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The fracture behaviour of hybrid-particulate composites has been examined. These 
novel materials contain both dispersed rubbery and rigid glass particles, and 
values of the stress-intensity factor K~c and fracture energy G~c have been deter- 
mined using a double-torsion test. Considerable increases in toughness have been 
recorded and the mechanisms of toughening have been identified. The rigid glass 
particles increase the crack resistance mainly through a crack-pinning mechanism 
whilst the rubbery particles, which have a much greater effect, enhance the extent 
of localized plastic shear deformations around the crack tip. Quantitative failure 
theories and criteria are suggested for these mechanisms. 

1. Introduct ion  
Epoxy polymers are widely employed as the 
basis for adhesive compositions and as the 
matrix material for composites containing glass, 
polyamide and carbon fibre. When cured, epoxy 
resins are highly crosslinked, amorphous ther- 
moset polymers. This structure results in these 
polymers possessing many useful engineering 
properties, such as a relatively high modulus and 
strength, good creep resistance and good elev- 
ated-temperature properties. However, it also 
means that unmodified expoxies are relatively 
brittle polymers with poor resistance to crack 
propagation. 

To increase the crack resistance, but without 
seriously impairing other important properties, 
two methods have been reported [1] based upon 
attaining a dispersion of a particulate second 
phase in the epoxy. In one method the second- 
phase is rubbery in character [2-6] whilst in the 
other it consists of rigid brittle particles such as 
alumina, silica and glass spheres [7-11]. 

As might be expected, the mechanisms of 

deformation and fracture are notably different 
in the two cases, and in an effort to attain the 
optimum properties from toughened epoxy poly- 
mers we have been investigating the structure/ 
property relationships of hybrid-particulate 
composites. These novel materials contain both 
rubbery and rigid dispersed phases. A separate 
paper [12] has considered the relationship 
between the microstructure of such composites 
and the measured modulus and yield behaviour. 
The present paper is concerned with the fracture 
properties of hybrid-particulate composites and 
considers toughening mechanisms and failure 
criteria. 

2. Experimental  deta i l s  
2.1. Materials 
The epoxy resin employed was derived from the 
reaction of bisphenol A and epichlorhydrin, and 
was largely composed of the diglycidyl ether of 
bisphenol A (DGEBA), but small quantities of 
higher molar-mass polymers were present. The 
curing agent was piperidine. 
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The rubber used was a carboxyl-terminated, 
random copolymer of  butadiene and acrylo- 
nitrile, CTBN (carboxyl content: 2 .37wt%; 
acrylonitrile content: 18wt %; molar mass: 
3500 gmol  1). 

The rigid particulate filler was glass beads with 
a distribution of particle diameters from about 10 
to 100 #m and an average diameter of 50.3 #m. In 
some instances the glass beads were coated with 
a reactive silane-based bonding agent. This was 
y-glycidoxypropyltrimethoxysilane, which was 
applied by immersing the glass beads for 30 min 
in a 1 vol % solution of ethanol : water (95 : 5 by 
volume) and then drying the glass beads for 1 h 
at room temperature, 4 h at 40 ~ C and finally 1 h 
at 120 ~ C. Three types of  composites were fabri- 
cated: epoxy/glass, epoxy/glass/rubber and 
epoxy/glass (silane)/rubber, and details of the 
nominal compositions are given in Table I. 

Sheets of  the hybrid-particulate composites 
(i.e. containing both rubber and glass beads) 
were prepared by first adding the CTBN rubber 
to the DGEBA resin and hand-mixing for ~ 5 to 
10min. This mixture was then heated to 65 + 
5~ in a water bath and mixed for 5 min using 
an electric stirrer. The resin mixture was next 
degassed in a vacuum oven at 60 ~ C until froth- 
ing stopped, i.e. most of  the entrapped air had 
been removed. When the mixture had cooled to 
below 30~ the piperidine curing agent was 
mixed in gently to minimize air entrapment. The 
mixture was re-heated to 65~ and the glass 
beads were now gently stirred into the mixture 
which was then allowed to stand at 120 ~ C for 15 
to 100 min (depending upon the glass content) to 
increase the viscosity of the system just suf- 
ficiently to prevent the glass beads from settling 
out during moulding. Prior to casting the glass- 
filled systems were again gently stirred. The resin 
mixture was then poured into a preheated mould 
and cured at 120 ~ C. The total time allowed for 
curing at 120~ was 16h, which in the case of 

T A B L E  I Formulations of  epoxy polymers 

Component Composition (phr)* 

Epoxy resin I00 
Piperidine 5 
CTBN 0 or 15 
Glass beads* 0, 10, 23, 35, 50, 100, 200 or 300 

*phr = Parts per hundred of resin by weight. 
* Used either uncoated or coated with a silane-based bonding 
agent (see Section 2.1). 

4170 

glass-filled composites included the standing 
time at 120 ~ C. The cured sheet of  epoxy com- 
posite was allowed to cool slowly, in the mould, 
to room temperature. The epoxy polymers con- 
taining no rubber and/or no glass beads were 
prepared in the same manner, but obviously the 
rubber addition and/or the glass-bead addition 
steps were omitted. 

To ensure that the presence of the glass par- 
ticles did not interfere with the formation of the 
rubbery second phase, the glass transition tem- 
peratures Tg of  the hybrid-particulate com- 
posites were determined. Differential scanning 
calorimetry was employed using a Perkin-Elmer 
Model 1B and a heating rate of 2 0 K m i n  -1. 
The value of the Tg was 95 + 2~ for all the 
materials, indicating that the presence of glass 
particles in the hybrid-particulate composites 
did not affect the exten{ of  phase separation of  
the rubber. The exact volume fractions of  glass 
were checked by burning off the resin and weigh- 
ing the residues. 

