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SYNOPSIS 

Four types of materials were evaluated in this study: neat epoxy resins of differing initial 
molecular mass, and their rubbery particle-filled, rigid particle-filled, and hybrid particle- 
filled counterparts. Both rubbery and rigid particle-filled epoxies exhibited fracture energies, 
GI,, greater than the neat resins. Cured resins prepared with an optimum loading of both 
rubbery and rigid particles gave GI, values greater than those from rubbery or rigid particles 
alone (approximately sixteen-fold increase over the neat resins). Rigid particle composites 
were toughened by means of a crack front impedance mechanism. In hybrid particle com- 
posites, rigid particles enhanced localized plastic deformation ahead of the crack front. 
0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Epoxy resins have long been used in applications 
such as adhesives, electronics encapsulation, and as 
the matrix material for continuous filament lami- 
nates. Cured epoxy resins have desirable properties 
such as high modulus, creep resistance, and good 
elevated temperature properties. Unfortunately, 
unmodified epoxies are often brittle and show poor 
resistance to crack propagation. Increasing the duc- 
tility of the matrix resin increases its cohesive frac- 
ture energy. However, this increase is not observed 
in matrix-dominated fracture in high fiber content 
composite laminates, nor for thin-layer adhesives. 

The strength of continuous filament epoxy com- 
posites is controlled by three factors-the properties 
of the filaments, the nature of the filament/matrix 
interface, and the matrix material itself. In many 
instances, failure of a fiber-reinforced laminate oc- 
curs within the matrix. Therefore, a detailed un- 
derstanding of cohesive failure in an adhesive epoxy 
layer is desirable. Various schemes have been pro- 
posed over the last 3 decades to increase the tough- 
ness of epoxy matrices. These include alteration of 
the constituent resin molecules and the inclusion of 
fillers of assorted physical and chemical charac- 
ter.'-' The primary objective of the current work 
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was to establish the efficacy of rubbery and rigid 
particles as toughening agents for composite matrix 
resins. 

BACKGROUND 

LeMay et al.'-l' examined the effect of crosslink 
density on the fracture properties of a series of resins 
based on diglycidyl ether of bisphenol-A (DGEBA) 
epoxy resins. The aim of these experiments was to 
create a series of networks in which crosslink density 
was varied primarily through stoichiometric end- 
linking chemistry rather than through nonstoichio- 
metric reactions. Average network molecular weight 
between crosslinks, M,, was calculated from mea- 
surements of rubbery modulus well above the glass 
transition temperature, Tg, using the theory of rub- 
ber elasticity. A logarithmic plot of LeMay's fracture 
energy data vs. Mc is given as Figure 1. The rela- 
tionship is linear with a slope of about 1/2. This 
result can be written as 

where K is a constant of proporti~nali ty.~~'~ 
Hunston et al.12713 studied a wide variety of ther- 

moset, thermoplastic, and rubber-toughened ther- 
mosets as the matrix materials in unidirectional fil- 
ament laminates. Fracture experiments were per- 
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Figure 1 Logarithmic plot of fracture energy, GI,, vs. 
molecular weight between crosslinks, M,,  for networks 
prepared from an homologous series of epoxy resins. (Data 
from Ref. 11.) 

formed with each of the resins, both as bulk 
materials and as the matrix for fiber-reinforced 
composites. Laminate fracture experiments were 
carried out in transverse fracture in order to em- 
phasize matrix failure rather than filament fracture. 
Brittle resins gave greater fracture energies in the 
composites than in the bulk. Filament pullout and 
fiber breakage were thought to be responsible for 
the increased fracture energy in the brittle compos- 
ites. On the other hand, ductile matrix polymers 
showed reduced toughening in fiber laminates in 
comparison to their bulk specimen counterparts. 
Constraint of plastic deformation at the crack tip 
was thought to be the major reason for the lack of 
translation of bulk resin properties to the laminates 
in the case of ductile resins. Bradley and CohenI4 
have demonstrated that plastic deformation can ex- 
tend 3-5 filament diameters beyond the plane of the 
primary crack front. So for ductile resins, while there 
is not complete constraint of the plastic zone by 
adjacent filaments, the size of the process zone is 
much smaller than is found in fracture of the bulk 
material. 

