advantages on 

ductile metals [67].  Any analysis of plastic zone size must be based on yield criteria for 

porous solids. 
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Whatever corrections and adjustments are made in calculations of the type outlined 

above, the values of rp obtained are at best only approximate; where accurate values are 

required, it is necessary to use laborious numerical methods.  However, as the main emphasis 

in the present study is on understanding general trends rather than making precise predictions, 

there are many advantages in adopting a simplified approach. With this in mind, the present 

study first combines equations 2a-2d with a critical stress criterion for void formation to 

produce a series of maps of cavitation around a crack tip, for blends with a range of rubber 

particle sizes under plane strain loading. The same procedure is then applied to dilatational 

shear yielding in the resulting cavitated zone, and to multiple crazing initiated by the larger 

cavitated particles.  By comparing maps produced in this way, it is possible to determine the 

sequence of events in each blend, and hence gain an insight into the effects of particle size on 

fracture behavior.   

2.1  Rubber Particle Cavitation 

The criteria for cavitation in rubber-toughened polymers have been modeled by Lazzeri 

and Bucknall [68-70], using energy-release rate principles similar to those used in fracture 

mechanics. Void formation and expansion in rubber particles are accompanied by the 

formation of new surface, stretching of the surrounding layers of rubber, and stress relaxation 

in the adjacent matrix. To calculate energy changes, the Lazzeri-Bucknall model treats blends 

as assemblies of small volume elements, each consisting of a spherical rubber particle of 

radius R surrounded by a concentric rigid elastic shell of outer radius Q, so that φp = R3/Q3.  

The total energy released can then be calculated from the potential energy of the element 

before and after cavitation. The governing equation is: 

where Up(rvd,εv) = potential energy of the rubber particle; rvd = radius of void;  εv = current 

volume strain of the particle (including the void); R = particle radius; Gr , Kr = shear and bulk 

moduli of rubber;  Γr = surface energy of rubber; λf  = extension ratio of the rubber at fracture 

in biaxial tension.   

 Calculations based on this model show that εv(cav), the critical volume strain at 

cavitation, increases as the particle size is reduced, essentially because the strain energy 
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release rate is dependent on the size of the local volume element.  When Gr is small, the 

relationship between log εv(cav) and log Dp is approximately linear, as shown in Figure 2 

[71-72].  The dotted line was obtained using equation 6, with Gr = 0.1 MPa, Kr = 2 GPa,  Γr 

= 35 mJ m-2, and εv held constant during cavitation to simplify the calculations; the energy 

released by the matrix was not taken into account.     

Figure 2 compares a line calculated in this way with data obtained by Dompas et al, who 

confirmed that εv(cav) is a function of particle size.  Using a series of transparent PVC blends 

[46], these authors showed that a decrease in Dp caused an increase in critical strain to a 

maximum at εv(cav) = 0.0128, where the specimens yielded before cavitation at a tensile 

stress of ~55 MPa and an elongation of 0.08. There are strong indications that similar 

relationships between D and εv(cav) apply to rubber-toughened polyamides and other blends 

containing soft rubber particles (Gr ≈ 0.1 MPa), as predicted by equation 6. Apart from size, 

the most important factors affecting cavitation (and therefore toughness) are Γr, the specific 

energy required to form new surface, and Gr, the stiffness of the rubber in shear, which 

determines the work done in stretching the rubber shell.  

 To fit the experimental data of Dompas et al in Figure 2, it has been necessary to 

shift the original calculated curve upwards, to a level at which the critical volume strains at a 

given particle size are approximately double those indicated by the dotted line. Furthermore, 

an even larger upward shift would have been required if energy released by the matrix had 

been taken into account when calculating εv(cav). A possible explanation for this large 

discrepancy is that the shear moduli of the experimental rubber particles were substantially 

larger than 1 MPa.  However, there is no reason to expect particularly high moduli in these 

experimental rubbers. The main reason for underestimating εv(cav) is almost certainly more 

fundamental: the original calculations did not allow for the effects of an energy barrier in 

restricting void formation. They were based on the assumption that stressed void-free 

particles are unstable whenever there is enough energy to form a void. The alternative 

possibility is that they are metastable, and that an energy barrier controls the transition from 

the fully-dense to the cavitated state [73].   

