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The use of structural core/shell latex particles as toughening agents provides a model system which allows 
independent control of several key factors that influence the fracture toughness of modified plastics. This 
paper focuses on varying the shell composition of poly(butadiene-co-styrene) [P(B-S)] core/poly(methyl 
methacrylate) (PPMA) shell particles by incorporating acrylonitrile (AN) comonomer into the PMMA shell 
at various AN/MMA ratios and by crosslinking of the shell at various AN/MMA ratios. It was found that 
the degree of particle dispersability in the epoxy matrix can be precisely controlled by the AN content in the 
PMMA shell and by crosslinking the PMMA in the shell. It was also found that the degree of particle 
dispersability plays a crucial role on the fracture toughness of the modified epoxies. A microclustered 
morphology provides a much higher toughness than a uniform particle distribution. Copyright © 1996 
Elsevier Science Ltd. 
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I N T R O D U C T I O N  

The role of  rubber/matr ix interface on the fracture 
toughness of  modified plastics has been a controversial 
issue. The rubber/matrix interface can be varied in terms 
of  interfacial bonding force, thickness, flexibility and 
composition. However, it is difficult to assess exactly how 
these changes in the rubber/matr ix interface will effect 
the toughening mechanisms. The main toughening 
mechanisms operating in a rubber-toughened epoxy are 
internal cavitation of rubber particles and shear yielding 
in the matrix, which is believed to be promoted by the 
cavitation of the rubber particles 1-5. Obviously, this 
internal cavitation of rubber particles would require a 
minimum amount  of  interfacial adhesion between rubber 
particles and epoxy matrix. It was believed that the 
chemical bonding between rubber particles and epoxy 
matrix is essential to the toughening of  epoxies for a 
carboxyl terminated butadiene acrylonitrile (CTBN)- 
toughened epoxy system 1,6. However, a recent study by 

7 Huang et al. found that interfacial bonding between 
rubber and epoxy matrix was not important.  In their 
study, the rubber/epoxy interfacial bonding was varied 
by controlling the number  of  carboxyl terminated groups 
in a CTBN rubber. They found that there was a 
competit ion between internal cavitation of rubber 
particles and debonding of  the rubber particles from 
epoxy matrix. When the interfacial adhesion was 
sufficient, the rubber particles cavitated internally 
during the fracture; when the interracial bonding was 
poor,  the rubber particles debonded interfacially from 
the matrix. However,  the fracture toughness of  the 

§ T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  add re s sed  

modified epoxies in these two cases were nearly identical. 
The same results were found in other rubber-toughened 

8 9 plastic systems, such as nylons and polycyanate . 
10 Chen and Jan studied the effect of  thickness and 

flexibility of  rubber/epoxy interface on the fracture 
toughness by end-capping of  CTBN rubber with rigid 
and flexible epoxy end-groups, respectively. They found 
that the fracture energy of the modified epoxy was 
dramatically increased up to 2.4 times when the system 
contained a wider and more flexible interface. Further 
investigation on the underlying mechanisms have shown 
that the degree of the internal cavitation of the rubber 
particles significantly increased as the rubber/epoxy 
interfacial zone changed from rigid and narrow to 
flexible and wide. The explanation for this phenomenon 
was that the size and deformability of  the interfacial zone 
directly affected the triaxial tension around the rubber 
particles which induced the cavitation of the rubber 
particles. 

An important  feature of  using core/shell particles as 
toughening agents for epoxies is the role of  the 
particle/epoxy interface. Compared  to conventional 
CTBN-toughened system, in which rubber particles 
are directly surrounded by epoxy matrix, a discrete 
interface is introduced between the particles and the 
epoxy matrix by the shell polymer of  core/shell 
particles. The architecture of  this interface can be 
well-controlled by varying the shell compositions and the 
thickness of  core/shell particles by emulsion polymeriza- 
tion techniques, so that the role of  particle/epoxy 
interface on toughening of epoxies can be investigated 
systematically, maintaining the rubbery core unchanged. 
The effect of  shell composition of core/shell particles on 
toughening of epoxies has been studied by several 
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investigators. However, the results are conflicting. Sue 
and co-workers II found that introducing glycidyl 
methacrylate (GMA) into the shell of  core/shell particles, 
which provided chemical bonds at the particle/epoxy 
interface, had no influence on the toughening; while 
incorporating AN into the shell improved the dispers- 
ability of  particles in the epoxy matrix, and increases 
fracture toughness of  the modified epoxies. While Henton 
et al.12 concluded that the covalent bonding introduced at 
the rubber/epoxy interface was very crucial to the 
toughening'. In our previous paper 13, we have shown 
that incorporating both AN and G M A  did not improve 
the toughness of  the modified epoxies. Also, it was found 
that incorporating AN into the shell polymer significantly 
affected the degree of particle dispersability which directly 
influenced the final toughness of  the epoxies. 

