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The toughness behaviour of particulate-filled thermoplastics is determined by different failure 
mechanisms in the plastic zone and fracture process zone in front of the macrocrack such as 
particle-matrix debonding, shear processes or crazing and fracture of matrix fibrils. Theoretical 
expressions describing the critical strain causing microcrack initiation as well as the critical 
crack opening and the critical J integral value for unstable crack initiation are derived on the 
basis of a micromechanical analysis. Matrix properties, particle diameter, filler content and 
phase adhesion are taken into account. Critical particle contents and diameters caused by 
matrix morphology are discussed. Model calculations are compared with experimental results 
from acoustic emission analysis and dynamic fracture mechanics tests on PS, PVC and HDPE 
filled with CaCOa or Si02 particles. 

1. Introduct ion  
The development of composites with definite proper- 
ties assumes the analysis of microscopic deformation 
and fracture processes determining the macroscopic 
strength and toughness level. Composite behaviour is 
influenced by a number of parameters such as matrix 
structure, nature and morphology of filler particles as 
well as characteristics of phase interactions between 
particles and polymer matrix. Only theoretical models 
of the strength and toughness behaviour based on a 
micromechanical analysis give an understanding of 
the effective macroscopic composite behaviour. Estim- 
ates concerning structurally or morphologically 
caused limits of property improvements and of weak- 
est composite regions are of special interest. At present 
only a few theoretical approximations defining tough- 
ness behaviour of particulate-filled composites exist 
[1-4]. Fracture mechanics based toughness character- 
istic of polymers and their composites correspond 
with the aim of modern materials testing to assess the 
quality and performance of the products by methods 
well founded in materials science. As shown [5-10] 
only elastic-plastic fracture mechanics gives realistic 
values for toughness characteristics of thermoplastics. 

2. D a m a g e  z o n e  at the  crack tip 
Assuming elastic-plastic fracture behaviour, the stress 
concentration ahead of the crack tip results in a plastic 
zone (see Fig. 1). The physical fracture process, how- 
ever, happens in a much smaller area near the crack 
tip - the fracture process zone [6]. Lauke et al. 
[9, 1 l, 12] analysed and modelled such zones and the 

processes of energy dissipation within these zones 
under a micromechanical approximation for short- 
fibre reinforced thermoplastics. The size of the plastic 
zone thought to be circular and depending of the 
respective microstructure can be estimated by 

r~) Ec = 13(i)(8c)c ( ~ )  (1) 

where (8c) c is the critical crack opening, Ec is Young's 
modulus and (cr~)(~) is the critical composite stress of 
the failure process (i). Values given for [3(0, a factor 
specific for each mechanism, differ between 1/2n 
[5, 6, 12, 13], 0.036 to 0.157 [14] and n/16 [15-18]. 

Acoustic emission analysis has been used to deter- 
mine critical composite stresses and actual failure 
mechanisms in composites experimentally [19-22]. 
Representative damage states were related to a domi- 
nant failure mechanism in conriection with finite- 
element calculations of local stress-strain distribu- 
tions in the composite. 

It was shown that the energy criteria defining the 
critical composite strain (G)c for the particle-matrix 
debonding 

l ( 1 2 7 T / M E M )  1/2 
(G)c - ~czoE c DT (2) 

is in a good agreement with experimental results [21] 
(see Fig. 2). In Equation 2 7T/M the specific debonding 
energy of particle-matrix interface, E M and E c are 
Young's moduli of matrix and composite, D T is the 
mean particle diameter and ~ the strain concentration 
factor around the particles, ~o is the additional stress 
concentration in crazing polymers which support the 
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Figure 1 Damage zone ahead the macrocrack of a particulate-filled 
thermoplastic material. 
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Figure2 Critical strains f rom acoust ic  emission analysis of 

tensile test exper iments  at T = 295 K, v T = 1 m m m i n  -1 for PS 

( � 9  D T = 1 g m  and  v T = 10 m m  min  -1 for P VC (x ) ,  D T = 2 g i n  

and  H D P E  ( 0 ) ,  D T = 2 g m  (theoretical  a p p r o x i m a t i o n  after 

Equa t ion  2). 

craze formation like surface scratches 

So = 1 for shear yielding 

So = for craze mechanism 
M 

where R m is the ultimate fracture strength and CYcA E is 
the crazing stress of the polymer matrix. This stress 
level is also determined by means of acoustic emission 
analysis for thermoplastic matrices as well as short- 
fibre reinforced thermoplastics [21]. 

