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Two tougheners, glass beads and carboxyl terminated butadiene acrylonitrile 
copolymer (CTI3N). are used to toughen and stiffen an epoxy thermoset. Rubber-en- 
capsulated glass beads are used and the hybrid particulate composites containing 
them are compared with those containing non-encapsulated glass beads. Within a 
certain range of composition, the rubber encapsulation is found to change the in- 
teractions between glass beads and CTBN particles, resulting in an increase in frac- 
ture toughness. The toughening effect is explained by the fact that the cavities of 
CTBN particles are larger in encapsulation systems than in non-encapsulation sys- 
tems. As more CTBN particles are incorporated into glass bead filled epoxies, the 
cavitation/shear yielding mechanism of CTBN particles replaces the micro-shear 
banding mechanism of glass beads as the major micro-mechanical deformation. 
Rubber encapsulation seems to enable this transition of major micro-mechanical 
deformation to occur at a lower volume fraction of CTBN. 

INTRODUCTION 

he brittleness of thermosets has imposed severe T limitations on the application of thermoset poly- 
mers. As a consequence, efforts devoted to improving 
the toughness of thermosets have continued to grow 
for more than 40 years, and have established several 
successful toughening methods. The two most popu- 
lar strategies for toughening thermosets are the incor- 
poration of dispersed rubber parkicles and rigid inor- 
ganic particles into thermosets (1-3). 

The existence of dispersed rubber particles on a mi- 
croscopic scale can successfully improve the fracture 
toughness of thermosets (3). However, the improve- 
ment in toughness is usually accompanied by a detri- 
mental effect, i.e., a decrease in modulus. On the 
other hand, toughening thermosets using inorganic 
particles does not give rise to this undesirable effect 
(1). so it appears to be superior to the other. In fact, 
the use of inorganic particles as tougheners could sig- 
nificantly improve both fracture toughness and modu- 
lus. However, the toughness increase is usually 
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smaller than that by rubber particles (2). The hy- 
bridization of the two tougheners to both toughen and 
stiffen thermosets is considered in this paper. 

Simple hybridization, which is the separate disper- 
sion of two different kinds of particles in thermosets, 
has proven effective in both toughening and stiffening 
(4-12). Kinloch et al. (5) reported in their studies on 
the fracture behavior of CTBN/glass bead/epoxy com- 
posites that both the crack front bowing mechanism 
(13-16) and the cavitation/shear yielding mechanism 
(1 7-22) were active in the fracture of the hybrid com- 
posites. They were identified as the major sources of 
toughness for glass bead and rubber particle tough- 
ened epoxies, respectively. When the volume fractions 
of two tougheners were similar, the rubber particles 
were reported to be more effective in increasing the 
fracture toughness of composites. Thus, cavitation/ 
shear yielding was treated as the more effective mech- 
anism. 

Since more than two toughening mechanisms can 
operate together in the fracture of hybrid-particulate 
composites, synergistic effects are expected to result 
from the interplay of two (or more than two) mecha- 
nisms. In fact, there are several reports on this possi- 
ble synergistic effect (6, 7, 11, 12). In these reports, 
synergistic effects have been observed and explained 
by using toughening mechanisms such as crack front 
bowing, crack bridging, and matrix shear yielding. 
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The previous studies (5-8, 10-12) obviously show 
that the hybridization of tougheners can give more ef- 
fective ways of improving the fracture toughness and 
modulus of thermosets. Yet, the fracture mechanisms 
of hybrid-particulate systems have not been exten- 
sively studied. In particular, the interactions between 
two tougheners and micro-mechanical deformations 
have not been thoroughly investigated. Since the 
crack front bowing mechanism (13-16) cannot iden- 
tify energy dissipation routes (23-25). it seems diffi- 
cult to understand the interplay of crack front bowing 
with other energy dissipating mechanisms. Further- 
more, from our previous studies (23-25). the major 
energy absorption source in the fracture of glass bead 
filled epoxies was found to be micro-shear banding. 
Therefore, using this newly established mechanism is 
expected to allow us to better understand the interac- 
tions between glass beads and rubber particles as 
tougheners. 

In the current study, CTBN particles and glass beads 
are used as tougheners in an epoxy matrix and the 
fracture behavior of resulting composites is investi- 
gated. In particular, micro-mechanical deformations 
occurring during fracture of the hybrid-particulate 
composites are studied to understand the interactions 
between particles. The hybrid-particulate composites 
containing glass beads encapsulated with a cured 
rubber are also prepared and their fracture behavior 
is compared with the simple (non-encapsulated) hy- 
brid-particulate system. 

The study on the encapsulated system is interesting 
because the previous reports on the effect of encapsu- 
lation (26-30) are controversial. Furthermore, the un- 
derlying mechanisms of effective toughening were not 
adequately illustrated in the former studies on encap- 
sulated systems. Among the encapsulated systems 
used in the previous studies (26-30). the systems pre- 
pared by in-situ methods might have discrete rubber 
particles in the matrix (26-32). Thus, our encapsu- 
lated system prepared in the current experiment 
could be a well-controlled model of the systems pre- 
pared by in-situ methods. 