 Figure 3 illustrates the effects of particle size on cavitation around a crack tip, calculated 

using equation 6 with KI = 1.0 MPa m0.5 and values of εv(cav) taken from the solid line in 
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Figure 2. With increasing D, the cavitated zone extends boldly outwards from the crack tip, 

which helps to explain the lower brittle-ductile transition illustrated in Figure 1. These results 

show that the transition can be explained without assuming that small particles are unable to 

cavitate. A more balanced view is that problems arise simply because εv(cav) is high, which 

limits the size of the cavitated yield zone, thereby increasing the probability of brittle 

fracture.  In the limit, εv(cav) becomes so high that the void-free blend yields under plane 

strain conditions before reaching the particle cavitation stress.  Instead, a craze will extend 

from the notch tip, and crack growth will initiate before a significant amount of energy has 

been absorbed in ductile deformation.  For a typical blend with a Young’s modulus E = 2 

GPa and ν = 0.4, a KIC of 1.0 MPa m0.5 corresponds to a fracture surface energy GIC = 420 J 

m-2, which is sufficient to form and rupture a single mature craze.   

2.2  Shear Yielding  

 The standard criterion for shear yielding in void-free rigid polymers is a pressure-

modified version of von Mises’ criterion [74]: 

)7(00 myye P σμσμσσ −≡+≥  

where σy0  is the yield stress in pure shear (σm = 0), μ is the pressure coefficient, P is pressure, 

the effective stress σe is given by: 
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where Kb is bulk modulus. Typical values of Kb at 23°C are 3.5 GPa for a glassy polymer and 

2.0 GPa for a rubber.   

In Figure 4 this criterion is applied to shear yielding on the crack plane near a crack tip 

in a void-free blend containing 20% by weight of soft rubber particles, with ν = 0.4 and μ = 

0.36.  Owing to density differences φp = 0.26. The matrix polymer is based on dry PA6, and 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS
1st Sep 2009 

 

 10

has a tensile yield stress σyt  = 70 MPa, which corresponds to σy0 = 78.4 MPa.  Blending with 

20% rubber reduces σyt to 51.5 MPa and σy0 to 57.6 MPa.  Under plane strain the construction 

line meets the pressure-modified von Mises curve at a mean stress of 100.4 MPa, where σe = 

21.5 MPa, σ1 = σ2 = 107.6 MPa, and σ3 = 86.0 MPa. Thus pressure sensitivity helps to 

alleviate the adverse effects of notch tip constraint on shear yielding. 

 The presence of voids makes polymers more pressure-sensitive. Gurson has modeled 

yielding in porous solids containing distributed small voids, and obtained the following 

modification of von Mises’ criterion [75-76]. 
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where σyt = tensile yield stress of the rigid matrix and φvd = volume fraction of voids.  

Because the matrix is itself pressure sensitive, a further modification is necessary when 

applying this criterion to porous polymers.  The simplest way to do this is to replace σyt with 

(σy0  - μσm) to give: 
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 In view of the problems inherent in modeling the mechanical properties of solids 

containing dispersed spherical voids or inclusions [77], it is necessary to treat equations 10 

and 11 with due caution. They are useful in describing general trends, but cannot be relied on 

to give accurate predictions of yield stress as a function of void content.  One way to compare 

these equations with predictions based on other models, or with experimental data, is to set 

σm = 0, which gives the following expression for yielding in pure shear: 

( ) )12()1()0(21)0()( 0
5.02

00 shearpureinvdyvdvdyvdye φσφφσφσσ −=+−==  

where σy0(0) is the yield stress in pure shear for the void-free matrix, and σy0(φvd) is the 

effective stress at yield of a porous solid with volume fraction φvd of voids. Under pure shear 

loading, a similar relationship can be used for void-free rubber-modified blends, with φp 
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replacing φvd.   This substitution is justified because, in comparison to the rigid matrix, rubber 

particles offer negligible resistance to shear stresses, and therefore behave almost exactly like 

voids in pure shear. As shown in Figure 4, the differences between voids and well-bonded 

soft particles become apparent only when the composite is subjected to large dilatational 

stresses. It is therefore possible to generalize equation 12 so that it applies to polymer 

composites containing a total volume fraction φ of any type of soft inclusions, including soft 

solid rubber particles, or voids, or any combination of the two.  The resulting expression is:     

)13()1()0()( 00 shearpureinyy φσφσ −=     

Equations 12 and 13 are simple rule-of-mixtures expressions which provide only first-

order approximations to the yield behavior of isotropic porous solids and particulate 

composites. However, they are consistent with equations 10 and 11, and the four equations 

together provide a convenient basis for evaluating the effects of cavitation on yield behavior.     