3. Nature and energy of dissipation 
mechanism 

In different zones the following energy dissipation 
mechanisms are detected in particulate-filled thermo- 
plastics. 

(i) Particle-matrix debonding (WT/M, plastic zone) 
(ii) Non-linear viscoelastic matrix deformation 

leading to microshear bands or crazes (ws, plastic 
zone) 

(iii) Plastic deformation of matrix bridges (wp~, frac- 
ture process zone) 

(iv) Fracture of matrix fibrils (wf, fracture process 
zone). 

Fig. 3 demonstrates the influence of filler particles 
on thermoplastic fracture behaviour. 

Using the energy criteria and expressions derived by 
Pompe and Lauke [16, 18], the total fracture energy 
can approximately be formulated as 

Jc = (1 - q~T)JM. + ~ r g ) w , )  (3) 
i 

where Jc and JM* are the J integral values of the 
composite and modified matrix, w(o is the volume- 
specific energy dissipation of failure mechanism (i), rg ) 
are extensions of the corresponding failure subzones 
and ~T is the particle volume content. 

The specific energy results from 

W(o 
w(i) - (D T + )~T) 3 (4) 

where W,) is the deformation or fracture energy, DT is 
the mean particle diameter and )~T is the spatial par- 
ticle distance. 

A micromechanical approach for individual dissipa- 
tion mechanisms leads to the following specific defor- 
mation and fracture energies (Table I). To calculate 
the composite fracture energy now the critical com- 
posite crack opening (6c)c is to be known or to be 
eliminated. The critical crack opening as a true tough- 
ness parameter itself characterizes the deformation 
state ahead the crack tip at crack initiation. 

A crack opening 6 directly at the crack tip of an 
unfilled matrix initiates crack propagation if the rup- 
ture strain of the fibrils is reached. It can, therefore, be 
estimated considering the rupture length 

6. = Io(1 + ~.) (5) 

with deformation length l o = 2 x crack tip radius. 
This means that the critical crack opening in the case 
of dynamic crack initiation experimentally measured 
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Figure 3 SEM of fracture surfaces (a) unfilled PVC, (b) chalk-filled PVC (10 vol %), (c) unfilled HDPE, (d) chalk-filled HDPE (20 vol %) 
(regions of "stable" crack growth). 

by maximum test piece deflection equals 

E 
6,d = [~R ~ee (6) 

where R e is the yield strength of the material. 
The J integral can be found according to the known 

expression as 

J,a = mRe6,d (7) 

The material-specific parameter m >~ 2 corresponds to 
the planar strain state including strain-hardening pro- 
cesses [5, 6]. In accordance with finite-element calcu- 
lations the value m = 2 was confirmed experimentally 
for chlorinated PVC [23]. 

In Equation 7 R e is to be replaced by tensile 
s t reng th  R m for materials failing through crazing. The 
results shown in Table II confirm this model for differ- 
ent thermoplastics. 

In composites the radius of the failure zone is in- 
creased by an earlier onset of energy dissipation. The 

critical composite crack opening should be increased 
proportionally to (ec)u,/(eo)c. Experimental results, 
however, point to a composite embrittlement above a 
critical matrix-specific filler content. Obviously this is 
true if 

X,r X* 

Dr DT 

The critical particle distance X* can be traced back 
to a minimum microcrack distance depending on the 
microcrack size (resp. particle size) 

2 /J ldE 

This distance characterizes the case of overlapping the 
plastic zones of neighbouring microcracks. Based on 
experimental results received on PVC-matrix com- 
posites the critical morphological conditions of 
"ductile-to-brittle" transition have been calculated for 
different composite matrices (Table III; loading 
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T A B L E  I Volume-specific energies of dissipation mechanisms 

Plastic zone (a) particle-matrix debonding: 

6~T 
WT/M ~ D T  ~T/M 

Ec 
rpl" = m~(~e)C(o.cAE) C (b) craze or microshearband 

formation: 

qb T 
W s = T ( C c ( y  l+n)  - O'cAEScAE)M, 

Fracture process zone (c) plastic deformation of matrix 
bridges: 

w,, \ 1 + ~ )M. = T - - - - - ~  

Ec 
rp = m[3(8r (d) fracture of stretched matrix fibrils: 