This work further investigates the effect of rubber/ 
matrix interface on the toughening of epoxies by 
systematically varying the amount  of  AN in the 
P M M A  shell of  the core/shell particles and by cross- 
linking of the shell at different AN contents in the 
PM M A shell. Therefore, the rubber-matrix interface was 
systematically varied in terms of physical interaction, 
extent of  interaction and rigidity of  the interface. The 
degree of particle dispersability in the epoxy matrix was 
characterized using scanning electron microscopy (SEM) 
and the corresponding toughening mechanism was 
examined using atomic force microscopy (AFM). The 
results indicate that the degree of particle dispersability 
plays a crucial role on the toughening of epoxy. A 
microclustered morphology provides a much higher 
toughness than a uniform morphology.  The toughening 
mechanisms in these systems were found to be the 
internal cavitation of  the rubber phase and shear yielding 
of the epoxy matrix. 

E X P E R I M E N T A L  

Materials 

The materials used in preparation of P(B-S) core/ 
PMMA-based  shell particles, including monomers,  
surfactant and initiators, were listed in the previous 
paper 13. A brief description of the synthesis of  these core- 
shell latex particles is given below. The epoxy matrix 
consisted of diglycidyl ether of  bisphenol-A epoxy resin 
(DER '~' 331, Dew Chemical Co.). The epoxy resin was 
cured with piperidine (Fischer) to produce a lightly 
crosslinked polymer. 

Preparation and characterization o/ core/shell latex 
particles 

Uniform P(B-S) core/PMMA-based shell particles 
were prepared by a seeded emulsion polymerization in 
a semi-continuous process. The uniformity of  the core/ 
shell morphology of the particles was examined using a 
transmission electron microscope (TEM). 

The glass transition temperatures (Tg) of  the core/shell 
particles with various shell composition were measured 
using both differential scanning calorimetry (d.s.c.) and 
dynamic mechanical spectroscopy (DMS). The samples 
for d.s.c, measurement were prepared as follow: The 
core/shell latex particles were cleaned with DDI  water 
for two weeks using a serum replacement and freeze- 
dried. The d.s.c, traces were recorded in a Mettler TA 
3000 at a heating rate of  10~Cmin I in a temperature 

range of 130 to 15OC. For the DMS analysis, films of 
the dried core/shell particles were formed in a com- 
pression mould under a force of 1.8kN and at a 
temperature of  140°C for 25min. The dimension of the 
film was 60 × 10mm × 1 mm. The dynamic mechanical 
properties of  the films were measured with a Rheometrics 
RDA-II  at a frequency of 7.6 rad s I and a heating rate 
of  3 C m i n  1 over the same temperature range as for 
d.s.c, measurements. 

Preparation and mechanical evaluation of rubber- 
mod(#'ed epoxies 

The synthesized P(B-S) core /PMMA shell latex 
particles were freeze-dried to ensure that the particles 
did not segregate during the drying process. Then the 
dried core/shell particles were dispersed into the epoxy 
using a mechanical stirrer. The detailed procedures and 
conditions were described in a previous paper ~3. 

The fracture toughness of  the modified epoxies was 
measured according to the ASTM D5045-91 protocol. 
The critical stress intensity factor Kic was determined 
using a single-edge-notched type specimen (6 .4mm× 
12.7ram × 80ram) in a three-point bending geometry 
(SEN-3PB). The tests were performed using an Instron 
1011 test machine equipped with a 100 lb load cell. The 
crosshead rate was 1 mm m i n t .  The measurements were 
repeated on a minimum of five specimens to ensure 
accuracy. Tensile properties were measured according to 
the ASTM D638 guideline. 