Figure 4 clarifies some of the key issues concerning the contribution of void formation to 

toughness in polymer blends. Cavitation is important in notched specimens because it enables 

the blend to yield at moderate stresses under plane strain conditions, not because it eliminates 

geometrical constraints and produces a state of plane stress, as some commentators have 

suggested. For the fully-cavitated blend, the plane strain line crosses the Gurson curve at σm = 

52.1 MPa, σe = 11.1 MPa, which corresponds to a stress state (55.8, 55.8, 44.7), well below 

the yield stress for the same blend with solid rubber particles. These two sets of data are used 

later to illustrate the potential effects of large-scale cavitation on the radius of the shear yield 

zone.    

 The principles set out above are applied in Figure 5 to PA6 blends under tensile loading, 

where the lower solid curve was obtained using equation 11, on the assumption that all 

particles have cavitated but none has expanded after cavitation.  In practice, some particles 

will always remain void free during the early stages of a tensile or notched impact test, while 

others in the same neighborhood cavitate and increase in volume. Figure 5 also shows 

experimental yield stress data on a RTPA6 blend containing 26% by volume of rubber 

particles [2], and predictions for dry PA6 blends containing solid rubber particles, which are 

based on the assumption that the relationship between σyt and φp is a rule of mixtures similar 

to that shown in equation 13: 
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( ) ( ) ( )140)1( ytppyt σφφσ −=  

  The dashed curve in Figure 5 indicates the effects of increasing void content on θb, the 

angle between the tensile axis and a line drawn normal to the plane of the shear band. The 

relationship between pressure sensitivity and θb, which is determined by the gradient of the 

plastic potential function, is discussed in detail by Ward [74].  Because cavitation increases 

pressure dependence, θb falls to zero when the void fraction reaches 0.53 [68].  This rotation 

of the band plane reduces resistance to crack tip opening; at θb = 0, yielding occurs entirely in 

response to tensile stresses applied normal to the bands, which in that respect resemble 

crazes.  Good examples of craze-like cavitated shear bands have been reported by Sue [78]. 

  The problems arising in the absence of cavitation are illustrated in Figure 6, which 

compares envelopes for pressure-dependent shear yielding under plane stress and plane strain 

loading, at KI = 1.0 MPa m0.5 in a void-free polymer blend with a tensile yield stress of 51.5 

MPa. As noted earlier, with E = 2 GPa and ν = 0.4, this corresponds to a strain energy release 

rate GI of 420 J m-2, which is sufficient to initiate crazing and crack growth in the plane strain 

region. Since the calculations used to generate these yield envelopes do not allow for stress 

redistribution, real plastic zone sizes in a material of this type are about double those shown.  

However, even when this adjustment is made, it is clear that the plane stress yield zone is not 

large enough to enable a standard notched Izod specimen to overcome its vulnerability to 

brittle fracture. 

 Cavitation enables the whole plastic zone, including the plane strain region, to respond 

to dilatational stresses by both expanding in volume and increasing in radius.  To achieve 

maximum toughness, two conditions must be satisfied: extensive cavitation ahead of the 

crack tip, and maximum involvement of the matrix in plastic deformation, which includes 

yielding, cold-drawing and strain hardening. Another important requirement, except in the 

most robust matrix polymers (e.g. polyethylene), is full participation of the rubber phase in 

the strain hardening mechanism; to achieve this, the rubber particle must be strongly bonded 

to the matrix and to any internal occlusions.  As discussed in Section 2.1, the extent of 

cavitation and hence the level of toughness achieved depend on particle size, degree of 

crosslinking in the rubber phase, surface energy, and test conditions (especially temperature 

and strain rate).  To ensure that the matrix plays a full part in energy absorption, shear 
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yielding should be the predominant deformation mechanism, and the chains must be long 

enough to avoid premature failure. Blends that depend entirely on multiple crazing for their 

toughness do not exhibit supertough behavior. 

2.3 Crazing  

 Recent work has shown that craze initiation is a frustrated fracture process which falls 

within the scope of linear elastic fracture mechanics [79]; therefore the appropriate criterion 

is the Griffith equation, with slightly modified nomenclature: 

)15(
)1( 22 aY

GE craze
craze νπ

σ
−

=  

where σcraze is the critical stress for craze initiation, Y is a geometrical factor, and Gcraze is the 

energy absorbed in forming unit area of new craze.  Typically, in well-prepared tensile 

specimens, σcraze is between 20 and 50 MPa, and crack length a refers to a surface scratch or 

groove no more than 0.25 μm deep [80].  It follows that Gcraze must also be small, i.e. 

between 0.1 and 1 J m−2.   This is realistic, because the critical notch-opening displacement 

δcraze at craze initiation is in the range 10-20 nm, and in a linear elastic material Gcraze cannot 

be larger than σyδcraze.  