Particulate fillers have been used in attempts to 
toughen epoxy matrix resins. The fillers that have 
been used can be separated into two categories- 
rubbery and rigid. Rubbery fillers produce enhanced 
toughness in bulk matrices, which has been ex- 
plained by the combination of the following tough- 
ening mechanisms: shear yielding, cavitation, plastic 
void growth, and rubber bridging.'5-23 Rigid particle 
fillers are typically inorganic materials of high mod- 
ulus and strength such as glass beads, alumina, or 
silica. LangeZ4 proposed crack pinning as the mech- 

anism responsible for the increased toughness found 
in rigid particle containing epoxy resins. Hybrid 
particle composites, as employed in this study, are 
those composites containing both rubbery and rigid 
fillers. Kinloch 25 examined epoxy resins toughened 
with carboxyl terminated butadiene-acrylonitrile 
liquid rubber (CTBN) and glass beads. It was ob- 
served that these hybrid particle composites showed 
greater toughening than composites toughened ei- 
ther with rubbery filler or with rigid particle filler 
separately. 

EXPERIMENTAL 

Materials 

Epoxy resins from an homologous series of diglycidyl 
ether of bisphenol-A (DGEBA) were used. The 
epoxy resins are from the DER@ series of resins pro- 
duced by Dow Chemical Corporation. Attention was 
focused on two resins in the series-DER 661 (( M,) - 1000 g/mol) and DER 664 ( ( M , )  - 1800 g/ 
mol). The crosslinker used in the study was 4,4'- 
diaminodiphenyl sulfone ( DDS ) . DDS is a nominal 
tetrafunctional crosslinker with a molecular weight 
of 248.3 g/mol and a melting temperature range of 
175-178°C. The primary crosslinking reaction is the 
endlinking of epoxy resin molecules through the re- 
action of epoxide groups with amine hydrogens of 
DDS. DDS was purchased from Aldrich Chemical 
Company. The rubbery particles used in the study 
were Rohm and Haas Company's Paraloid@ KM330 
core-shell particles. The core of the particles is com- 
posed of poly n-butyl acrylate rubber and the shell 
is made of poly methyl methacrylate. Paraloid 
KM330 is a powder at room temperature, with some 
aggregates. Upon incorporation into epoxy resins 
most aggregates break up, with the majority of the 
particles having sizes on the order of 1 pm. Alcoa 
A-4000 SG alumina particles were used as the rigid 
filler in the study. Alumina particle size was mea- 
sured by way of optical microscopy. The particles 
used in the study had an average diameter of 3.3 
k 1.2 pm. All materials were used as received. 

Preparation of Networks 

Epoxy resin was weighed into a 500 mL or a 1000 
mL reaction kettle, depending on the quantity of 
material to be prepared. 

In the case of particle-filled composites, the par- 
ticles were added to the epoxy resin before heating 
the kettle. The kettle was fitted with a standard 
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cover with four ground joint openings, a stirrer 
bearing, a stir shaft with Teflon blade, a hose 
adapter, thermometer, electric heating collar, and a 
stopper. Vacuum was used to remove lower boiling 
species in the resin. All reactions were carried out 
with equal stoichiometric amounts of epoxy resin 
and DDS. The resin was cured for 5 h in a vertical 
Teflon-coated aluminum mold that had been pre- 
heated to 200°C. Aluminum molds were available 
in this laboratory with gap thicknesses ranging from 
2-22 mm with widths and heights of 150 mm. The 
oven was allowed to slowly cool to room temperature. 
The recovered plaque was then machined into 
whatever shape was needed for experimental pur- 
poses. Following machining, the test pieces were re- 
turned to a preheated 2OOOC oven. A total of 10 h 
of postcure under vacuum was followed by slow 
cooling of the oven to room temperature. The afore- 
mentioned cure and postcure schedule was suggested 
by LeMay." 