EXPERIMENTAL 
Materials 

The glass beads used in these experiments are 
Speriglass@ A-glass beads (soda-lime) produced by 
Potters Industry Co. Their mean diameter is 27.9 p,m, 
which is obtained from more than 150 size measure- 
ments using a transmitted light optical microscope 
(OM), Nikon Microphot I1 equipped with a SONY color 
video CCD camera, DXC-151A (768 X 493 pixels). Be- 
fore being used, they were cleaned using distilled 
water as described in references 23-25. The diglycidyl 
ether of bisphenol A (DGEBA) epoxide, DER 661@, is a 
commercial resin of the Dow Chemical Co. The liquid 
rubber (CTBN) is Hycar 1300 X 13@ produced by the 
BFGoodrich Chemical Co. All other chemicals are ob- 
tained from the Aldrich Chemical Co. and used with- 
out further purification. 

Rubber-encapsulated glass beads (0.5-LG) were 
prepared by the solution/evaporation technique (33, 
34). as described in the previous reports (23-25). The 
rubbery material used (CDI adduct) was prepared 
from CTBN (Hycar 1300 X 13@), DGEBA (DER 332@), 
and isophoron diamine (IPD) (23-25). For the encap- 
sulation of glass beads,  i t  was dissolved in 
methylethylketone and mixed with glass beads (feed 
fraction of rubbery material = 0.5 wtYo). After com- 
plete evaporation, the rubbery material was com- 
pletely cross-linked at 120°C for 12 hours, resulting 
in the formation of insoluble (stable) rubber layers 
around glass beads. Before the encapsulated glass 
beads were used in the next steps, large agglomerates 
were screened out using a 75 pm sieve (mesh size = 
200). The weight fraction of rubber layers was mea- 
sured using thermal gravimetric analysis (TGA), and 
the size distribution analysis of encapsulated glass 
beads was performed using a Horiba CAPA-700 parti- 
cle size analyzer as described in references 23-25. 
0.5% was found to have 0.55 wt?! rubber layer (t/r 
= 0.45Y0, where t is the thickness of rubber layer and 
r is the mean radius of glass). The aggregation of glass 
beads is insignificant as can be found in references 23 
and 25. 

Preparation of Composites 

The epoxide (DER 661) was frst melted and mixed 
with CTBN at 160°C. After degassing under vacuum 
for about 1.5 hours, the glass beads were dispersed in 
the CTBN/epoxide mixture for 1.5 hours. Then, the 
curing agent, 4.4'-diaminodiphenylsulphone (DDS), 
was mixed under the same vacuum condition at 
160°C for 40 min. The fully degassed mixture was put 
into a vertically mounted mold in a convection oven 
and cured at 160°C for 15 hours and 20 min, followed 
by post-curing at 200°C for 2 hours. The composi- 
tions of the composites are given in Table 1. I t  should 
be noted that the content of each component is 
changed based on phr (part per hundred of epoxide by 
weight), not volume fraction. The epoxy matrix of DER 
66 1 /DDS will be designated "66 1 ." 

Characterization 

The same fracture toughness tests and microscopy 
techniques, which have been used in our previous 

Table 1. Formulations of Various Toughened Epoxies. 

Component Composition (phr)' 

Epoxide (DER 661) 100 
4,4'-Diaminodiphenylsulphone (DDS) 12.2 
CTBN particles (Hycar 1300 x 18) 0, 1, 2, 3, 4, 5.5, 7 
Glass beads2 0, 4.8 (2 vol%), 

26 (10 VOlYo), 

100.3 (30 ~ol%) 

12.3 (5 vOI%), 

58.5 (20 vol%), 

'phr = Parts per hundred of resin by weight. 
2Weight of only glass beads except rubber layers 
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studies on glass bead filled epoxies (23-25), were 
used. Since all the experimental details can be found 
elsewhere (23-25). only concise descriptions will be 
given here. 

The critical stress intensity factor (KIc) was mea- 
sured by loading single-edge-notched (SEN) speci- 
mens in three-point bend (3I'B) geometry using a 
screw-driven Instron machine (Instron 4502). Speci- 
mens, 6.35 (thickness, B) X 12.7 (width, 111111, were 
notched by tapping a hammer on a razor blade in- 
serted into them. The razor blades had been cooled in 
liquid nitrogen before inserted into specimens. KIc val- 
ues were calculated from the load at failure (P) mea- 
sured at a displacement rate or 2.54 mmjmin and a 
span (S) of 50.8 mm (35). 

Y = 1.93 3.07 (a/W) + 14.53 (a/W)' - 

25.1 1 -- 25.80 (a/"), 

where Y is a shape factor and *a is the crack length. 
Critical strain energy release rates (GIc) were calcu- 
lated from K,, and modulus (E) values using the fol- 
lowing relationship (35, 36): 

To measure modulus values, uniaxial tensile tests 
were performed using small specimens (gauge section 
= 15 >: 5 x 7 mm) at loading rate = 2.54 mm/min. 