2.2. Crack-propagation studies 
Crack propagation in the various epoxy com- 
posites was investigated using the double torsion 
(DT) test, which gave good control of  the 
propagating crack and enabled the easy and 
rapid determination of the critical stress-inten- 
sity factor K~c. The technique has been described 
in detail elsewhere [1, 13] and it may be shown 
that Klc is independent of  crack length, and for 
a linear-elastic material given approximately [8] 
by 

F(1 + v)] 'j2 
g lc  = eclm L ( 1 )  

where Pc is the critical load for crack propa- 
gation, Im is the moment arm, v the Poisson's 
ratio of the material (v = 0.35), l the width of 
the specimen, b the sheet thickness, b, the sheet 
thickness in the plane of the crack and k a geom- 
etry constant (taken to be 0.249). 

The 6 mm thick moulded epoxy sheets were 
cut into rectangular plates 80mm long and 
30 mm wide. They were notched at one end with 
a sharp razor blade and a V-shaped groove, 
2.0 mm deep, was machined along the centre of  
one face. The specimens were then deformed in 
the DT rig [1, 8] in an Instron Universal testing 
machine over a range of  test temperatures from 
- 70 ~ to + 50 ~ C at a constant cross-head speed 



of 0.5mmmin -~. The value of K~ was deter- 
mined from Equation 1 using the measured 
value of Pc and knowing the specimen dimen- 
sions. No attempt was made to measure the 
crack velocity. 

The fracture energy G~r may be related [1, 13] 
to the stress-intensity factor, Kic, by the equation 

G,~ ~ K?c/E (2) 

where E is the Young's modulus. Values of E for 
the epoxy composites were reported in a 
previous publication [12], and thus values of G~c 
may be deduced for Equation 2. 

2.3. Fractography 
The fracture surfaces of a large number of speci- 
mens were examined using both optical and 
scanning electron microscopy. Before obser- 
vation in the scanning electron microscope the 
specimens were sputter-coated with a thin layer 
(-~ 20 nm) of platinum to make the surfaces con- 
ductive and reduce charging. 

3, Results and discussion 
3.1. Stability of crack propagation 
3. 1.1. Types o f  crack propagat ion 
It has been shown [1, 5, 14] that, depending upon 
the test conditions and the composition of the 
material, three distinct types of crack propa- 
gation may be observed in thermosetting epoxy 
polymers. These are: 

1. Stable brittle propagation (Type C). Here 
the crack grows in a steady controlled manner 
with the rate of crack propagation being depen- 
dent upon the cross-head speed of the testing 
machine. The fracture surfaces of the unmodi- 
fied resin are relatively featureless and, since 
cracks grow at low levels of K~r (typically about 
1 MNm-3/2), stable brittle propagation may be 
thought of as a classic example of brittle frac- 
ture. The associated load-displacement curve 
for the DT specimen is shown schematically in 
Fig. la and, as may be seen, the crack propa- 
gates at a constant load. 

2. Unstable brittle propagation (Type B). This 
type of crack growth is still essentially brittle in 
nature, but the crack propagates intermittently 
in a stick/slip manner. This type of crack growth 
has a significant effect on the associated l o a d -  
displacement curve which now has a characteris- 
tic sawtooth shape (Fig. lb). The values of P~ 
and Pa correspond to loads at crack initiation 

and arrest respectively. The initiation and arrest 
values of K~c and G~c may be determined from Pi 
and Pa through Equations 1 and 2. 

3. Stable ductile propagation (Type A). Again 
the crack grows steadily in a controlled manner, 
and for the DT specimen the load for crack 
propagation is constant as in Fig. la. However, 
unlike the stable brittle propagation discussed in 
(1) a relatively high value of K~c is now required 
and the fracture surfaces are far rougher and 
torn in appearance, indicating a more ductile 
fracture process. 

Now these three basic types of crack propa- 
gation behaviour are all observed in the epoxy 
composites studied in the present investigation 
and, as for the unfilled epoxy polymers, the exact 
type observed is dependent upon the test con- 
ditions (i.e. test temperature in the present work) 
and the detailed composition of the material. 

3. 1.2. Ef fect  o f  tes t  t emperature  
The typical effect of test temperature upon the 
crack growth behaviour and associated value of 
K~c is illustrated in Fig. 2 for a hybrid particulate 
composite (rubber = 15 phr; vr(glass (silane)) = 
0.085). At the highest temperatures, stable duc- 
tile crack growth (Type A) is observed and as the 
temperature is decreased the value of K~c steadily 
decreases. At about 0~ the mode of crack 

Pi ~ 

o 

Initiation /- 
a) 

Initiation 

b) 
Displacement 

Figure 1 Typical schematic load against displacement curves 
for the epoxy composites: (a) continuous, stable propaga- 
tion; (b) unstable, stick/slip propagation. 
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Figure 2 Stress-intensity factor Kit for crack propagation, 
and observed modes of crack growth, as a function of 
test temperature for a hybrid-particulate composite 
(rubber = 15phr; vr(glass (silane) = 0.085). 

propagation changes to unstable brittle (Type 
B), and initiation and arrest values of Kic may be 
deduced. The former continues to decrease as 
the temperature is further lowered but the arrest 
value is virtually independent of temperature, 
again in accord with previous work [14]. Stable 
brittle crack growth (Type C) is rarely observed 
in the hybrid particulate composites (i.e. those 
containing both rubber and glass particles) but 
is observed regularly in the unfilled and glass- 
filled materials. However, in all cases it is only 
observed at the very lowest temperatures. 