Characterization of Cured Networks 

Dynamic Mechanical Properties 

A Polymer Laboratories Mark I1 Dynamic Mechan- 
ical Thermal Analyser (DMTA) was used to eval- 
uate the level of cure of bulk networks. Experiments 
were carried out at a frequency of 1 Hz over a range 
of temperature with a heating rate of 2"C/min. A 

relatively consistent glass transition temperature, 
Tg, of a given network was taken to be approximately 
equal to the temperature corresponding to the peak 
in the tangent 6 curve. 

Double Torsion Fracture Test 

Analysis. Outwater 26 originated the double torsion 
fracture test. Figure 2 (A) shows a double torsion 
test piece. W is the sample width, t the sample 
thickness, and t, the fracture path thickness. A v- 
groove is machined into the double torsion specimen. 
The groove runs the length of the test piece and is 
centered at  W/2, providing a route for crack prop- 
agation through the center of the width of the sam- 
ple. Figure 2 (B ) depicts a typical double torsion test 
setup for three-point loading. The test piece is sup- 
ported by two cylindrical bars. W, is the length of 
the moment arm for one of the test piece halves at 
the beginning of the fracture test. P is the load ap- 
plied to the specimen. The load is applied over a 
precrack through a small loading tup. Figure 2 ( C )  
shows a perspective drawing of the double torsion 
test in three-point loading. 

The analysis of the double torsion specimen has 
been developed from an energy balance approach in 
terms of compliance as represented by 

Pz dC 
2 dA 

G =-- 

(B) 
Loading P 

Precrack 
Support 

P 

P/2 P/2 

Figure 2 
setup. (C) Perspective view of double torsion fracture test. 

( A )  Double torsion test piece. ( B )  Front view of double torsion fracture test 
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for linear elastic fracture mechanics (LEFM) con- 
dit ion~.~~-*'  Fracture energy, G,, is given in terms of 
the critical applied load, P,, the compliance, C ,  of 
the specimen, and A ,  the area of the fracture surface. 
The result of the usual double torsion analysis is an 
expression for the plane strain fracture energy, GI,, 

3ppw: 
E (  1 - v )  Wt3t, GI, = (3)  

where E is the Young's modulus of the material un- 
der the conditions of the fracture test, and v is Pois- 
son's ratio. 

Several assumptions are normally made in the 
double torsion analysis, which typically do not apply 
to the fracture of glassy polymers, and are given 
below. 

Assumption 1-The thickness of the double tor- 
sion specimen is much less than its width. In terms 
of a dimensionless quantity, T, this assumption may 
be expressed as 

( T  = $) $ 1  ( 4 )  

Assumption 2-The tup displacement, d ,  during 
the fracture of the double torsion sample, is very 
small. In terms of the dimensionless quantity d /  
W,, this assumption implies 

d 
-41  
Wm 

(5) 

Assumption 3-Application of the loads to the 
double torsion specimen takes place through point 
loading. 

The coupling of assumptions 2 and 3 shows us 
that the moment arm lengths are taken to be con- 

lAl P / 2 ,  Load 

I d, Deflection I 

Figure 3 
torsion sample under four point loading. 

Schematic front view of one-half of a double 

stant and equal to W, throughout the fracture of 
the test pieces. Figure 3 shows a schematic of one- 
half of a double torsion sample undergoing exag- 
gerated four-point loading. An examination of Figure 
3 reveals that the assumption of constant moment 
arm length during fracture is true only for small 0. 