Fractograph)' 
The degree of particle dispersability in the epoxy 

matrix and toughening mechanisms were characterized 
by SEM and A F M  of the fracture surfaces of  SEN-3PB 
specimens. Three different deformation regions which 
were formed under different deformation conditions in 
the SEN-3PB test were examined. They are pre-crack 
region, slow crack growth region (stress-whitened-zone), 
and fast crack growth region, as schematically represented 
in Figure 1. The matrix and the rubber particles are 
deformed the most in the slow crack-growth region and 
less deformed in the pre-crack and fast crack-growth 
regions. 

The SEM examinations were performed in a Joel 6300 
scanning electron microscope at an accelerating voltage 
of 5 kV. Samples were coated with a thin layer of  gold 
palladium to reduce any charge build-up on the surfaces. 
The thicknesses of the Au-Pd  coatings were approximately 
around 0.5 nm. 

Notch 

Pre-crack Slow crack-growth Fast crack-growth 
region region 

Figure ! Schcmatic representation of three different deformation 
regions formed in a SEN-3PB test 
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Figure 2 D.s.c. scans of 50/50 by wt P(B-S) core /PMMA shell particles 
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Figure 4 D.s.c. scans of 50/50 P(B-S) core /PMMA shell ~articles with 
5% by wt DVB in shell and without the crosslinked shell 
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Figure 3 DMS of 50.,/50 by wt P(B-S) core /PMMA shell particles with 
various AN content in P M M A  shells: tan 6 as a function temperature 

The AFM examinations were performed using a Park 
Autoprobe CP AFM of  optical deflection type in a 
contact (repulsive) mode, in which the tip was always 
touching the surfaces when the feedback loop was on. No 
further sample treatment was needed. The line profiles of 
the fracture surfaces were generated on the scanned 
images to measure the diameter and the height of the 
cavities. 

RESULTS AND DISCUSSION 

Tg and modulus of core/shell particles 

The glass transition temperature (Tg) and the shear 
moduli of  the synthetic core/shell particles were 
examined using differential scanning calorimetry (d.s.c.) 
and dynamic mechanical spectroscopy (DMS). The 
d.s.c, scans of the P(B-S) core/PMMA-based shell 
particles with various A N / M M A  ratios in the shells 
are shown in Figure 2. The core/shell particles exhibit 
two Tgs. The first Tg located around -65°C corresponds 
to the Tg of  the P(B-S) copolymer cores, and the 
second Tg located around 95°C corresponds to the Tg of 
the P(MMA-AN) copolymer shells. The Tgs of the 
P(B-S) cores remained nearly unchanged, while the Tgs of 
the P(MMA-AN) shells decreased with the increase of 
the AN content in the PMMA shells, which agreed 
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Figure 5 DM A of 50/50 by wt P(B-S) core /PMMA shell particles with 
various AN content in P M M A  shells: G ~ and G" as a function of 
temperature 

with the compositions of the P(MMA-AN) 
copolymers 14'15. This result was confirmed by the 
dynamic mechanical analysis of the films formed from 
the corresponding core/shell particles, as shown in 
Figure 3, where the Tgs are indicated by tan 6 (i.e. G~/G'). 
These results suggest that a proper amount  of AN 
comonomer had been incorporated into PMMA shell 
without influencing the composition of P(B-S) cores. The 
d.s.c, scans of the P(B-S) core/PMMA shell particles with 
and without a crosslinked shell are displayed in Figure 4. 
Crosslinking the shell simply increased the Tg of the 
PMMA shell, but did not affect the Tg of the P(B-S) 
cores. 