Like microscopic surface scratches, rubber particles can be effective craze-initiation 

sites, as numerous experimental studies have shown [1, 71-72]. To act in this way, the rubber 

particles must first cavitate to form rubber-reinforced spherical holes, in which the rubber 

provides significant reinforcement only when it is highly strained. In LEFM, spherical voids 

are treated as penny-shaped or disc cracks [63] lying normal to the tensile direction; they 

have a geometric factor Y = 2/π and crack length a = D/2. Equation 15 then becomes: 

)16(
)1(2 2 D

GE craze
craze ν

πσ
−

=
 

 Figure 7 shows the results of calculations based on equation 16, with E = 2.8 GPa, ν = 

0.4, and three different values of Gcraze.  They demonstrate that the critical stress for craze 

formation is strongly dependent on particle size.  It follows that with increasing diameter 

σcraze must eventually fall below the shear yield stress of the fully-cavitated blend, which is 

independent of D once the particles have fully cavitated.  Because it is controlled by an 
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energy barrier, void formation in an intact rubber particle is a thermally-activated rate 

process.  Consequently, void formation takes place over a period of time, beginning with 

primary cavitation in a small fraction of larger particles, which then initiate crazes that 

propagate radially outwards, producing secondary cavitation and crazing in the particles they 

encounter. These predictions are supported by optical and transmission electron microscopy 

studies of multiple crazing in high impact polystyrene (HIPS), ABS and other rubber 

toughened thermoplastics [1].  Except for HIPS, which shows little sign of ductility under 

tensile loading, there is ample evidence that crazing in these blends is accompanied by 

dilatational shear yielding in Izod impact tests, and that increasing particle size tends to 

promote crazing at the expense of shear yielding. For this reason, manufacturers of ABS, 

RTPVC, and RTPMMA blends prefer to keep particle sizes well below 1 μm [56].      

 As noted earlier, multiple crazing does not necessarily lead to immediate fracture. Some 

well-made HIPS specimens reach extensions as high as 60% by transferring stress to the 

fibrillated rubber particles. However, this stabilizing mechanism does not operate in all 

‘super-tough’ blends. In many cases, the grafted rubber particles used to toughen polyamides 

do not contain the rigid inclusions that are necessary for stable fibrillation of the rubber phase 

in large rubber particles. The benefits of these inclusions are demonstrated in a recent paper, 

which describes a novel method for producing supertough PA6 blends using quite small 

amounts of polybutadiene to form thin elastomeric shells around a grafted LDPE core [81]. 

At a concentration of 20% by weight, these grafted core-shell particles enable the blend to 

reach an impact energy of 800 J m-1, although particle sizes are approximately 1 μm, and 

particles of this size introduced by conventional melt compounding almost invariably cause 

premature fracture.  This work demonstrates that ductile-brittle transitions are not determined 

simply by particle size.  The way in which the deformation zone evolves after the rubber 

particles have cavitated and initial yielding has taken place is also important.    

 To have a significant effect on fracture behavior, newly-formed crazes must first degrade 

to form true cracks. This can happen at any stage of loading, but the severity of the problem 

is reduced by partial load transfer to the rubber particles.  The best way to determine whether 

large rubber particles initiate craze-induced fracture before or after the material has yielded is 

to study tensile test data for blends with different particle sizes. Ideally, all blends included in 

the study would have monodisperse particle size distributions, but that condition is extremely 
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difficult to achieve in extruder-compounded materials like super-tough nylons. In practice, 

extruder blends with quite small average particle sizes often contain a small percentage of 

much larger particles, which would be sufficient to induce premature fracture.   

 Figures 8-10 compare tensile data on two series of nylon/rubber blends, based 

respectively on a-PA and PA6.  Both nylons were compounded with 20% by weight of an 

ethylene/1-octene copolymer rubber (EOR), which was grafted to the polyamide using maleic 

anhydride (MA) [2, 52].  Particle sizes were adjusted by using pairs of rubbers with different 

levels of MA grafting, and by varying processing conditions. In this way it was possible to 

produce both monodisperse and bimodal size distributions. These studies showed that 

correlations between Izod impact behavior and particle size were improved by treating each 

bimodal blend as having a ‘split personality’, so that it behaves like two separate materials 

with widely differing Dw. It is therefore appropriate to use two data points to specify the 

properties of these blends. The same principle has been applied to the elongation data in 

Figure 10. 