3~TXr 2 
Wf = - -  3/f 

~YT/M 

~cAE/O'cAE 

gy 

~R/GR 
C/n 

'~f 

(O'eAE) C 

Rc 

specific debonding energy of 
particle-matrix interface, 
critical matrix strain-stress determined 
by acoustic emission 
yield strain 
strain in the true stress-strain relation 
at which the necking process is 
stabilized [10, 16] 
rupture strain-stress 
constant-strain-hardening coefficient 
in the true stress-strain relation 
specific fracture energy of fibrils 
critical composite stress determined 
by acoustic emission 
yield strength (shearband deformation) 
or fracture strength (craze deforma- 
tion) of the composite 

of the 
modified 
matrix M* 

Then the critical composite crack opening can be 
calculated as 

( 6 c ) c  = \ ( c)c ,E (6~ 

where 
A = 1 for XT/D r >~ X*/D r 

A = XT/X* for XT/DT < X*/DT 

(9) 

In Equation 9 (So)M* and (ec)c are critical strains of the 
modified matrix and of the composite measured by 
acoustic emission tests and (So)M* is the critical crack 
opening of the modified matrix. In case of a dynamic 
crack initiation 8c corresponds to 8~d. 

The concept of a "modified" composite matrix con- 
siders the fact that besides the above discussed phase 
interactions in the failure process structural inter- 
actions between particles and matrix can also happen 
in the manufacturing process. These interactions de- 
pend on the particle surface activity (surface treat- 
ment), the matrix reactivity, as well as on the particle 
content, their shape and specific surface. These modifi- 
cations can result in defined interphases but also in 
structural or morphological changes of the whole 
matrix. The effect of interphases was not considered in 
this model. Such a matrix modification leads to signi- 
ficant changes in the relaxation behaviour measured 
by dynamic mechanical analysis. In the case of chalk- 
filled thermoplastics the filler surface was modified by 
stearic acid. Changes of the relaxation spectra of chalk- 
filled PVC compared with the unfilled matrix indicate 
a stiffening of interphase molecules around the par- 
ticles. Chalk-filled HDPE,  however, shows a higher 
damping in the temperature range of 13 relaxations. 
This effect results from the softening of intercrystalline 

T A B L E  II Theoretical and experimental critical crack opening and J integral values under dynamic crack initiation at T = 2 9 5  K (vn 
= 1.5 ms  -1 for PVC and HDPE, v H = 1.0ms -1 for PS, l 0 = 0.4 I.tm) 

Polymer E Re eR 8R 51d JId 81aK J1d 
matrix (GPa) (MPa) Local (gm) (gm) ( N m m  - I )  (gm) ( N m m  - I )  

Theory Experiment 

PVC 2.70 51 1.1 0.84 17 1.9 20 1.7 
HDPE 1.00 27 8.0 3.60 52 2.8 49 2.7 
PS 3.19 (32) 2.0 1.20 47 3.0 35 2.7 

(Rm) (with 13 = n/8, m = 2) 

T A B L E  II I  Morphological conditions for a "ductile-to-brittle" 
transition at dynamic crack initiation 

Polymer X * / DT ~* 

PVC 0.87" 0.080 
HDPE 2.07 b 0.020 
PS 4.68 b 0.003 

"Experimental. 
b Theoretical. 

conditions see Table II). It was supposed that above a 
critical particle content the geometrically caused de- 
crease of matrix bridge elongation under an identical 
local rupture strain is proportional to (XT/X*). 
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amorphous regions near the particle surface by stearic 
molecules. Silica filler was used without surface treat- 
ment. 

The relaxation spectra of such composites show 
remarkable interactions between the matrix and filler 
phase (see Fig. 4). These results can be interpreted with 
a strongly influenced crystallization process of H DPE 
in the direction of a higher disorder. On the one hand 
PVC molecules seem to be partly immobilized, on the 
other a thermal stress induced higher free volume 
support relaxation mechanisms. 

The failure mechanism of a composite matrix can 
vary as a result of strong interactions or large filler 
contents causing changes in local stress distribution. 
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Figure 4 Relaxation spectra of unfilled and silica-filled thermoplastics ( f~  1 Hz) (a) ( 
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r o,1 o 

g 
4J 

O,Ol 

(b) I 
353 113 

J 

i 
? 

".t 

3 
:1 
) 

2! 
:1 

:1 

:1 

:1 
, ' |  

." I 

. ' /  / ..' ' " . . . , '  /- 

L t 
." p c  

�9 f 
�9 / /  / 

I 

153 
I 

193 233 
r (K) 

I I 
273 313 

PVC, PVC/SiO2 (q57 = 0.06),---PVC/SiO2 
PE, PE/SiO2 (q~T = 0.05), -------- PE/SiO 2 (q)7 = 0.10) . . . . . .  PE/SiO 2 ((I) 7 = 0.15)). 