The increase in K~ with increasing tem- 
perature and the observed transitions in the 

crack propagation behaviour (Type C to Type A 
as the temperature increases) have been 
previously recorded [1, 5] for both unfilled and 
rubbery-particulate filled epoxies, and have been 
ascribed to crack-tip blunting. This mechanism 
will be considered in more detail later but essen- 
tially it proposes [1, 13, 15, 16] that the above 
observations are a result of the localized plastic 
deformations that occur in the vicinity the crack 
tip. Such deformations increase with increasing 
temperature and so cause progressive crack-tip 
blunting. Therefore at low temperatures, when 
the yield stress is high (see Fig. 4 in Young et al. 
[12]), a relatively sharp crack results and the 
value of K~c is low and stable; brittle crack 
propagation is observed. At somewhat higher 
temperatures the yield stress is lower and crack- 
tip blunting occurs. This results in higher loads 
for crack initiation (i.e. higher Kit(initiation) 
values) but, when the crack does eventually 
propagate the rate of release of energy is now 
greater than that required for stable crack 
growth and hence unstable propagation is 
observed. At even higher temperatures the 
degree of crack-tip blunting is so severe that a 
ductile or tearing type of failure mode is 
achieved and stable crack growth is observed 
once again, but now associated with a relatively 
high K~o value. This mechanism obviously quali- 
tatively explains the results illustrated in Fig. 2. 

3. 1.3. Effect o f  compos i t ion  
The general crack propagation behaviour des- 
cribed above is a characteristic of all the com- 
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Figure 3 Stress-intensity factor KIe as a function of volume fraction v r of glass particles: (a) epoxy-glass composite; (b) 
hybrid-particulate composite (i.e. epoxy glass-rubber (15phr)); (c) hybrid-particulate composite containing silane-coated 
glass particles. (Note that  the ordinate only starts at  KIr = 0 for (a).) 
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positions examined. However, the temperatures 
at which the transitions in the type of crack 
growth occur are a function of composition. The 
main effect is that the presence of rubber par- 
ticles lowers the temperature for the transitions 
from Type C to Type B and Type B to Type A, 
as previously observed [5, 6] for non-glass-filled 
epoxies. The same effect, although to a lesser 
extent, is generally produced if the volume 
fraction vr of glass is increased in a given system; 
an exception occurs for the epoxy-glass-rubber 
composites at the highest values of vf(glass) 
when large-scale debonding of the glass particles 
is observed, as shown later. The reductions in 
the transition temperatures that result from the 
presence of rubber and glass particles arise from 
the particles inducing more energy losses around 
the crack tip, and the mechanisms involved will 
be considered later. 

3.2. St ress- intensi ty  factor  
The measured values of the stress-intensity fac- 
tor K~o at the onset of crack propagation are 
shown as a function of the volume fraction vf of 
glass particles for various test temperatures in 
Fig. 3. 

The data for the epoxy-glass composite are 
shown in Fig. 3a. The initial increase in K~o with 
increasing volume fraction of glass, but with Kjc 
reaching a plateau value at high values of 
vf(glass), is in accord with previous observations 
[10]. 

The data for the hybrid composites are shown 
in Fig. 3b (epoxy-glass rubber (15phr)) and 
Fig. 3c (epoxy-glass (silane)-rubber (15phr)), 
and similar effects are observed for both 
materials. At temperatures below about 0 ~ C the 
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K~o against vf(glass) relations follow the same 
trend as described above, but with the K~ values 
being appreciably higher due to the presence of 
the rubber particles. However, at higher tem- 
peratures a maximum in K~r is observed which 
becomes more pronounced as the temperature is 
increased. The maximum in K~c occurs at a 
vf (glass) value of about 0.1. These observations 
of a peak in the K~ against vr(glass) relations 
represent the first instance such an effect has 
been recorded for glass-filled epoxy polymers. It 
undoubtedly arises from the relatively high K~ 
values for the hybrid composites, and hence the 
high crack-tip stresses which act upon the glass 
particles. This will be discussed later when the 
fracture mechanisms are considered. 

3.3. Fracture energy  
The fracture energy G~c was calculated using 
Equation 2 together with the values of K~c and E 
measured previously. Values of G~r as a function 
of vr(glass) for various test temperatures are 
shown in Fig. 4. 

Considering first the epoxy-glass composite 
(Fig. 4a), then the value of G~r passes through a 
maximum at a vr(glass) value of about 0.25. This 
is in direct contrast to the K~c data for this com- 
posite (Fig. 3a) where K~c increased steadily to a 
plateau value. As discussed in detail by Span- 
oudakis and Young [10, 11], this maximum in GI~ 
essentially arises from the different dependencies 
of K~ and E upon vr(glass) and no change in 
failure mechanism, for example, is necessarily 
associated with the peak. 

Considering the hybrid composites (Figs. 4b 
and c), then the G~ against vr(glass) data again 
exhibit peaks. However, in comparison to the 
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Figure 4 Fracture energy Glc as a function of volume fraction vf of glass particles: (a) epoxy/glass composite; (b) hybrid- 
particulate composite; (c) hybrid-particulate composite containing silane-coated glass particles. (Note the different scale for 
the ordinate in (a).) 
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Figure 5 Fracture energy Glc against test temperature for all 
the materials studied (where appropriate vf(glass) = 0.1). 

epoxy-glass composite (Fig. 4a) the peaks are far 
more pronounced, particularly at high tem- 
peratures, and occur at a Vr (glass) of about 0.1. 
Obviously, the position and shape of these peaks 
largely arise from the peaks observed in the K~ 
data for the hybrid composites (Figs. 3b and c) 
but are magnified by E increasing as the vr (glass) 
is increased (see Fig. 1 in Young et al. [12]). 