Double-edge-notched four-paint bend (DEN-4PB) 
technique (23-25) was used to examine sub-critically 
loaded cracks. Two almost identical cracks were pre- 
pared on an edge of the specimen. As the two cracks 
experienced loading in the four-point bend geometry, 
one of them would break and the other would just ex- 
perience sub-critical loading. The resulting sub-criti- 
cally loaded crack was observed Iby OM using the pet- 
rographic thin-sectioning technique (23-25). 

Scanning electron microscopy (SEM) investigation 
was performed using a Hitachi 54500 on the fracture 
surface produced from SEN-3PB and DEN-4PB tests. 
Back-scattered electron SEM (B-SEM) was also per- 
formed, following the method of Hobb and Watkins 
(37). Samples were first carefully polished following 
the petrographic thin-sectioning method (20, 38) and 
stained in 1Wo aqueous OsO, solution for 4 hours. 

RESULTS AND DISCUSSION 

The glass transition temperature (Tg) of epoxy ma- 
trix was measured to check its dependence on compo- 
sition which would give some indication of the 
amount of solutes in each phase, using a differential 
scanning calorimeter (DSC, Perkin Elmer DSC-7). 
Scanning rate was 10°C/min and ca. 7 mg of sample 
was used. As CTBN content increased from 0 to 7 phr, 
Tg decreased from about 127°C to 117°C. This Tg drop 

can be attributed to a certain degree of miscibility be- 
tween epoxy and CTBN. To understand this partial 
miscibility, not only thermodynamic terms but also ki- 
netic terms need to be considered (23-25). because 
the phase separation of initially dissolved CTBN occurs 
during matrix curing. On the other hand, it was found 
that the existence of glass beads and CDI interlayers 
was not a factor in determining epoxy Tg (23-25). Thus, 
the hybridization of tougheners does not make any sig- 
nificant differences in the miscibility of components or 
the cross-linked network structure of epoxy. 

Mechanical Properties of Composites 

Among various mechanical properties, the fracture 
toughness is the primary interest of this study. Figure 
I shows that the epoxy matrix can be successfully 
toughened by both tougheners: CTBN particles and 
glass beads. Changes in the fracture toughness of two 
types of hybrid composites with the increase of CTBN 
content can also be found. In this case, the volume 
fraction of each component vanes, but the content 
ratio between glass beads and epoxy matrix does not 
(Table 1). As the CTBN content increases, the fracture 
toughness generally increases in all systems. How- 
ever, in the two hybrid composite systems, the fracture 
toughness increases only up to about 2.6 MPam1l2 by 
adding CTBN up to 4 phr, and does not significantly 
increase with subsequent addition of CTBN. On the 
other hand, the fracture toughness of CTBN/661 con- 
tinues to increase with CTBN content in the composi- 
tion range of Fig. 1 .  

A possible explanation for this result is as follows. 
Since matrix shear yielding was found to be an impor- 
tant source of toughness for both glass bead and rub- 
ber toughened systems (3, 20, 21, 23-25), it must be 

0 1 2 3 4 5 6 7 8  
Content of CTBN (phr) 

FQ. 1 .  Critical stress intensity factor versus CTBN content for 
hybrid-particulate composites: 0 CTBN/661 ,  0 26 phr  
LGICTBNf661,O 26phr0.5-LG/cTBNf661. 
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important for hybrid-particulate composites as well. 
As the content of tougheners increases, the volume of 
matrix available for energy dissipation through shear 
yielding will eventually decrease. Consequently, frac- 
ture toughness data show a maximum with increas- 
ing toughener content, as can be seen in Fig. 1. When 
the same amount of CTBN is added, CTBN/661 has a 
larger volume fraction of matrix than the other two 
hybrid systems. Thus, the plateau could be detected 
only in the two hybrid systems of Rg. 1. 

Below 4 phr CTBN content, the 0.5-LG/CTBN/661 
system shows the same toughening effect of CTBN as 
CTBN/661: The slope of fracture toughness versus 
CTBN content is almost the same in both systems. On 
the other hand, the LG/CTBN/661 system shows dif- 
ferent trends with increasing CTBN content: Up to 2 
phr, the addition of CTBN has no significant effect on 
fracture toughness, but from 2 phr to 4 phr, it in- 
creases the fracture toughness of composites up to 
2.6 MPam112. In the following section on microscopy 
studies, the effect of CTBN content will be discussed 
in detail. Above 4 phr CTBN, non-encapsulated sys- 
tems have higher fracture toughness than encapsu- 
lated systems. When a relatively large amount of tough- 
eners is used, understanding the fracture behavior of 
hybrid-particulate composites becomes more dimcult, 
because of possible significant interactions between 
tougheners. Thus, understanding the results below 4 
phr will first be attempted in the current research. 

The error range in Fig. 1 is the standard deviation of 
more than 12 measured values. This number of tests 
is large enough to make the differences discussed 
above sigmficant with respect to the error. For 2 and 4 
phr CTBN cases, the number of tests was increased to 
18 to check the reproducibility of data. 