The storage moduli (G') and loss moduli (G ' )  of 
P(B-S) core/PMMA shell particles with various AN/ 
MMA ratios as a function of the temperature are shown 
in Figure 5. The P(MMA-AN) shell copolymers exhibit a 
stronger glass transition drop in G' than expected from 
the overall ratios of core/shell materials, and P(B-S) seed 
copolymers yield a corresponding weaker transition. The 
strong drop in G t suggests the formation of a continuous 
rigid phase [i.e. P(MMA-AN)] with soft inclusions [i.e. 
p(B_S)]16 18, which only can be formed by the 
coalescence of particles with full coverage of the shell 
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Table 1 Effect of A N / M M A  ratios in PMMA shell of P(B-S) core.' 
P M M A  shell latex particles on the mechanical behaviour of the 
modified epoxies 

A N / M M A  wt ratio Klc (MPa m if-') E (GPa) cry (MPa) 

0/100 2.69 ± 0.02 2.7 64.7 
2.5/97.5 2.57 5- 0.05 2.7 64.4 
5/95 2.67 5_ 0.05 2.5 61.2 
7.5/92.5 2.57 -t- 0.07 2.7 64.5 

10/90 2.57 + 0.02 2.9 66.1 
15/75 2.20 ± 0.06 2.8 69.3 
25/75 2.21 ±0 .05  2.8 66.1 
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2.0 ................. -'~ ........ - ' - ' - '~* ............. 2"--": ..................................... 

.. / .  
e, CTBN-epoxy 
~, 1.5. . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

i Neat epoxy 

1 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.5 
0 5 l0 15 20 25 

AN content  (wt %) 

Figure 6 The effect of AN content in PMMA shell in P(B-S) core, 
P M M A  shell latex particles on the fracture toughness (Kit)  of the 
modified epoxies 

material onto the core materials. The loss modulus (G") 
peak for P(B-S), which can be used as indicator for 
stiffness of  the core materials 16, remain unchanged for 
various A N / M M A  ratios, indicating that variation in the 
shell composition does not interfere with the properties 
of  P(B-S) cores. 

Mechanical behaviour of modoqed epoxies 
The shell compositions of P(B-S) core /PMMA based 

shell particles were systematically varied by incorporat- 
ing AN at various A N / M M A  ratios and by crosslinking 
of the shell at various A N / M M A  ratios. AN was 
expected to increase physical interaction between the 
particles and the epoxy matrix due to its higher 
polarity is, 19. Crosslinking of the shell has several effects: 
(1) increase the number  of  chemical bonds within the 
shell polymers; (2) reduce chain mobility of  the shell 
molecules; (3) increase rigidity of  the rubber/epoxy 
interface. 

Effect of AN/MMA ratio. Table 1 and Figure 6 display 
the effect of  A N / M M A  ratios in the P M M A  shell on the 
mechanical behaviour of  the toughened epoxies. 
Incorporat ion of AN into P M M A  shell did not increase 
the Kic values. The Klc values of  the epoxies slightly 
decreased with the increase of  AN content up to 10%, 
and dropped off significantly between 10 and 15% AN 
content, then remained unchanged with a further increase 
in the AN content up to 25%. The fracture toughness of  
the epoxies exhibited a transition point between 10 and 
15% AN content in the P M M A  shell, and the decreases 
in Klc values at the transition point were around 
0.5 MPa m I/2. 

Table 2 EffEct of crosslinking of shell of P(B-S) core/PMMA shell 
latex particles on mechanical behaviour of the modiiied epoxies 

Crosslinking K c ~ E cry 
A N M M A  w t  ratio of shell (MPam " - )  (GPa) (MPa) 

0 /100  N o  2.69 : 0 .02 2.7 64.7 
Yes 2.49 = 0.04 2.7 68.1 

10/9(/ No 2.57 : 0.02 2.8 66.1 
Yes 2.30 : 0.07 2.9 66.8 

25/75 No 2.21 : 0.05 2.8 66.1 
Yes 2.13 = 0.04 2.9 70.1 

3.0 
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Figure 7 The effect of crosslinking of the shell on the fracture 
toughness of the modified epoxies 

The decrease in fracture toughness with AN content in 
the shell polymer was not expected. It has been reported 
that, for the CTBN-toughened epoxy system, the role of  
AN is to adjust the solubility of  the liquid-rubber 2° 23 
which controls the miscibility between the liquid rubber 
and epoxies. The final size of  the rubber domains is 
directly determined by the rubber/epoxy miscibility and 
an opt imum AN content exists for the fracture toughness 
of  CTBN-modified epoxies. For a core/shell particle- 
modified epoxy system, it was also found that introduc- 

/ ing AN into the shell of  core/shell particles improved the 
dispersability of the particles in epoxy matrix and led to a 
decrease in fracture toughness of  modified epoxies. 