Values of Gzr for all the materials studied are 
shown in Fig. 5 as a function of test temperature. 
For the glass-filled materials a vr(glass) of 0.1 
has been selected since for the hybrid-particulate 
composites this represents the volume fraction 
of glass at which the fracture energy is approxi- 
mately, at its maximum value. As may be seen, 
there is a significant increase in G~ for the glass- 
filled composites compared to the respective 
non-glass-filled materials over the complete tem- 
perature range. It is especially noteworthy that 
this is the case for the hybrid-particulate com- 
posites. Hence, the addition of a relatively low 
volume fraction of glass particles has substan- 
tially improved the fracture resistance of an 
epoxy polymer, which has already been appreci- 
ably toughened due to the presence of rubber 
particles. Further, in some hybrid-particulate 

composites a silane bonding agent was coated 
on to the glass particles to increase the inter- 
facial adhesion. However, as may be seen, such 
materials only possess higher fracture energies 
compared to the uncoated-glass hybrid com- 
posites at the highest temperatures; again the 
underlying reasons for this observation will be 
considered when the mechanisms of toughening 
are discussed. 

One aim when attempting to toughen brittle 
polymers is to increase the toughness without 
significantly decreasing other important proper- 
ties, such as modulus. The data in Table II again 
clearly demonstrate the major increases in G~o 
attained for the hybrid composites (vf(glass) = 
0.1) without any significant decreases in the 
values of E. 

4. Mechanisms of toughening 
The results discussed in the previous section 
demonstrate that the fracture toughness K~c and 
fracture energy G~o of both simple epoxy and 
rubber-toughened epoxy polymers are greatly 
increased by the inclusion of a glass-particulate 
filler. In the present section the mechanisms res- 
ponsible for the increased crack resistance will 
be proposed and discussed. 

4.1. Crack p inn ing  
4. 1.1. I n t r o d u c t i o n  
In 1971 Lange and Radford [7] reported that the 
fracture energy of an epoxy thermosetting poly- 
mer could be significantly increased by the 
inclusion of a rigid particulate filler (alumina 
trihydrate) and suggested that a crack-pinning 
mechanism was responsible. The crack-pinning 
mechanism had been proposed earlier by Lange 
[17] and has since been modified and extended 
by Evans [l 8] and Green et aL [19, 20]. Basically, 
it assumes that cracks can be impeded by rigid, 
impenetrable, well-bonded particles. This arises 

TABLE II Comparison of modulus and fracture-energy values 

- 7 0 ~  

E (GPa) G i c  ( k J  m - 2 )  

+ 50 ~ C 

E (GPa) G i c  ( k J m  2) 
Epoxy 4.1 0.15 2.8 0.50 
Epoxy-glass* 4.3 0.26 3.1 1.0 
Epoxy-rubber* 3.3 0.60 2.2 3.3 
Hybrid t 4.1 0.80 2.6 4.3 
Hybrid* (using silane-treated 4.3 0.75 2.5 5.8 

glass particles) 

*vf (glass) = 0.1; * rubber = 15 phr; * v r(glass) = 0.1, rubber = 15 phr. 
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Figure 6 Optical micrograph of glass-filled 
epoxy composite showing the pinned 
crack-front bowing between glass par- 
ticles. (Arrow indicates direction of crack 
propagation.) 

since when a crack meets an array of such 
obstacles it becomes pinned and tends to bow 
out between the particles, forming secondary 
cracks. Thus new fracture surface is formed and 
the length of the crack front is increased due 
to its change of shape between the pinning 
positions. Now energy is not only required to 
create the new fracture surface but, by analogy 
with the theory of dislocations, energy must also 
be supplied to the newly formed non-linear 
crack front, which is assumed to possess a line 
energy. This latter factor particularly is suggested 
to lead to the enhanced crack resistance often 
observed when impenetrable particles are well 
bonded into a brittle matrix. 

The fractographic studies provide strong 
evidence that crack pinning is an operative 
mechanism in the glass-particulate composites. 
Fig. 6 clearly shows crack bowing between glass 
particles, and also suggests that the pinned 
crack assumes an elliptical shape at breakaway. 
Further, when such secondary cracks do eventu- 
ally break away from the pinning positions then 
this frequently leads to characteristic tails or 
steps on the fracture surface at the rear of the 
inclusions, due to the meeting of the two arms of 
the crack front from different fracture planes. 
The scanning electron micrographs shown in 
Fig. 7 illustrate these features for an epoxy/glass 
(vr = 0.19) and untreated and silane-treated 
hybrid-particulate composites (vr(glass) = 0.12). 
For the hybrid-particulate composite the dis- 
persed rubber particles, having a diameter of 
about 1 to 3 #m, may be clearly distinguished. 
However, these rubber particles induce more 
localized plastic deformations around the crack, 
leading to a somewhat rougher fracture surface. 
Notwithstanding this, the presence of tails or 

steps behind the glass particles may still be 
discerned. Another interesting difference between 
the fracture surfaces shown in Fig. 7 is that the 
cracks propagating through the composites 
appear to be attracted to the equators of the 
particles for the glass-filled epoxy (Fig. 7a) and 
the hybrid-particulate composite (Fig. 7b), but 
more towards the poles of the particles in the 
hybrid-particulate composite containing silane- 
coated glass (Fig. 7c). This can be explained by 
considering the local stresses around the rigid 
glass particles in an epoxy resin under an applied 
stress. As the interracial adhesion between the 
particle and matrix is increased then the maxi- 
mum tensile stress moves from the equatorial 
regions to the poles of the particles [21-23]. 
Thus, propagating cracks will be attracted to the 
equatorial regions of the particles when the 
interracial adhesion is relatively low but towards 
the poles when it is higher, due for example 
to the use of a reactive silane-bonding agent. 
Finally, micrographs shown in Fig. 7 represent 
typical micrographs for low and moderate 
volume fractions of glass. At high volume frac- 
tions, tails or steps were rarely observed but, as 
commented previously [10, 11], the absence of 
such features does not necessarily mean that no 
pinning occurs. For example, such features will 
be obscured at high volume fractions due to the 
considerable overlap of secondary cracks. Also, 
at higher volume fractions the interacting stress 
fields may lead to premature debonding of the 
particles, and debonded particles are not effec- 
tive pinning sites. 