Figure 2 shows the typical fracture toughness data 
obtained by changing glass bead content and keeping 
CTBN content constant at 2 phr. (When CTBN content 
is constant at 3 phr, the same trends as Fig. 2 shows 
were obtained.] In Fg. 2, obviously, fracture tough- 
ness (&,) increases with glass bead content. Unlike in 
Fig. I ,  the rubber encapsulation does not produce sig- 
nificant differences except at 26 phr glass bead con- 
tent. The reason for this might be found in references 
23-25 where only 26 phr glass bead filled systems 
(without CTBN particles) have a difference in debond- 
ing zone size caused by the rubber encapsulation 
around glass beads (26 and 58.5 phr correspond to 
10 and 20 vol% in references 23-25, respectively). 
Consequently, the differences between encapsulated 
and non-encapsulated systems found in Q. 1 is ob- 
servable only in a certain composition range. One 
more finding in Figs. 1 and 2 is that the fracture 
toughness of epoxies increases more when CTBN is 
added than when the same amount of glass beads is 
used. This confirms that CTBN is a more effective 
toughener than glass beads. 

By using Eq 2, GI, values are calculated and given 
in Fig. 3, which basically shows the same details as 
Fig. 1. This likely indicates that the moduli of these 
composites are not significantly affected by the rubber 
encapsulation or the variation of CTBN content, be- 
cause Eq 2 uses K,, and modulus data to calculate 
G,, (39). The modulus data in Fg. 4 is consistent with 
such an interpretation. Although CTBN content in- 
creases up to 7 phr, the moduli of the composites do 
not significantly decrease. Moreover, there is no differ- 
ence between the moduli of encapsulated and non-en- 
capsulated systems. The only stiffening effect of 
adding glass beads into epoxies is obvious. If more 

-.- 
0 10 20 30 40 50 60 70 80 

Content of glass beads (phr) 
Fig. 2. Critical stress intensity factor versus glass bead con- 
tent for hybrid-particulate composites: 0 LG/661. 0 LG/2 phr 
CTBN/661, I 0.5-LG/661. 0.5-LG/2 phr CTBN/661. 

0 1 2 3 4 5 6 7 8  
Content of CTBN (phr) 

Fig. 3. Critical strain energy release rate versus CTBN con- 
tent for hybrid-particulate composites: 0 cTBN/661, 0 26 
phr LG/CTBN/661,0 26 phr 0.5-LG/cm3N/661. 
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Rg. 4. Tensile modulus versus cTB.W content for hybrid-par- 
ticulate Composites: 0 OBN/661, 0 26phr LG/Cll3N/661, 0 
26 phr 0.5-LG/CTBN/661. 

than 7 phr CTBN is added, the modulus is expected 
to eventually drop. In the current experiment, the 
CTBN contmt is limited to 7 phi-, because we are not 
interested in cases where the moduli may be signifi- 
cantly compromised. 

Microscopy Study I-SEM Micrographs 

Rgure 5 shows the fracture surface of composites 
containing 2 phr CTBN. Glass beads and step struc- 
tures are visible in these micrographs. Clear evidence 
of debonding of glass beads can be found in the en- 
capsulated system ((B)), but not in the non-encapsu- 
lated system ((A)). On the fracture surface of the non- 
encapsulated system, partially debonded or even hlly 
debonded glass beads were found, but much less 
commonly compared to the case of the encapsulated 
system. 

Another difference between encapsulated and non- 
encapsulated systems can be noticed in the micro- 
graphs of the matrix region in Rg. 6. While CTBN cav- 
ities (17-22) are almost invisible in the micrograph (A) 
of the non-encapsulated system, they can be easily 
found in the micrograph (B) of the encapsulated sys- 
tem. By measuring the diameters of more than 200 
cavities, their average diameter (DmJ was obtained 
and given in the caption of Fig. 6. The encapsulated 
system has around three times larger cavities than 
the non-encapsulated system. If the initial sizes of 
CTBN particles before loading are the same in both 
systems, the larger cavities must result from more 
plastic dilatation of matrix (cavity growth) which re- 
quires more energy. In fact, the fracture toughness of 
the encapsulated system is larger than that of the 
non-encapsulated system (Fig. 1 or 3). The cavity sizes 
in the hybrid composites are also compared with that 
in a simple binary blend, CTBN/661 of the micro- 
graph (C), having the same epoxy-to-CTBN composition 

Flg. 5. SEM micrographs of thefracture surface of SEN-3PB specimens [process zone): [A) 26 phr LG/2 phr Cl73N/661: (B) 26 phr 
0.5-LG/2 phr OBN/661. The arrows indicate the direction of crack propagation. 
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ratio as the hybrid composites. The cavity sue of the 
simple binary blend is considerably larger than that of 
the non-encapsulated system, and slightly larger than 
that of the encapsulated system. 

The differences found between the non-encapsulated 
and the encapsulated systems disappear with increase 
in CTBN content. Figure 7 shows the fracture surface of 
composites toughened with 4 phr CTBN. Since no sig- 
nificant difference was found in the low mamcation 
views of encapsulated and non-encapsulated systems, 

Flg. 6. SEM micrographs of thefiacture surface of SEN-3PB 
specimens (process zone): [A) 26 phr LG/2 phr CTBN/661 
[average cavity diameter [DmJ = 0.13 pm); (B) 26  phr 
0.5-LG/2 phr CTBN/661 [Om, = 0.31 Fm); (C) 2 phr 
Cl73N/661 (W"= = 0.41 pm). Ihe arrows indicate the direction 
of crack propagation 

only the fracture surface of a non-encapsulated sys- 
tem is shown at a low magnification in Fig. 7A. De- 
bonded glass beads can be found in Fig. 7A. Figures 
7B, C, and D further show that the three composites, 
LG/4 phr CTBN/661, 0.5-LG/4 phr CTBN/661, and 
4phr CTBN/661, have the rubber cavities of a similar 
size on their fracture surfaces. 