Effect of crossfinking of shell. The effects ofcrosslinking 
of the shell on the mechanical behaviour of the modified 
epoxies are illustrated in Table 2 and Figure 7. Crosslink- 
ing of the shell reduced the fracture toughness of the 
modified epoxies for all the A N / M M A  ratios, in the 
case of  particles containing a lower AN content (0 and 

11 I'~ 5%), the Kit values dropped about 0.2 MPa m -, while 
in the case of  the particles having a higher AN content 
(25%), the Kic value was decreased only about 
0.1 M P a m  I/'-~. Therefore, the effect of  AN content on 
the fracture toughness of  blends containing particles 
with crosslinked shell was minimal. 

Degree qf particle dispersabilit 3, in epox)' matrix 

E~i'ct o/A N/NMA ratio. The effect of the A N / M M A  
ratio on the degree of dispersability of  the particles in the 
epoxy matrix is significant. Figure 8 shows the scanning 
electron micrographs of the fracture surface of epoxies 
toughened with core/shell particles with various 
A N / M M A  ratios in the shells. An increase of AN content 
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Figure 8 Scanning electron micrographs of the fracture surfaces of the epoxies toughened with P(B-S) core/PMMA-based shell particles with various 
AN/MMA ratios in the shells 

in P M M A  shell improved the degree of dispersability of  
particles in the epoxies. At lower AN concentrations 
(10% or less), micro-segregation of the particles was 
observed, as shown from Figure 8; while at high A N  con- 
centrations (15% or more), a uniform distribution of 
rubber particles was achieved, as illustrated in Figure 8. 
Furthermore,  for the cases where the microclusters 
were formed, the size of  these clusters decreased 
approximately from 5 to 1 #m, as the AN content 
increased from 0 to 10%. Transition point from micro- 
segregation morphology to a uniform distribution was 
found to be between 10 and 15% A N  content. This series 
of  experiments clearly demonstrated that the function of 
the A N  in the P M M A  shell is to increase the degree of 
dispersability of the core/shell particle in the epoxy matrix. 

It was expected that the improvement  of  dispersability 
would increase the fracture toughness ~. Surprisingly, 
the results in this work showed an adverse effect, as listed 
in Table 1. The morphology with largest microclusters 
showed the highest toughness (low AN content in the 
shell); while those with very uniform particle dispersion 
show the lowest toughness (high AN content). More- 
over, the transition from a micro-segregated to a uniform 
dispersion corresponds to that of  a significant drop in the 

fracture toughness of  the epoxies. This clearly demon- 
strated the importance of the degree of dispersability of  
the particles in the epoxy matrix on the toughening of  the 
epoxies. The micro-segregation of particles in the epoxy 
matrix appears to be desirable to achieve higher fracture 
toughness. 

Effect of crosslinking of shell. Figure 9 shows the scan- 
ning electron micrographs of the fracture surfaces of  the 
epoxies toughened with the core/shell particles with and 
without crosslinked shells at various A N / M M A  ratios. 
The degree of particles dispersability in the epoxy matrix 
was increased by crosslinking of the shell, especially in 
the case of  particles containing 10% AN content in the 
shell, where the crosslinking of the shell resulted in a 
much more uniform dispersion in the matrix, as 
illustrated in Figure 9. This effect on the particle 
dispersed morphology by crosslinking of the shell can 
be attributed to the rigidity of  the shell. 

Two factors were varied simultaneously by crosslinking 
of the shells, i.e. degree of  the particle dispersability in the 
epoxy matrix and interfacial structure between the rubber 
particles and epoxy matrix. In the cases of  particles 
containing a lower AN content in the shell (0 and 10%), 

POLYMER Volume 38 Number 1 1997 25 



Dispersed phase morphology and epoxy toughening. J. Y. Qian et al. 