Each point in Figures 8-10 represents the average of at least 5 tests on injection-molded 

bars. Almost all of the 69 materials in the original program reached the yield point. The one 

exception was an a-PA blend with Dw = 2.4 μm (the largest in the series) which had the very 

low Izod impact strength of 70 J m-2.  Figure 8 shows that σy is almost independent of particle 

size; statistical analysis reveals a modest rise of 1.6 MPa per decade with increasing Dw. 

Yield stresses are only marginally higher for the a-PA series than for PA6 blends, despite the 

large difference between the neat matrix materials. A possible explanation is that cavitation 

took place at a tensile stress of about 50 MPa in both sets of blends, since the particles have 

similar  properties, and that the observed yield stresses of the blends are determined by their 

cavitation stresses rather than the yield stress of the neat matrix.  The experimental scatter in 

Figure 8 is typical of blends made by melt-compounding, over which it is difficult to exercise 

stringent quality control.  

 The data are much more scattered in Figure 9, although each point represents the average 

of 5 measurements.  Elongations at break range from 50% to 200% in sets of blends that have 

almost the same average particle size.  Plotting elongation against the fourth moment of the 

size distribution does little to reduce the scatter, and the best interpretation that can be placed 

on these results is that the lower elongations are due to large crack-initiating flaws of various 
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sizes dispersed randomly in some batches of moldings. The most obvious source of these 

flaws is the compounding process. According to the crazing model, homogeneous rubber 

particles larger than about 3 μm would be expected to initiate brittle fracture under the 

stresses required for cold drawing in PA6 blends, and it is difficult to ensure that no particles 

of this size are formed during a particular mixing operation. In that respect, tensile specimens 

pose a harder challenge than Izod bars, because the probability of finding a critical random 

flaw is much greater along the 50 mm gage length of a tensile bar than in the small notch tip 

region of an Izod specimen.  This principle is embodied in Weibull statistics [82]. Once the 

average particle size exceeds ~1 μm, particles with 3 μm diameters constitute a substantial 

component of the regular size distribution, and premature fracture cannot be avoided.  

Significantly, the blends with the largest average particle sizes have the lowest elongations. 

 The results presented in Figure 10 display a more coherent pattern of behavior, perhaps 

because the rheological properties of a-PA melts offer better control over particle size 

distribution. This pattern is very similar to the one shown in Figure 1: toughness reaches a 

maximum at Dw = 0.2-0.3 μm, with DB transitions on both sides of the peak.  The new model 

for particle size effects provides an explanation for this behavior. When Dw<0.1 μm, rates of 

primary rubber particle cavitation are relatively low under a tensile stress of ~50 MPa  (σm = 

16.7 MPa) , and yielding is restricted to localized dilatation bands rather than extending along 

the whole gage length.  On the other hand, when Dw>1 μm the larger particles cavitate and 

initiate crazes, which then turn into propagating micro-cracks. Maximum toughness is 

achieved when the particles are large enough to support a reasonably high rate of strain at a 

moderate yield stress, but not so large that they produce unstable crazes. 

Crazing was first observed in rubber-toughened nylons by Flexman [4], who reported 

‘craze cracks’ in RTPA66 blends.  More recently, crazes have been observed in rubber-

toughened PA6 and a-PA blends [52]. They were initiated under impact, in 6.35 mm thick, 

sharply-notched, three-point bend specimens, using a hammer-stop to limit crack growth.  

Multiple crazing preceded the highly cavitated shear yield zone by least 1 mm. These 

observations confirm that the conditions for craze initiation are satisfied under plane strain 

conditions at stresses below the (constrained) shear yield stress of the 80/20 nylon/EOR 

blends. The formation of crazes and craze-like deformation bands in rubber-toughened semi-

crystalline polymers is discussed in a recent review by Cotterell et al  [83]. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS
1st Sep 2009 

 

 17

 

3. Discussion 

The principles outlined above provide a quantitative basis for analyzing the effects of 

particle size on the fracture behavior of rubber toughened thermoplastics in tests on notched 

specimens, and hence explaining the ductile brittle transitions illustrated in Figure 1.  When 

rubber particles are very small, they require very large dilatational stresses and strains in 

order to form internal voids. Consequently, notched specimens are unable to develop a 

substantial yield zone before crack growth from the notch tip brings the test to an end. By 

contrast, increasing the particle size causes a reduction in the critical volume strain for 

cavitation, thereby enabling the plastic zone to expand outward from the notch tip before 

fracture intervenes. In relatively ductile polymers (polyamides, polypropylene, PVC, etc) this 

can eventually result in super-tough behavior, provided that the materials properties and test 

conditions are favorable.  Numerous experimental studies demonstrate that problems can 

arise.  Most notably, raising the shear modulus of the rubber phase, by crosslinking, changing 

chemical composition, or simply reducing the test temperature, increases εv (cav) and reduces 

fracture resistance [26].  The energy balance model provides a sound theoretical basis for 

interpreting these effects.  In combination with Gurson’s equations for yielding in porous 

solids, it explains why rubber-toughened polymer blends exhibit a lower DB transition.    