It can be noticed that the structure of cavities in 
F'ig. 7 is different from that in F'ig. 6. The cavities in 
Fig. 7 look like 'salami" or "mandu" (40) particles. 
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They result from the aggregation of several CTBN 
particles having matrix materials between them. This 
kind of structure has already been found in various 
toughened polymers (3). 

The difference in cavity size due to rubber encapsu- 
lation exists only when glass bead and CTBN contents 
in hybrid-particulate composites are about 26 and 2 
phr respectively. The difference in fracture toughness 
due to the rubber encapsulation was also found in 

the same composition range. These results can be 
explained in three different ways: 

1. If the two different types of glass beads, encapsu- 
lated and non-encapsulated, could produce dif- 
ferent local stress fields, different cavity growth 
could result. 

2. During the curing of epoxy resin, the surface of 
glass beads or the CDI adduct layers on it might 

FQ. 7. SEM micrographs of thefracture surface of SEN-3PB specimens (process zone): (A) and (B) 26 phr LG/4 phr c T B N l 6 6 1  (Pc = 
0.45 pn): (C) 26 phr 0.5-LG/4 phr C 7 B N / 6 6 1  (LPc = 0.50 p d ;  ID) 4 phr C B N / 6 6 1  (IFc = 0.49 pm). The arrows indicate the direc- 
tion of crack propagation. 
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m. 8. SEM micrographs of thefracture surfae of SEN-3PB specimens (process zone): (A) 4.8 phr LG/Zphr C T B N / 6 6 1 ;  (€3) farfrom 
glass beads in 4.8 phr LG/Zphr c T B N / 6 6 1 :  (C) near glass beads in 4.8 phr LG/2 phr C l B N / 6 6 1 :  (0) near glass beads in 26 phr 
LG/3 phr (TTsN/661 .  The arrows indicate the direction of crack propagation 

influence the phase separation behavior of 
CTBN. The different cavity sizes could result 
from the different CTBN particle sizes before 
loading. 

3. Differences in process zone size can cause differ- 
ences in cavity growth. This is because the cavi- 
ties in the process zone have grown while a crack 

front propagates stably around them. In other 
words, the growth of a cavity depends on loading 
and unloading rates, so slow stable crack propa- 
gation in a larger area around cavities will allow 
the cavities to grow to the greatest extent. 

To check the first possible answer, cavity sizes near 
to and f a r  from glass beads were carefully examined. 
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Fig. 9. Back-scattered electron SEM micrographs of polished surface: [A) 26 phr LG/4 phr CTBN/661: (B] 26 phr 0.5-LG/4 phr 
CTBN/661: (Cl4 phr CIBN/661. 

Frgures SA, B, and C are the SER4 micrographs of 4.8 
phr LG/2 phr CTBN/661. Since only 4.8 phr glass 
beads are used in this composite. the volume fraction 
of glass is so low that there is almost no overlap 
among the local stress fields generated by glass 
beads, and the stress fields near and far from glass 
beads must be different. Thus, if different stress fields 
can induce significantly different cavity growth, there 

must be differences in cavity size according to the rel- 
ative position of cavity to glass beads. The micrograph 
C shows the fracture surface near the two glass beads 
in A, and the micrograph B shows a different region in 
the same specimen but far from glass beads. No sig- 
nificant difference in cavity size actually exists be- 
tween the two micrographs. This finding was con- 
firmed by many observations on the fracture surface 
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of more than six different specimens of encapsulated 
and non-encapsulated glass beads. Smaller cavities 
are sometimes found nearer glass beads than in the 
rest of matrix, as can be seen in Rg. 8D. The smaller 
cavities could result from the release of triaxial stress 
by the debonding of glass beads. However, the region 
containing the small cavities is too small to explain 
the different cavity sizes found in Rg. 6. 

The second possible explanation can be examined 
by observing CTBN particles in composites before 
loading by using a staining technique and SEM in the 
back-scattered electron mode (B-SEM) (37). OsO, was 
used to stain the unsaturated bonds in CTBN. As can 
be seen in Fig. 9, no significant difference in the size 
of CTBN particles is found among the three compos- 
ites containing 4 phr CTBN (LG/CTBN/661, 0.5-LGl 
CTBN/661, and CTBN/661). Although the clear images 
of CTBN particles in 2 phr CTBN toughened systems 
were not successfully obtained by using B-SEM, there 
is no reason for the CDI adduct layers (or glass bead 
surface) to affect the phase separation behavior of 
CTBN in only the 2 phr CTBN toughened systems, but 
not in the 4 phr systems. Since the CDI adduct has 
CTBN segments, it can be argued that CTBN initially 
dissolved in epoxides may migrate to the CDI layer, or 
promote the phase separation between CTBN and 
epoxy resin. However, if the layers really have these 
capabilities, the cavity size in encapsulated systems 
must be smaller than that in non-encapsulated sys- 
tems. Evidently, this is not the case in the current re- 
sults. The Tg data discussed above are also inconsis- 
tent with the second possible explanation: The 
existence of glass beads and interlayers was found not 
to significantly change the Tg of the epoxy matrix. 
Thus, it appears unable to change the amount of 
CTI3N dissolved in the matrix and also the amount of 
CTBN precipitated out. 