The composite matrix fails in a structurally caused 
brittle manner. There is also another effect producing 
embrittlement. The interaction between neighbouring 
microcracks in the process zone leads above critical 
crack densities to instability of the matrix bridges and 
therefore promotes macrocrack growth earlier 
[24-26]. 

The total fracture energy of composites can thus be 
expressed as 

BJ c = (1 - qkV)JM, + m~3(6c)cE c 

(wT,M +_ ws + We) 
X ~k ( O ' c A ' E ) C  + W p l R c  ( 1 0 )  

where m ~> 2, ~ ~< re/t6 and B considering the effect of 
matrix bridge instability 

B = 1 for Xw/D g ) X*/DT 

B = (XT/X*) 2 for XT/D~r < X*/DT 

4 .  D i s c u s s i o n  

Results calculated by the model described are com- 
pared with experimental data in Figs 5 and 6, In these 
calculations a poor phase adhesion and an unchanged 
deformation and fracture behaviour of the composite 
matrix compared with the unfilled matrix was sup- 
posed. Experimental data differing from theoretical 
calculations are caused by particle agglomeration 
effects above 10 vol % or by a filler surface treatment. 
In silica-filled thermoplastics a satisfactory agreement 
between theoretical and experimental results can be 

found only supposing extended phase interactions 
degreasing the fracture energy of the modified matrix. 
As shown the relaxation spectra point to such an 
explanation. The filling of thermoplastic matrices with 
spherical, high-modulus particles thus increases in the 
case of undercritical filler contents the J integral to- 
wards instable crack initiation. The relative improve- 
ment in toughness is the higher the lower the com- 
posite matrix toughness. This phenomena is related to 
the discussed critical particle distance X* and the 
resulting increase of the critical filler content in brittle 
matrices. 

The dominant additional energy dissipation takes 
place in the fracture process zone as a result of a 
particle-initiated microshearband or craze multiplica- 
tion (%1). 

The composite toughness is determined by the ma- 
trix toughness, the filler volume, the particle diameter 
and the phase adhesion. On the one hand these para- 
meters determine the critical strain and stress levels 
causing dissipation processes (plastic zone size), on the 
other they limit the critical particle content, that is, the 
maximum of the composite J integral. Obviously, the 
optimum particle diameter is comparable with the size 
of naturally, matrix-specific microcracks. Particle size 
distributions with a mean value above the size of 
stable grown matrix cracks lead to a geometrically 
caused instability. As expected the critical microcrack 
length measured by SEM on fracture surfaces is in 
good correspondence with the matrix toughness 
(Table IV). 

Results also indicate that there is a certain relation- 
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Figure 5 Fracture toughness behaviour of chalk-filled thermoplastics under dynamic loading. ( �9 PE, D T = 1.8 I.tm; x PVC, D r = 1.8/am, 
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Figure 6 Dynamic fracture toughness of silica-filled thermoplastics. ( �9 PE, x PVC, theory; D r = 0.4 gm, - - - -  JM* = JM, - -  
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JM* 

sh ip  b e t w e e n  the  m i c r o c r a c k  size a n d  the  size of  
m o r p h o l o g i c a l  un i t s  such  as a g g l o m e r a t e s  of P V C -  
p r i m a r y  par t ic les  (~< 5 gm) or  spheru l i tes  in  H D P E  
(4 -8  gm). 

M u c h  smal le r  par t ic les  ( <  1 gm)  wi th  large a n d  
act ive surfaces lead to a s t ruc tu ra l ly  caused  m a t r i x  
e m b r i t t l e m e n t .  

I t  is t h o u g h t  tha t  ex t remely  smal l  par t ic les  raise the 
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T A B L E  IV Maximum size of stable grown microcracks 

Polymer (2"at)max 
(~tm) 

PVC 4-6 
HDPE 6-8 
PS 8-10 

network density and restrict the chain mobility in 
boundary layers of amorphous thermoplastics. In 
semicrystalline polymers they promote the formation 
of transcrystalline regions. To increase toughness it is 
recommended that an optimum is achieved and not 
maximum phase adhesion using coupling agents. This 
can be reached by boundary layers capable of relaxa- 
tion processes which increase the rupture strain of the 
modified matrix and thus the energy term Wp~. "Ideal" 
phase adhesion prevents interphase boundary failure 
and leads to a triaxial stress state inside the composite 
matrix and consequently to brittle fracture behaviour. 
In fracture mechanics tests investigating the influence 
of silanes and other coupling agents, it was often 
found that there was no unstable crack propagation 
[27]. To describe such a fracture behaviour in further 
models, quantities and mechanisms of stable crack 
propagation are to be considered. 
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