Hitherto, progress in understanding the upper DB transition has been much slower, 

basically because the underlying factors responsible for brittle fracture in this region were 

unclear. The key to understanding this transition is the recently-developed LEFM model for 

craze initiation, which provides a new perspective on the whole problem.  Supertough 

behavior in polymer blends depends on the development of a substantial porous zone around 

the notch tip, which does not contain unstable crazes.  One way to achieve this optimum 

result is to avoid craze formation altogether, by keeping particle sizes small, while ensuring 

that they are not so small that they are excessively resistant to cavitation.  On the other hand, 

crazes are only precursors to true cracks, and an alternative possibility is to design blends in 

which easily-cavitated rubber particles of moderate size are able to stabilize existing crazes 

and therefore confer a certain level of toughness on the blend [81].  Very large particles are 

almost always undesirable.    
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Figures 11 and 12 show how competition between the various deformation mechanisms 

affects yield stress and plastic zone size in a model RTPA6 blend. The solid line in Figure 11 

denotes σ1y, the critical value of σ1 at the onset of shear yield, whether before or after 

cavitation.  Under plane strain loading, the stresses (σ1, σ2, σ3) take the form (σ, σ, 2νσ) on 

the crack plane. This enables the critical stresses for cavitation, shear yielding and craze 

initiation to be compared directly by means of a two-dimensional plot of σ1crit against log(D), 

although cavitation is controlled by the mean stress, shear yielding is governed by the 

pressure-modified effective stress, and craze initiation is determined by the applied tensile 

stress. The cavitation stress curve in this figure is derived from the fitted line in Figure 2, and 

the craze initiation curve is similar to those shown in Figure 7, with Gcraze = 0.2 J m-2.  

Because of the complexity of the interactions between competing micro-mechanisms, no 

attempt has been made to estimate the yield stress for a combination of crazing and shear 

yielding.   

The highest calculated value of σ1y is 108 MPa.  Figure 4 shows that shear yielding takes 

place in the void-free RTPA6 model blend when the stress on the crack plane reaches (108, 

108, 87) MPa.  Since cavitation stresses are higher than this when the particles are very small, 

full constraint is maintained all the way to the point at which a crack initiates from the notch 

tip.  Therefore in blends with D>0.03 μm brittle fracture occurs with minimum energy 

dissipation, KIC is low (~ 1 MPa m0.5) and rp is <0.03 mm. By contrast, increasing the particle 

size above 0.03 μm enables the blend to cavitate before fracture intervenes, thereby causing a 

reduction in σ1y, the principal stress at yield on the crack plane, which eventually falls to 55.8 

MPa at D = 0.078 μm.  At larger values of D, the cavitation stress falls below the shear yield 

stress of the fully-cavitated blend, and the plane-strain shear yield stress is no longer a 

function of particle size.  This is the super-tough region, with KI  exceeding 3.5 MPa m0.5, and 

plastic zone sizes of at least 1.0 mm. Dilatational shear yielding remains the dominating 

deformation mechanism until the onset of the ductile-brittle transition at D = DDBo = 0.35 μm, 

which occurs when the craze initiation curve crosses the shear-yield line.   

Beyond this point, craze-induced brittle fracture becomes a possibility, and the extent of 

crack tip yielding prior to fracture is minimized.  The location of this transition can be 

calculated by rearranging equation 16, as follows: 
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)17(
)1(2 22

ycav

craze
DBo

GED
σν

π
−

=  

where σycav is the yield stress of the fully cavitated blend (56 MPa in Figure 11).  This 

equation explains in general terms why Wu observed a shift in the critical particle size when 

he increased the rubber content of his PA66 blends from 10% to 25%. Adding rubber causes 

both Young’s modulus and yield stress to fall, but the yield behavior of the blend is 

dominated by the decrease in σycav, which shifts DDBo upwards. 

Figure 12 shows the relationship between D and rp, calculated using equation 3 with data 

on σ1y taken from Figure 11.  Irwin’s correction has been applied in all cases to allow for 

stress redistribution [66].  As the data do not extend beyond D = 0.35 μm, the reduction in 

toughness observed at larger particle sizes is represented by dotted lines which are at best 

approximations to the plastic zone sizes seen in fracture mechanics specimens.        