Among the three possibilities, only the third is left 
unexamined. Later, the third possible explanation will 
be proposed as the correct answer. 

Microscopy Study II-OM Microlpaphs 

Figure 10 provides the OM micrographs of sub-sur- 
face damages in 26 phr LG/2 phr CTBN/661. Around 
the sub-critically loaded crack tip in the micrograph 
(A), there are fine dark lines. Since these lines are 
connected to the crack tip, the crack tip appears to bi- 
furcate into 4 to 6 microcracks. In reality, those lines 
were identified as micro-shear bands by the same ex- 
perimental technique described in references 23-25. 
Except for the micro-shear bands, there is no other 
micro-mechanical deformation distinctly visible in A. 
The dark sphere in the middle of A is just a defect in- 
troduced by polishing. Similar dark spheres can be 
found everywhere, around the crack tip as well as far 
from the crack tip. Discussions on these artifacts in 
polished thin-sections are given in reference 23. 

In the micrographs B and C, sub-surface damages 
in the process zone of a fractured SEN-3PB specimen 

Fg. 10. Transmitted light optical micrographs of thin sections 
of 26 phr LG/2 phr c T B N / 6 6 1 :  (A) tip of sub-critically loaded 
crack in a DEN-4PB specimen: 03) process zone in a SEN-3PB 
specimen (without polarizers); (C) the same region as that in 
(B), but between crossed polarizers. 

can be identified. First of all, conclusive evidence of 
dif€use shear yielding around the fracture surface of 
the epoxy matrix facing debonded glass beads 
(debonded matrix) is clearly obtained. Figure 1 OC 
shows a birefringent shear yielded region around the 
debonded matrix. The other weak birefringence 
around glass beads in this micrograph is caused by 
thermal residual misfit between glass beads and the 
matrix. In the micrograph B, micro-shear bands can 
also be discerned around the debonded matrix. 

Although the composite in Fig. 1 0  contains 2 phr 
CTBN,  what the OM micrographs show is the same as 
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deformations as found in A. Shear bands are much 
finer here than in Rg. 10, and the process zone here 
seems to be larger than that in Rg. 10. Since CTBN 
cavities coexist with shear bands, the cavitation/ 
shear yielding zone in B and C appears dark. In the 
process zone of Fig. 1 IC, birefringent diffuse shear 
yielded regions are also visible, which seem to be re- 
lated with step formation. However, the diffuse shear 
yielded regions around steps were not generally ob- 
served in our OM investigation. In fact, the steps in 
Fig. I IB and C are significantly larger than the steps 
normally found on the fracture surface of the same 
composite (Fig. 5). 

In hybrid-particulate composites, as the content of 
a toughener increases, the micro-mechanical defor- 
mations triggered by the toughener will occur more 
noticeably. Likewise, as more and more CTBN is 
added into 10 vol% glass bead filled epoxies, the cavi- 
tation/shear yielding of CTBN particles (17-22) will 
replace the micro-shear banding as the major defor- 
mation mechanism. The micro-shear banding was 
shown to be the major energy dissipating mechanism 
for glass bead filled epoxies in our previous studies 
(23-25). In encapsulated systems, this transition of 
the major deformation mechanism seems to occur at 
lower CTBN contents than in non-encapsulated sys- 
tems. Although CTBN content is 2 phr in both encap- 
sulated and non-encapsulated systems (Figs. I0 and 
I I), cavitation/shear yielding is more noticeable in 
the encapsulated system. As a result, Figs. I0 and I I 
support what was found in 9 s .  5 and 6. 

Fgure  I2 shows the typical OM micrographs of 26 
phr LG/4 phr CTBN/661. Basically, the OM micro- 
graphs of encapsulated systems containing 4 phr 
CTBN (26 phr 0.5-LG/4 phr CTBN/661) were not 
found to be different from the micrographs of non-en- 
capsulated systems in Fig. 12. Similar to the SEM 
studies, the difference found in 2 phr CTBN cases was 
not found in the OM micrographs of 4 phr systems. In 
Fig. 12A and B, well-developed cavities and shear 
bands form dark regions. Interestingly, this region is 
developed between glass beads. The existence of glass 
beads seems to enhance this cavitation/shear yielding 

FUJ. 1 1 .  7Tansmitted light optical micrographs of thin sections 
of 26 phr O.Fi-LGI2 phr CTBN/661: [A) tip of sub-critically 
loaded crack in a DEN-4PB specimeiu [B) process zone in a 
SEN-3PB specimen (without polarizei-s): [C) the same region 
as that in (B), but between crossed polarizers. 

mechanism. In fact, when the CTBN content (phr] is 
the same, the size of cavitation/shear yielding zone 
was found to be larger in hybrid-particulate compos- 
ites than in CTBN/661 binary blends. Several dark 
cavitation/shear yielding regions isolated from the 
main crack tip can be found around glass beads in A 
and B. Since the glass beads do not seem to be 
debonded from matrix, this finding leads us to sur- 
mise that the cavitation of CTBN particles may pre- 
cede the debonding of glass beads. 