4. 1.2. Theory 
In the original work by Lange [17] an expression 
was derived relating the fracture energy G~o of 
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Figure 7 Scanning electron micrographs 
of fracture surfaces: (a) epoxy-glass 
(vf(glass) = 0.19) composite, test tempera- 
ture = -70  ~ C; (b) hybrid-particulate com- 
posite (vf(glass) = 0.12), test temperature = 
30 ~ C; (c) hybrid-particulate composite 
containing silane-coated glass particles 
(vf (glass (silane)) = 0.12), test temperature = 
- 70 ~ C. (Arrows indicate direction of crack 
propagation.) 

the composi te  to tha t  o f  the matr ix ,  GIc (matrix),  
th rough  the line energy T L per  unit  length of  
bowed  crack front.  By assuming that  the crack 
f ront  breaks  away  f rom the pinning posi t ions 
when it a t tains a radius  of  Ds/2, where Ds is 
the interpart icle spacing, Lange  obta ined  the 
relation 

Glc = G~(matr ix)  + 2 TL/Ds (3) 

4176 

However ,  this equa t ion  has been found [1, 7, 9, 
10] to be inadequate  to describe the crack- 
pinning mechanism.  Fo r  example,  the initial 
slopes of  plots o f  G~c against  D~ -~ are often a 
funct ion o f  the volume fract ion of  glass, and 
thus the value of  TL is not  invar iant  with particle 
size as suggested by Equa t ion  3. 

More  sat isfactory theoretical  models  have 
been derived by several groups  of  workers  [18, 



T A B L E  I I l  Predicted values of  a j a  m as a function of dp/D~ for particle-filled composites 

dp/D~ Non-interacting elliptical cracks 

Evans [18] Green et al. [20] 

Interacting elliptical cracks 

Evans [181 Green et al. [20] 

0 1.00 1.00 1.00 1.00 
0.25 1.85 2.02 1.19 1.19 
0.50 2.18 2.52 1.65 1.80 
1.00 2.55 3.05 2.23 2.52 
1.25 2.70 3.25 2.40 2.86 
2.00 2.90 3.75 2.75 3.52 

20] who have calculated from first principles the 
stresses required to propagate a crack through a 
matrix reinforced by an array of rigid particles. 
This was first undertaken by Evans [18] who 
demonstrated that the line-energy contribution 
is a major mechanism for rigid, impenetrable 
particles but that the value of TL is indeed a 
function of particle size and shape. Evans' 
analysis also enables the fracture strength of 
particulate composites to be predicted. The 
results are given in Table III where the ratio of 
the stress required to propagate a crack in the 
composite to the stress required for a crack in 
pure matrix, ~c/Gm, is given in terms of the ratio 
of the particle diameter to the interparticle 
separation, dp/Ds. Values are given for elliptical 
secondary crack fronts and for both the assump- 
tions of (i) no interactions between elliptical 
secondary cracks and (ii) crack interactions. 
Green et al. [20] have modified the Evans' analy- 
sis and, in particular, have taken into account 
the exact position of the secondary crack front 
when it breaks away from the pinning positions. 
They obtained a similar dependence of Gc/O'm 
with dp/Ds as Evans, as may be seen from Table 
III, but their analysis yields somewhat higher 
values of ar For a particulate composite and 
an unfilled polymer containing primary cracks 
of the same length then the ratio Go/am is equiv- 
alent to the ratio Kl~(composite)/Kio(matrix). 

From the above discussions and those in Sec- 
tion 3 it is already clear that the fracture of 
glass-filled epoxy polymers, especially of the 
hybrid-particulate composites, is complex with 
several toughening mechanisms operating. 
Therefore to ascertain whether the quantitative 
predictions of Evans [18] and Green et al. [20] 
adequately describe the contribution of crack 
pinning it is necessary to select values of Kr~ 
when contributions from other mechanisms are 
likely to be least important. Since crack-tip 

blunting arising from plastic deformation of the 
epoxy has already been identified as a main 
mechanism, then this implies that values of Kit at 
low temperatures, when the crack tip is relatively 
sharp, are the most appropriate. Thus values of 
the stress-intensity factor were deduced at low 
temperatures by either taking the value of the 
intersection of the initiation and arrest values 
(see Fig. 2) or, if stable growth had occurred, by 
taking the value at - 70 ~ C, i.e. the lowest tem- 
perature employed. 

Measured values of the ratio Kios(glass-filled)/ 
Kits(unfilled) are plotted against the ratio dp/Ds 
in Fig. 8, where the values of dp/D s were cal- 
culated from 

dp _ 3Vr (4) 
Ds 2(1 - Vr) 

The solid lines represent the theoretical expres- 
sions of Evans [18] and Green et al. [20] for 
interacting elliptical secondary cracks. As may 
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Figure 8 Variation of KIc ~ (glass-filled)/Kic~(Unfilled) with dp/ 
D s for the various composites. The solid lines are the theor- 
etical predictions of Evans [18] and Green et al. [20] for 
interacting elliptical cracks. ( x )  Epoxy glass, (/,) epoxy 
glass rubber, (A) epoxy glass (silane) Tubber. 
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Figure 9 Shape of the pinned crack front at breakway as a 
function of (interparticle separation)/(particle diameter), 
(DJdp). Points experimental; solid curve theoretical. 

be seen, the agreement between theory and 
experiment is good, with the three different com- 
posite systems following the theoretical predic- 
tions quite closely. In contrast, if the effect of 
plastic deformations around the crack tip caus- 
ing blunting had not been taken into account 
then the agreement would not have been so good. 