Figure 9 Scanning electron micrographs of the fracture surfaces of the epoxies toughened with P(B-S) core/PMMA shell particles with and without 
crosslinked shells 

crosslinking of the shell significantly increased the degree 
of particle dispersability, and resulted in lower fracture 
toughness, as shown in Table 2. This is believed to be 
mainly due to particle dispersability factor, i.e. blend 
morphology, in the case of  the particles containing a 
higher AN content (25%) where particles were uniformly 
distributed in the epoxy matrix, crosslinking of the shell 
also slightly reduced the fracture toughness. This 
suggests that besides the dispersion morphology,  the 
final fracture toughness of  the epoxies may be weakly 
dependent upon the structure of  the rubber/epoxy 
interracial zone. Crosslinking of the shell suppressed 
the interdiffusion and entanglement of  the polymer 
chains between the shell materials and the epoxies and 
increased the rigidity of  the shell, and as a result, 
modestly decreased the fracture toughness of  the epoxies. 

De/brmation mechanism 

S E M  examination, it is quite noticeable in Figures 8 
and 9 that there are significant differences in the level 
of  roughness at the fracture surfaces of  the epoxies. In 
the cases where the particles were severely segregated, a 

more rough 'valley-like' pattern was observed, indicating 
the epoxy matrix was deformed more severely; while in 
the cases where the particles were less segregated or 
uniformly distributed in the epoxy matrix, a more 
smooth 'river-like' pattern was found, indicating the 
epoxy matrix was less deformed. Furthermore, the 
roughness of  the fracture surface was increased with 
the decrease of the degree of the particle dispersability 
in the epoxy. Higher roughness of the fracture surfaces 
corresponded to a higher fracture toughness of  the 
epoxies. This observation supports the toughening 
mechanisms which have been proposed by many 
investigators ~ 5 that the main toughening mechanism 
which consumes the most energy is shear yielding of 
the matrix. 

A F M  examination. Atomic force microscopy has 
several advantages over SEM and TEM: (1) high 
sensitivity in the Z-direction, which can be used to 
provide accurate height information; (2) ability to dif- 
ferentiate materials by their frictional imaging. AFM 
was used to provide information on the cavitation and 
subsequent dilation of the matrix. 
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Figure 10 Atomic force micrographs of the fracture surface of the epoxies modified with P(B-S) core/P(MMA-AN) (75/25) shell particles without 
crosslinked shells: (A) in slow crack-growth region; (B) in fast crack-growth region 
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Figure 11 Atomic force micrographs of the tYacture surface of the epoxies modified with P(B-S) core/P(MMA-AN) (75,'25) shell particles with 
crosslinked shells: (A) in slow crack-growth region: (B) in fast crack-growth region 
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Table 3 Cavitation of  rubber particles in two different deformation regions in modified epoxy 

Particle size (nm) a Cavity size (nm) 

Shell composit ion Dc b Dc/s b Ds ~ Dvc Cavitation d (%) 

P (MMA-AN)  84.3 100.7 199 154 136 
(75/25) 

P ( M M A - A N  -DVB) 84.3 100.7 217 174 157 
(70/25/5) 

Measured by TEM 
b Dc = core size; Dc/s = core/shell particle size 
' Ds = cavity size in the slow crack-growth region; D F = cavity size in fast crack growth region 
d Degree of matrix dilation was calculated using the following equation: (Ds - De)De  × 100% 

Pla 

(a) Uniform particle dispersed (b) Micro-clustering morphology 
morphology 

Figure 12 Schematic diagram of  the plastic zone in the modified epoxy 
with (a) a uniform particle dispersed morphology and (b) a micro- 
clustering morphology 

Two different fracture regions were examined: the 
slow crack-growth region and fast crack-growth 
region. The most intense deformation of  the particles 
and the epoxy matrix occurred in the slow crack- 
growth region. The particles and epoxy matrix were 
less deformed in the fast crack-growth region. Epoxy 
systems in which the particles were uniformly distrib- 
uted in the epoxy matrix were chosen to be studied in 
order to avoid the complexity caused by the clustering 
of  the particles and roughness of  the epoxy fracture 
surface, i.e. the cases of  the epoxies toughened with the 
core/shell particles containing highest AN content in 
P M M A  shell (25%). 