The cavitation/shear yielding mechanism can be 
enhanced by the local stress concentration generated 
by the existence of glass beads. From this standpoint, 
the hybridization of glass beads and CTBN particles 
seems to be synergistic. However, as the cavitation/ 
shear yielding mechanism is more enhanced by glass 
beads, the micro-shear banding triggered by glass 

what the OM micrographs of LC;/661 show (23-25). 
By contrast, the OM micrographs of 26 phr 0.5-LG/2 
phr CTBN/661 in Fig. 11 show different micro-me- 
chanical deformations related with the existence of 
CTBN particles. Although CTBN content is still 2 phr, 
CTBN cavities and matrix shear bands initiated by the 
cavitation are visible in this encapsulated system: In 
Fig. I1A of a sub-critically loaded crack, there are 
small dark cavities and fme shear bands. They are the 
same typical micro-mechanical deformations found in 
CTBN/66 1 binary blends (23-25). 

The OM micrographs of a fractured SEN-3PB speci- 
men, B and C ,  show the same micro-mechanical 
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- 0  i 2 3 4 5 6 7 8 
Content of CTBN (phr) 

Fig. 13. Size of process zone in SEN-3PB specimens of hybrid- 
particulate composites measured by OM and SEM onfracture 
surface: 0 C l B N / 6 6 1 .  0 26 phr L G / C l l 3 N / 6 6 1 .  26 phr 
O.%LG/ClBN/661. 

more than three specimens). Phenomenologically, the 
process zone was treated as the region containing 
debonded glass beads and larger CTBN cavities than 
those in fast-fracture regions. In the microscopy stud- 
ies, it was found that the three regions, viz., debond- 
ing zone, cavitation zone and shear yielding zone, had 
almost the same location and size in a composite. 
Consequently, differentiating the process zone into 
the three micro-mechanical deformation zones was 

Fg. 12. Transmitted light optical micrographs of thin sections 
of 26 phr U;/4 phr C T B N / 6 6 1 :  [A) tip of a sub-critically 
loaded crack in a DEN-4PB specimerc [B) process zone in a 
SEN-3PB specimen. 

beads seems to occur less frequently (Figs. 10-12). 
The same micro-shear bands found in glass bead 
filled epoxies cannot be discerned in the micrographs 
of hybrid-particulate composites containing more 
than 2 phr CTBN. Even at higher magmflcation, the 
dark regions in Figs. 12A and B do not show charac- 
teristic features of micro-shear bands. Consequently, 
as the CTBN content increases in 10 v01Yo glass bead 
filled epoxies, the role of glass beads seems to be 
changed from initiating micro-shear banding to en- 
hancing cavitation/shear yielding. This may explain 
the results of the toughening effect in Rg. 1, which ex- 
hibit little synergism. 

From the above results, it is possible to predict a se- 
ries of events occurring in the fracture of the hybrid 
systems. As intact materials ahead of crack tip experi- 
ence more and more loading, the cavitation of CTBN 
particles first occurs, and the debonding of glass 
beads and matrix shear yielding follows. Finally, the 
crack front moves into the materials. 

Analysis of Process Zone Size 

not attempted. 
Figure 13 shows the process zone sizes of the com- 

posites whose fracture toughness values were plotted 
in Fig. 1. Below 4 phr CTBN, the process zone size is 
higher in encapsulated systems than in non-encapsu- 
lated systems. Interestingly, fracture toughness was 
found to be also higher in encapsulated systems than 
in non-encapsulated systems (Rg. 1). If the process 
zone size of the hybrid-particulate composites (2rh) 
follows the simple additive rule having no additional 
terms for the interactions between tougheners, it can 
be calculated from the process zone size of glass bead 
filled epoxy (2rg) and that of CTBN toughened epoxy 
(2rc): 2rh = 2rg(fg) + 2rJf3, where fg and f, are the vol- 
ume fractions of glass bead and CTBN, respectively. 
In Fig. 13, the 2rg values of all encapsulated and non- 
encapsulated systems may be approximately 50 and 
140 Fm, respectively. I t  seems to be the case in Fig. 
13 that, while the process zone size of encapsulated 
systems nearly follows this simple rule, those of non- 
encapsulated systems do not. As CTBN content in- 
creases in LG/CTE3N/661, the process zone size in- 
creases almost linearly below 2 and above 4 phr 

Process zone size was measured from the SEM and 
OM micrographs (at least 15 measurements using 

CTBN, but between 2 &id 4 phr Cll3N, the size'in- 
creases more rapidly with CTBN content. This might 
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explain why the fracture toughness of encapsulated 
systems is higher than that of non-encapsulated sys- 
tems below 4 phr as found in Ffg. 1. This will be the 
third possible explanation given in the previous section. 