Finally, the theoretical work of Evans [18] and 
Green et al. [20] also enables the shape of the 
pinned crack front at breakaway to be calcu- 
lated as a function of the ratio of the interpar- 
ticle separation to the particle diameter (D,/dp). 
The results of the calculations are shown in Fig. 
9 and indicate that for high volume fractions of 
glass the crack shape at breakaway (defined by 
the ratio of the length of the minor axis of the 
elliptical crack to that of the major axis) tends to 
be semicircular, whilst for low volume fractions 
the crack front tends to remain straight. The 
experimental measurements of the crack shape 
at breakaway for various D,/dp values were 
taken from optical micrographs, such as that 
shown in Fig. 6, and are in good agreement with 
the theoretical calculations, as may be seen from 
Fig. 9. This again confirms the role of the crack- 
pinning mechanism and the general agreement 
with the model advanced by Evans [18] and 
extended by Green et al. [20]. 

4. 1.3. Interfacial adhesion 
Weak interfacial adhesion between the rigid 
particles and the matrix impairs the efficiency of 

the crack-pinning mechanism, since if particles 
become debonded they are ineffectual as pin- 
ning positions [19]. To improve the interfacial 
adhesion of the glass particles in the hybrid- 
particulate composites the particles were coated 
with a silane bonding agent (7-glycidoxypropyl- 
trimethoxy silane) which has been shown [24] to 
increase the interfacial adhesion between glass 
and epoxy resins. As may be seen from Figs. 3, 
4 and 5 and Table II, the main effect is to 
increase the fracture resistance of the hybrid- 
particulate composites at the highest test tem- 
peratures. Under these conditions the stress field 
at the crack tip acting upon the particles is very 
high, and particle debonding is therefore likely 
to occur and to impair the crack-pinning mech- 
anism. Evidence for the improved interfacial 
adhesion obtained when using the silane-coated 
glass particles is shown in Fig. 10. The scanning 
electron micrograph of the fracture surface of 
the hybrid-particulate composite containing 
silane-coated particles (Fig. 10b) reveals that the 
glass particles are more firmly bonded to the 
matrix polymer. Indeed, in some instances a 
layer of material containing rubber particles is 
clearly still bonded to the glass particle. Thus, 
the improved adhesion resulting from employ- 
ing the silane bonding agent appears to inhibit 
debonding at the highest test temperatures and 
so increases the efficiency of the crack pinning 
mechanism, thereby increasing the values of K,c 
and G~c for the hybrid-particulate composites 
under these conditions. 

Turning to the reasons for the maxima in the 
K~c against vr(glass) relations for the hybrid- 
particulate composite (Figs. 3b and c), then par- 
ticle debonding is again a possible cause. As 
stated above, the high K~c values at the higher 
test temperatures for the hybrid composites 
cause the glass particles ahead of the crack tip to 
be subjected to high stresses. At high volume 
fractions this will be amplified by interactions 
between the stress fields around particles, and 
could lead to particle debonding and a reduction 
in the contribution from crack pinning. This 
effect would be expected to be less for the silane- 
coated hybrid composites and, indeed, the maxi- 
ma in the K~c peaks are less pronounced for this 
material (see Figs. 3b and c). 

4. 1.4. Failure criterion 
Crack propagation in many glassy thermo- 
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Figure 10 Scanning electron micrographs of 
fracture surfaces: (a) hybrid-particulate com- 
posite containing uncoated particles; (b) 
hybrid-particulate composite containing 
silane-coated glass particles. (vf of glass = 
0.085; test temperature 50 ~ C.) 

plastic polymers is controlled by a critical crack- 
opening displacement criterion [1, 13]. It has 
also been shown that stable brittle crack 
propagation in thermosetting epoxy polymers 
is governed, to a first approximation, by this 
criterion until crack-tip blunting occurs and 
causes unstable propagation [6, 14]. 

Thus, for the particulate composites the 
relevant value of the crack-opening displace- 
ment 5to is given by 

K?os 6to - (5) 
E ayt 

where O'y t is the tensile yield stress. The value of  
K~r s was deduced as described above, and the 
values of  E and the compressive yield stress O-y c 
at the corresponding temperature were taken 
from previous work [12]; the corresponding 
value of  Oy t was calculated assuming O-yt /O 'y  c = 

0.75 as discussed previously [25]. 
In order to examine the validity of a constant 

5tc criterion for the particulate composites, K~os is 
plotted against (EO'yt) 1/2 in Fig. 11. As may be 

seen, linear relationships are obtained for both 
the glass-filled simple epoxy composite and the 
hybrid-particulate composites which yield values 
of •tc of  1.8 and 4.4 #m respectively. Thus, when 
crack pinning is a main mechanism the onset of 

./ 
6to = 4.4 gm / ~ x  

=l.8gm 
x x 

A 

o o'.s i.'o 1;s z.o 
(E(~y t)llz (GPQ) 

Figure 11 Variation of KIe s with (EO'yt) I/2 for the various 
composites: (x) epoxy-glass, (zx) epoxy glass rubber, (A) 
epoxy -glass(silane) -rubber. 
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crack propagation may be described by a con- 
stant crack-opening displacement. 

4.2. Localized plastic deformations 
4.2. 1. Introduct ion 
Many different mechanisms have been proposed 
[1] to explain the greatly improved toughness 
that may result when a thermosetting polymer 
possesses a multiphase rnicrostructure of dis- 
persed rubber particles. The recent mechanism 
proposed by Kinloch and co-workers [5, 6] best 
explains the experimental evidence and has 
received independent verification from the work 
of Yee and Pearson [26]. 

This mechanism proposed that the greater 
fracture resistance in the rubber-modified ther- 
mosetting polymers arises from a greater extent 
of energy-dissipating deformations occurring in 
the material in the vicinity of the crack tip. The 
deformation processes are (1) cavitation in the 
rubber, or at the particle/matrix interface, and 
(2) multiple but localized plastic-shear yielding 
in the matrix, initiated by the rubber particles. 