Figures 10 and 11 present the atomic force micro- 
graphs of  the fracture surfaces of  these epoxies modified 
with the particles without and with crosslinking of the 
shells, respectively. The rubber particles were internally 
cavitated in all the cases. The sizes of  the cavitation of the 
rubber particles were measured from the line profiles, 
and results are listed in Table 3. The cavity diameters 
were in the range of 200 220nm in the deformation 
zone, and so the degree of  the matrix dilation exceeded as 
high as 150%. Comparison of  the cavity sizes between 
the two different fracture regions reveals that the sizes of 
the cavities in the whitened zones (slow crack-growth 
zones) were much larger than that in the fast fracture 
zones. This indicates that the dilation of  the matrix is 
directly influenced by the cracking speed. It should be 
noted that the cavitation of  the rubber particles is 
necessary to initiate the shear yielding of the epoxy 
matrix and subsequent plastic dilation. 

Mechanical rationale 

So far, we have demonstrated that micro-segregation 
of  particles in the epoxy matrix provided a higher 

fracture toughness of  the modified epoxy. Similar effects 
have also been addressed by several investigators who 
claimed that a co-continuous structure or an inter- 
connected morphology in a two-phase system resulted in 
higher fracture toughness. Several mechanical rationales 
have been proposed to explain this phenomenon. Some 
investigators attributed this higher fracture toughness 
to the effect of the particles s i ze  24-29. In their opinion, 
the co-continuous morphology simply acts like a 
larger particle, and therefore, it has a higher bridging 
efficiency than those of discrete particles. On the other 
hand, Wu and coworkers 3°-34 applied the percolation 
concept to the rubber-toughened nylon system and 
predicted that the network morphology was more 
effective to the toughness than the discrete spherical 
particles: flocculation to form isolated clusters of the 
particles was harmful to toughening, while flocculation 
to form interconnected rubber-particle network was 
beneficial. Therefore, they concluded that the higher 
fracture toughness provided by the interconnected 
rubber-particle network was due to its lower percolation 
threshold. Yamanaka et al. 35 were able to vary the 
morphology of the CTBN-modified epoxy system 
from a discrete to an inter-connected morphology by 
manipulating the rate of phase-separation and the 
curing. They have shown that the epoxy with a 
co-continuous structure exhibited an excellent damping 
efficiency and high peel strength, and predicted that the 
shear yield resistance of the epoxy might be enhanced by 
the co-continuous morphology. A schematic diagram 
explaining the advantages of microsegregation is 
represented in Figure 12. 

We propose the following rationale. Cooperative 
cavitation of  the particles in the front of crack tip 
forms due to the co-continuous clustering morphology of 
the particles in the epoxy matrix; while in the case of the 
epoxy with a uniform dispersed morphology, a more 
random and less coordinated cavitation of  the particles is 
found. The size of the plastic zone in the modified epoxy 
with a clustered, co-continuous morphology can be 
much larger than that of the epoxy with a uniform 
particle dispersed morphology due to the stress field 
overlapping of  adjacent particles, which results in a 
deeper penetration of the plastic zone into the elastic 
epoxy matrix. Since the plastic zone can grow much 
larger when a co-continuous, microclustered morphology 
occurs, then it is not surprising to observe an increased 
fracture toughness. Currently, we are designing 
experiments to examine the effect of  'cell size' on 
toughness improvements of the co-continuous 
microclusters. 

POLYMER Volume 38 Number 1 1997 29 



Dispersed phase morphology and epoxy toughening." J. Y. Qian et al. 

CONCLUSIONS 

The degree of particle dispersability in the epoxy matrix 
plays a crucial role in the toughening of the epoxies. 
Co-continuous micro-segregation of the particles in the 
epoxy matrix is desirable to achieve the maximum 
toughness. Incorporating A N  into the PMMA shell 
improves the miscibility between the shell polymer and 
epoxy matrix, and the degree of particle dispersability in 
the epoxy matrix can be systematically controlled by 
varying AN content in the shell. The transition point 
from a segregated morphology to a uniform distribution 
is around 10% . Crosslinking of the shell reduces the 
extent of polymer chain interdiffusion between the shell 
materials and epoxy matrix, and increases the rigidity of 
the interfacial zone, and as a result, decreased the particle 
segregation. 

The toughening mechanisms operating in the modified 
epoxies are internal cavitation of the rubber phase and 
shear yielding in the epoxy matrix. The superiority in 
toughness of the modified epoxy caused by the micro- 
clustered morphology is probably attributed to the 
cooperative cavitation of the particles in the epoxy 
matrix which enhances the shear yielding in the epoxy 
matrix. 
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