It was found in our previous studies (23-25) that, 
only when the glass bead content is 10 vol%, will the 
process zone size of 0.5-LG/661 be larger than that of 
LG/661. (The third possible explanation can also an- 
swer the question why the differences in cavity size 
and fracture toughness are found only in 10 vol% 
glass bead systems (Fig. Z).) more CTBN is added 
into these two glass bead filled epoxies, the major 
micro-mechanical deformation. mechanism changes 
from micro-shear banding to cavitation/shear yield- 
ing. When micro-shear banding is the major energy 
dissipation mechanism, it will govern the change of 
the fracture resistance of materials (R) with the in- 
crease of lracture surface (A), which determines the 
process zone size with the change of energy release 
rate (G). (Process zone ranges from an initial crack tip 
to the onset point of unstable crack propagation. In- 
stability in crack propagation occurs when the follow- 
ing two requirements are met: G - R ? 0 and dG/dA 
> dR/dA (36).) On the other hand, when cavitation/ 
shear yielding is the major mechanism, it will deter- 
mine tht. change of R. Under this circumstance, the 
amount of CTBN will be more important than the 
types of glass beads, i.e. encapsulated or non-encap- 
sulated. In fact, above about 3 phr CTBN content in 
Fg. 13. there is no difference in process zone size due 
to the encapsulation of glass beads. By contrast, 
below 3 phr, there is a distinct difference between en- 
capsulated and non-encapsulated systems. Accord- 
ingly, as can be seen in Rg. 1 3 ,  all the data in this 
Figure can be divided into two groups: glass bead 
dominant and CTBN dominant. 

It was found in F'igs. I ,  3, and t3 that fracture tough- 
ness was higher and CTBN cavities were larger in en- 
capsulated systems than in non-encapsulated sys- 
tems below 3 phr CTBN content. Now, this result can 
be explained by using the process zone size data. 
Below 3 phr (glass bead dominant group), process 
zone size is larger in encapsulated systems as ex- 
plained above. Therefore, more cavitation/shear yield- 
ing mechanism of CTBN can occur and develop more 
during the stable sub-critical crack growth in the 
process zone, resulting in the hi,gher fracture tough- 
ness in encapsulated systems. Since the CTBN con- 
tent is relatively low (below 3 phr), the difference in 
fracturr toughness caused by the different process 
zone size is only noticeable. 

In the above discussion, the influence of CTBN par- 
ticles on the fracture toughness of hybrid composites 
is considered small but significant in the glass bead 
dominant groups. Although process zone sue is not a 
cause but a result of the fracture resistance of materi- 
als, the analysis of process zone size can provide pos- 
sible explanations for the interactions between two 
tougheners, and the relationship between the interac- 
tions and the fracture toughness of composites. 

The fracture toughness of hybrid-particulate com- 
posites can reflect the process zone size in all cases. 
Fg. 14 clearly shows this relationship: K,, is directly 
proportional to process zone size. This plot is a con- 
trast to references 23-25, which shows no correlation 
between the K,, and the debonding zone size of glass 
bead filled epoxies. For example, 10 vol% 0.5-LGj661 
have larger debonding zone size than 10 vol% 
LG/661. However, both the epoxies have the same 
fracture toughness (23-25). 

CONCLUSIONS 

As an attempt to improve toughness and modulus 
of epoxy resin, hybrid-particulate composites based 
on glass beads, CTBN, epoxy were prepared and their 
fracture behavior was studied. Two types of glass 
beads were prepared and used in the composites: one 
cleaned with distilled water (non-encapsulated) and 
the other encapsulated with a cured rubber. Success- 
ful toughening without losing modulus was achieved 
by limiting the content of CTBN below 7 phr. Overall 
toughness was found to be not a simple sum of two 
contributions, but a result of interplay between their 
compositions and microstructures. By introducing a 
rubber interlayer between glass beads and matrix, the 
fracture behavior of the hybrid-particulate composites 
and subsequently She interaction between glass beads 
and CTBN particles could be changed. This effect was 
evidently reflected in different degrees of CTBN cavita- 
tion in the hybrid-particulate composites. 

By increasing the content of a toughener, the micro- 
mechanical deformations triggered by the toughener 
became more dominant. Thus, according to the rela- 
tive contents and toughening effects of tougheners, 

2.5 ......... ....... .... ....... 

a 2 ......... ............ ............ ........... ......... z 
v 
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Fig. 14.  Critical stress intensity factors versus process zone 
size in hybrid-particulate composites: C T B N / 6 6 1 ,  0 26 phr 
L G / c T B N / 6 6 1 ,  2 6 p h r  0 .5-u; /CTBN/661.  
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our composites could be divided into two groups, i.e., 
glass bead dominant and CTBN dominant groups. As 
CTBN content increased in hybrid-particulate com- 
posites, the major micro-mechanical deformation 
mechanism found at the crack tip changed from 
micro-sheax banding to cavitation of CTBN particles, 
and matrix shear yielding triggered by the cavitation. 
In encapsulated systems, this transition of the major 
deformation occurred at a lower CTBN content than 
in non-encapsulated systems. The existence of glass 
beads was observed to enhance the cavitation/shear 
yielding mechanism. 
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