The localized cavitation of the rubber gives rise 
to the stress-whitening that often accompanies 
crack growth, especially at high temperatures, 
and is observed in the hybrid-particulate com- 
posites. Indeed, this cavitation of the rubber 
particles is also strikingly apparent in the scan- 
ning electron micrograph shown in Figs. 10 and 
12a, where the rubber particles appear as par- 
tially-filled holes following the cavitation mech- 
anism [5]. However, localized plastic-shear yield- 
ing is the main source of energy dissipation and 
increased toughness. It occurs to a far greater 
extent in the epoxy matrix of the rubber-modi- 
fied polymers, compared to the simple epoxy 
polymer, due to interactions between the stress 
field ahead of the crack and the rubber particles 
[5, 6]. This is evident by comparing Figs. 12a and 
b, which show fracture surfaces from tests con- 
ducted at 30 ~ C. There is little sign of plastic 
deformation in the matrix of the glass-filled 
simple epoxy composites (Fig. 12b), whilst there 
is considerable deformation in that of the 
hybrid-particulate composite (Fig. 12a), with 
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Figure 12 Scanning electron micrograph of 
fracture surfaces: (a) hybrid-particulate com- 
posite (vr(glass) = 0.12); (b) glass-filled sim- 
ple epoxy composite (vr(glass) = 0.19). (Test 
temperature = 30 ~ 



Figure 13 Optical reflection micrograph of  crack growth in a hybrid-particulate composite. (vf(glass) = 0.12; test tem- 
perature = 20 ~ 

clear signs of plastically deformed material 
along the ridges. Recently Yee and Pearson [26] 
have obtained direct evidence for such shear 
yielding from optical microscopy studies of 
thin sections of rubber-modified epoxy viewed 
between cross polars. Localized shear bands are 
birefringent, and these were clearly visible run- 
ning between rubber particles at an angle of 
about 45 ~ to the maximum principal tensile 
stress, i.e. in the direction of the maximum shear 
stress. Finally it should be noted that, as in these 
previous studies, none of the distinctive fracture- 
surface features associated with a crazing mech- 
anism was ever observed. 

Now, whilst the rubbery particles undoubtedly 
act as the main initiation sites for shear yielding 
in the matrix, the glass particles may also induce 
some extra shear deformations. Evidence for 
this role of the glass particles is shown in Fig. 13, 
which is an optical micrograph of a crack 
propagating through a hybrid-particulate com- 
posite. The large dark holes are where glass 
particles have been removed during polishing of 
the sample. The light circular regions are glass 
particles, but some show dark arcs at the poles 
where debonding has apparently occurred ahead 
of the crack tip. The rubbery particles appear as 
very small dark particles. It may be seen that 
many fine black lines connect the rubbery par- 
ticles in the vicinity of the crack, and tend to lie 
at an angle of about 45 ~ to the maximum prin- 
cipal tensile stress (which is of course perpen- 
dicular to the crack direction) and therefore are 
indicative of plastic-shear bands. That they are 
indeed shear bands, rather than surface micro- 
cracks, was confirmed by examination of the 

specimens in the scanning electron microscope. 
The plastic-shear bands develop under constant 
volume deformation, which gives rise to furrows 
in the surface. These scatter the light in the 
optical microscope and the shear bands 
therefore appear as dark lines. The dark lines 
appear not only to be associated with the rub- 
bery particles but also, to some extent, with the 
glass particles. Thus, the local stress concen- 
trations introduced by the glass particles appear 
to assist in initiating shear deformations in the 
matrix. Hence the glass particles may increase 
the toughness by this mechanism as well as 
through the crack-pinning mechanism, and the 
former mechanism would be expected to be 
more significant at higher test temperatures 
when the yield stress of the matrix is relatively 
low. 

4.2.2. Crack-tip blunting 
A toughening mechanism which involves plastic- 
shear deformation highlights the importance of 
determining the yield behaviour of the com- 
posites [12] and of ascertaining the effect of such 
deformations on the extent of crack-tip blunting. 

The value of the crack-opening displacement 
•tc obviously reflects the degree of crack-tip 
blunting, and values were therefore calculated 
using 

6t~ - (6) 
Eo-y t 

where the respective values of K~c, E and oyt 
correspond to the test temperature, of interest. 
Values of 6tc are shown as a function of tem- 
perature for a hybrid-particulate composite in 
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Figure 14 Crack opening displacement 6t~ at the onset of 
crack growth as a function of temperature for a hybrid- 
particulate composite (vf(glass (silane)) = 0.12): Type C, 
stable brittle crack propagation; Type B, unstable brittle 
crack propagation; Type A, stable ductile propagation. 

Fig. 14, and the types of crack propagation 
observed are also indicated. The dependence of 
6t~ upon temperature and the transitions from 
Type C to Type B to Type A crack propagation 
with increasing temperature are typical of the 
behaviour of all the composites studied. The 
values of 6,r increase with increasing tem- 
perature and this clearly demonstrates that the 
extent of localized plastic deformation and the 
associated crack-tip blunting increases steadily 
as the yield stress falls. This confirms the 
explanation offered for the crack-propagation 
behaviour in Section 3.1.1. 

Now the relationship between fracture tough- 

3 i 
High test Low test 

temperatures temperatures 

2 x 
A 

�9 x= 
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0 7'5 150 %t(MPQ) 
Figure ]5 Relation between Klc/Kt~ ratio, tensile yield stress, 
crty and type of crack growth for the hybrid-particulate com- 
posites containing silane-coated glass particles. Values of 
vf(glass (silane)) as follows: (n) 0, (o) 0.036, (x )  0.085, (zx) 
0.012, (v) 0.016, (A) 0.2% Type A, stable ductile propaga- 
tion; Type B, unstable brittle propagation; Type C, stable 
brittle propagation. 
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ness, type of crack growth and yield behaviour 
may be expressed in a more quantitative manner 
by normalizing the measured values of the 
stress-intensity factor K~c at the onset of crack 
growth by K~s, i.e. the sharp crack-tip value. 
The ratio of KIc/K~r is shown plotted against the 
corresponding tensile yield stress Oy t for the com- 
posites in Fig. 15. The results show a good cor- 
relation between toughness, the type of crack 
growth and the yield stress. This emphasizes the 
importance of localized plastic deformation in 
increasing the toughness, especially at higher 
temperatures. 