It should be noted that the calculations used in preparing the Figures 11 and 12 are based 

on hypothetical blends with very narrow distributions of particle size, deforming under 

isothermal conditions.   Polydispersity introduces additional complications, which have been 

discussed briefly in previous sections, and adiabatic energy dissipation is an important issue 

in notched impact tests on supertough blends. For purposes of illustration, the calculations are 

based on a particular 80/20 PA6/rubber blend with specific properties, measured at room 

temperature under low rates of strain. However, charts similar to Figures 11 and 12 could be 

generated to represent other test conditions and materials properties; the permutations are 

endless.   

Another limitation of the illustrations is that they define the boundaries between linear 

elastic behavior and inelastic responses at an early stage in the fracture test.  This simplified 

approach identifies conditions for the onset of the three main deformation micro-mechanisms, 

but is unable to determine in any detail how the deformation zone subsequently develops.  

The insights obtained in this way are valuable, but much remains to be done; the principles 

set out in this introductory paper open up the subject to further exploration.  Later papers in 

this series will address other aspects of particle size dependence in rubber-toughened 

thermoplastics.  The most obvious issues are the effects of rubber content, test temperature, 

strain rate, and materials properties. Looking a little further afield, a similar LEFM-based 
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approach to DB transitions can be applied to blends containing mineral filler particles, which 

form voids by debonding, and to rubber toughened thermosetting resins, in which large 

cavitated particles form microcracks rather than crazes. 

As noted earlier, another topic to be addressed is the response of notched Izod specimens 

during the later stages of the test, well beyond the onset of dilatational yielding or crazing. 

Initial events are extremely important in determining the subsequent behavior of the 

specimen, but in very tough blends most of the energy is absorbed during notch tip blunting 

and crack propagation, where non-isothermal deformation is known to affect energy 

absorption [84-90].   

  On a more fundamental level, this paper raises basic questions about the susceptibility 

of different thermoplastics to craze initiation, which can now be seen to depend on the value 

of Gcraze.  Studies by Vincent [91] and more recently by Wool [92] show that the strength of a 

thermoplastic is ultimately dependent on the cross-sectional area of its chains.  Thus the 

LEFM model for craze initiation establishes a link between chemical structure and DB 

transitions in polymer blends, which deserves further exploration.   

4. Conclusions 

This paper introduces a new model for deformation, yield and fracture of polymer blends 

in the plane strain region close to a notch tip, which overcomes the deficiencies of the inter-

particle approach advocated by Wu [5-6].  It employs linear elastic fracture mechanics in 

combination with earlier models for rubber particle cavitation, shear yielding and craze 

initiation to determine the order in which these mechanisms are activated when a notched 

specimen is loaded, and to map their spread from the notch tip. Calculations for a specific 

80/20 nylon/rubber blend show that when the rubber particles have very small diameters (D 

<0.03 μm) they are unable to cavitate because the critical stress for cavitation lies above the 

(constrained) shear yield stress of the blend, which is itself extremely high.  It is possible that 

a minute shear yield zone is formed, but the stresses in this zone are so high that the essential 

failure mechanism is craze initiation and brittle fracture from the notch tip. By contrast, 

increasing D above about 0.03 μm enables the particles to cavitate before the material yields, 

and consequently reduces the shear yield stress, which at this stage is a function of the 

volume fraction of cavitated particles. Over a size range running approximately from 0.03 μm 
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to 0.08 μm, the shear yield stress is controlled by the cavitation stress, and increasing D 

produces a continuous decrease in σ1y, which leads to a rapid increase in toughness. 

Eventually, the cavitation stress falls below the shear yield stress of the fully-cavitated blend, 

and toughness reaches a maximum. 

 A less desirable result of increasing particle size is that it reduces the critical stress for 

craze initiation, because large cavitated particles act as very effective Griffith flaws.  

Formation and subsequent failure of crazes causes fracture of the yield zone before it has 

fully developed.  If the particles are very large (e.g. D>10 μm) and σcraze << σ1y, the extent of 

shear yielding will be minimal, and brittle fracture will ensue.  If on the other hand σcraze is 

quite close to σ1y, a more likely outcome is extensive shear yielding with some associated 

crazing, followed by premature fracture at reduced elongation. Under these conditions, the 

critical notch-tip opening displacement is only slightly lower than the optimum, and there is 

only a modest reduction in energy to break. 