4.2 .3 .  T h e o r y  a n d  fa i lure  cr i ter ion  
Previous theoretical analyses [15, 16, 27] have 
considered the stress distribution around a crack 
radius e, and demonstrated that the ratio K,c / 
K~cs may be expressed by 

K,c _ (1 + e/2c) 3/2 (7) 

Kits (1 + e/c) 

where Kits is given by 

K,c ~ = ate (2=c) 1/2 (8) 

These relationships also indicate that the onset 
of crack growth is governed by a failure criterion 
based upon the attainment of a critical stress ate 
acting over a certain distance c ahead of the 
crack tip. This expression has been found 
previously to represent a good quantitative des- 
cription of the crack blunting mechanism and to 
provide a unique failure criterion, i.e. constant 
values of ate and c are observed over a wide 
range of test conditions. 

Values of K~r162 are plotted agains e ~/2 for 
various particulate composites in Fig. 16. In 
accordance with previous work [15], values of 
the crack-tip radius Q at failure were deduced by 
assuming the value of O to be equivalent to the 
crack-opening displacement arc. The experi- 
mental data agree extremely well with the 
theoretical expression (Equation 7), establishing 
that the values of at~ and c are constant over the 
wide range of test temperatures employed. How- 
ever, at high values of Klc/KIr (i.e. at high test 
temperatures) the experimental results fall 
somewhat below the theoretical curve in some 
instances. As discussed earlier, this may arise 
from debonding of the glass particles under 
these conditions. This explanation is supported 
by the observation that such discrepancies 
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Figure 16 Klo/Kic ~ ratio against Q1/2. Points experimental; full curve theoretical relation f rom Equat ion  7. (a) Glass-filled 
composite  (vf(glass) = 0.19); ate = 470; c = 1.4#m. (b) Hybrid-part iculate composite  (%(glass) = 0.12); crtc = 405 MPa,  
c = 2.8/~m. (c) Hybrid-part iculate composite  (vf(glass (silane)) = 0.12); ate = 425 MPa,  c = 2.4/1m. 

between experiment and theory occur more 
frequently for the uncoated-glass hybrid com- 
posites and at high values of %(glass); debonding 
is most likely to result under these conditions. 

The experimental data, such as that shown in 
Fig. 16, together with Equations 7 and 8 yield 
values of at~ and c for each composite. The 
values of ate typically lie between 400 and 
600MPa, with the values increasing with 
increasing vf(glass) and being highest for the 
epoxy-glass composite. Thus, as noted pre- 
viously [15], the values of at~ may be interpreted 
as a constrained yield stress and are generally 
lower for the tougher materials. The values of c 
are typically of the order of a few micrometres 
and are significantly higher for the tougher hy- 
brid-particulate composites, but are almost in- 
dependent of vr(glass). Finally, since these par- 
ameters ato and c are indeed constants for any 
given composition they do provide a unique 
failure criterion over the complete range of test 
temperature. 

Thus, at low test temperature when crack pin- 
ning is a major mechanism, a single-parameter 
failure criterion is sufficient to describe the onset 
of crack growth. Furthermore, this mechanism 
appears to be strain-controlled, since a constant 
crack opening displacement is applicable. How- 
ever, at higher test temperatures, crack tip 
blunting occurs due to extensive localized plastic 
deformation and a two-parameter failure cri- 
terion is now required. This mechanism appears 
to be stress-controlled, since it requires a critical 
stress level to be attained over a critical distance 
ahead of the crack. 

5. C o n c l u s i o n s  
The fracture behaviour of particulate-filled 
epoxy polymers has been examined and the 
following conclusions may be drawn: 

1. Both rigid glass particles and rubbery par- 
ticles may increase the toughness of a thermo- 
setting epoxy polymer, but the latter type of 
dispersed phase has by far the greatest effect. 

2. The addition of glass particles to an epoxy- 
rubber matrix, to give a hybrid-particulate com- 
posite, may significantly increase the toughness 
of the rubber-modified epoxy. At high test tem- 
peratures the value of K~c passes through a maxi- 
mum as the volume fraction of glass particles is 
increased. This occurs at a vf (glass) of about 0.1. 
This maximum is suggested to be a result of the 
glass particles debonding when higher volume 
fractions of glass are employed. 

3. For the hybrid-particulate composites the 
maximum in the value of the fracture energy G~ 
at a vf(glass) of about 0.1 is more pronounced, 
due to the modulus also increasing with increas- 
ing volume fraction of glass. At a value of 
vf(glass) of about 0.1 the hybrid-particulate 
composites possess much higher fracture ener- 
gies than the solely rubber-modified epoxy. 

4. If the interfacial adhesion between the glass 
particles and the matrix is increased by using a 
reactive silane bonding agent, then the peak 
values of K~ (and G~) for the hybrid-particulate 
composites are further raised. This observation 
obviously supports the above explanation for 
the KIo against vf(glass) relation. 

5. The glass particles mainly increase the 
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crack resistance by a crack-pinning mechanism. 
This represents a major contribution at the low- 
est test temperature, when a critical crack-open- 
ing displacement criterion may be applied. 

6. The rubber particles increase the toughness 
by greatly enhancing the extent of plastic-shear 
deformations in the epoxy polymer at the crack 
tip, due to interactions between the stress field 
ahead of the crack and the rubbery particles. 
This leads to severe crack-tip blunting and can 
readily explain the temperature dependence of 
both the measured K~c values and the observed 
type of crack propagation. The crack-tip blunt- 
ing mechanism may be described by a failure 
criterion which proposes that crack growth 
occurs when a critical stress is achieved over a 
critical distance ahead of the crack tip. 
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