 For purposes of illustration, calculations presented in this paper relate to a series of 

blends with very narrow distributions of particle size, which have tensile yield stresses of 

about 50 MPa, and other mechanical properties as listed in the text.  The properties chosen 

correspond roughly with those of PA6/rubber blends with a volume ratio of 74/26 (weight 

ratio 80/20), measured at room temperature and at a low strain rate. The ductile-brittle 

transitions represented in Figures 11 and 12 were obtained by inserting these specific data 

into the relevant equations of the model, and their locations will obviously shift if different 

data are used.  It follows that DB transitions would be expected to vary with rubber content, 

as observed by Wu [5-6], with temperature, as reported by Borggreve et al [8], and with 

strain rate. Later papers in this series will explore these and other factors affecting DB 

transitions in polymer blends.    
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Figure Captions 

 
Figure 1.  Relationship between particle size and impact behaviour for a typical ‘super-tough’ 

thermoplastic blend. Points b and d mark lower (•) and upper (ο) ductile-brittle transitions. 

Schematic representation based broadly on data of Huang et al for a series of 80/20 RTPA6 

blends [2].   

Figure 2.    Effect of rubber particle size on critical volume strain and critical mean stress at 

cavitation.  Data obtained by Dompas et al in tests on transparent PVC/MBS blends [46].   

Dotted line calculated using energy balance model, equation 6, with εv constant.   Solid line is 

parallel to dotted line, but shifted upwards by a factor of 2.1 to fit data.  

Figure 3.  Map of cavitated zone in plane strain region, showing dependence of zone 

boundary on particle diameter when KI = 1 MPa m0.5.  Critical mean stresses calculated using 

equations 2a-2d with bulk modulus Kb = 3 GPa and data from solid curve in Figure 2. 

Figure 4.   Comparison between pressure modified von Mises criterion for a void-free blend 

(equation 7 with μ = 0.36) and pressure-modified Gurson criterion for the same blend, now 

fully-cavitated (equation 11).  

Figure 5.  Effect of low modulus inclusions (voids or solid rubber particles) on tensile 

yielding in dry PA6, and of voids on band angle (alternating dashes and dots)[68].  Data 

points from Huang et al [2]. 

Figure 6.  Pressure-dependent von Mises yield envelopes under plane stress and plane strain 

loading, with KI = 1.0 MPa m0.5, for void-free 80/20 PA6/rubber blend with Poisson’s ratio ν 

= 0.4, pressure coefficient μ =  0.36. 

Figure 7.  Critical tensile stress for craze initiation as a function of (cavitated) rubber particle 

diameter, calculated using equation 16 with three different values of Gcraze, the specific 

energy of craze initiation.    

Figure  8.   Yield stresses of dry 80/20 a-PA and PA6 blends over a range of particle sizes at 

23°C.  Horizontal lines indicate yield stresses of neat a-PA and PA6 in dry state.   Data of 

Huang et al [2].   
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Figure 9.  Tensile elongation at break of dry PA6 blends containing 20% by weight of 

ethylene-octene rubber.   Data of Huang et al [2].   

Figure 10.  Tensile elongation at break of dry a-PA blends containing 20% by weight of 

ethylene-octene rubber. Data of Huang et al [2]. Open circles denote blends with 

monodisperse particle size distribution.  Closed squares denote bimodal distributions, with 

each blend represented twice, to show upper and lower peaks in the size distribution 

separately.  

Figure 11.  Schematic diagram illustrating effects of particle size on deformation mechanisms 

close to the crack plane (θ = 0) under plane strain conditions, in 80/20 RTPA6 blend. Craze 

line calculated using equation 16 with E = 2.8 GPa and Gcraze = 0.2 J/m2.  Shear yield stresses 

calculated using equation 7, with pressure coefficient μ = 0.36 (see Figure 4).  Solid line 

defines critical stress for shear yielding, both with and without prior cavitation.  Note that 

crazing and shear yielding can take place simultaneously in tough specimens containing 

relatively large particles. 

Figure 12.  Plane strain plastic zone radius at θ = 0, calculated using equation 3 with rp 

doubled (Irwin’s correction factor [64, 66]).  Yield stress data taken from Figure 11, on the 

assumption that the shear yield zone is fully developed.  At large particle sizes, craze 

formation increases the probability that the specimen fails through crack initiation in regions 

of high local stress.  Dotted lines are estimates based very roughly on observed reductions in 

fracture resistance of notched specimens.  
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Figure 3 
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Figure 7 
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 Figure 8 
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Figure 9 
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Figure 10 
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