With the above assumptions in mind, it is ap- 
parent that a more rigorous examination is needed 
for double torsion testing of toughened glassy poly- 
mers. If the energy balance is taken in terms of the 
torsional moment, M ,  rather than the compliance, 
then the fracture energy is given by 

M2 
G, = - 

t,GK 

where G is the shear modulus of the material 

E 
2 ( 1 +  v )  

G =  ( 7 )  

and K depends on the shape of the bar's cross-sec- 
tion. K is the polar moment of inertia for a circular 
cross-section. All other cross-sections generate a K 
that is less than the polar moment of inertia. For a 
rectangular cross-section, K has been estimated to 
be 30 

K =  Wt3 --0.21 - 1 --T (8) [: (;)( ;;)I 
The dimensionless quantity T = 2t/  W may be used 
to give 

6 

CFT may be defined as 

which can be used to reduce Eq. (9 )  to 

wt3  
K = -  CFT 6 

where CFT can be thought of as a finite thickness 
correction factor to the original double torsion anal- 
ysis. Leevers 31 has described the torsional moment 
for the double torsion test as 
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which takes into account the change in moment arm 
length with tup displacement, d .  Leevers31 described 
d / W ,  as 

- tan 6 - 
d 

wm 
-- 

where /3 is defined by 

rl + r2 + t 
@ = [  w, ] 

and rl and r2 are the radii of the support and loading 
tup respectively (see Fig. 3 ) .  Equation 13 is used to 
determine 6 from the load-displacement record taken 
during the fracture test. Equation 13 must be in- 
verted by iteration. Differentiation of Eq. ( 1 3 )  with 
respect to 6 results in 

Substitution of Eqs. ( 7 ) ,  ( 1 1 ) ,  ( 1 2 ) ,  and ( 1 5 )  into 
Eq. ( 6 )  yields 

] ( 1 6 )  
3 P , 2 W L ( l + v )  

G, = 
E Wt3tn 

To make Eq. ( 1 6 )  more wieldy, we can define 

which results in 

3 P : W $ ( 1  + V )  
G, = 

E Wt3tn 

for plane stress fracture testing. Figure 4 shows CLD 

vs. d / W ,  curves for several arbitrary selections of 
p, where CLD can be thought of as a large displace- 
ment correction factor to the usual analysis of the 
double torsion test. Note that for plane strain frac- 
ture testing, fracture energy is given by32 

Experimental Method. Fracture tests were carried 
out with either a table model or a floor model Instron 
tester, depending of the size and fracture toughness 
of the samples being evaluated. Sample dimensions 
of thickness, t ,  and width, W ,  were measured prior 

LD 

1.8 I / I  

1.6 1 
1.4 

1.2 
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0.8 
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0.4 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

d / W ,  

Figure 4 Large displacement correction factor, CLD, vs. 
d /  W,,, for a range of p. AD = 0, Op = 0.2, Op = 0.4, Ap 
= 0.6, OD = 0.8, W P  = 1. 

to fracture of the double torsion specimens. A pre- 
crack was placed into a double torsion specimen by 
a rapid blow to a sharp razor blade held over a pre- 
machined v-groove at one end of the sample. The 
double torsion specimen was then placed into a test- 
ing jig as shown in Figure 2. Fracture tests were 
carried out under normal laboratory conditions at a 
temperature of 23 k 2"C, with a crosshead speed of 
0.05 cm/min. Load-displacement records were taken 
during the fracture experiments. The load at frac- 
ture, P,, was calculated directly from the data on 
the load-displacement records. The fracture energies 
were calculated from Eq. ( 1 8 )  or ( 1 9 ) ,  depending 
on the conditions of testing. Young's modulus was 
calculated from near equilibrium three-point bend 
tests. Poisson's ratio was taken to be 0.35 for all 
specimens. Because C L D  does not vary greatly once 
crack propagation is underway, it was evaluated at 
the midpoint of the crack propagation trace. 

Three-Point Bend Test 

Equilibrium bend tests were carried out on samples 
from each of the bulk specimens. Samples were 
loaded by way of a table model Instron in small steps 
of increasing load. After each incremental loading 
the load was allowed to decay to a near equilibrium 
value, P .  In addition, the total deflection, d ,  was 
tallied during the experiment. A near equilibrium 
Young's modulus is calculated as33,34 

pi3 E = -  
4d W t 3  
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and 

h l  

Figure 5 Plane strain compression test. 

where it is assumed that the material behaves as a 
linear elastic solid over the range of deflection. The 
span between supports is given by 1. The width and 
thickness of the test piece are defined as W and t ,  
respectively. In order to minimize deviation from 
linear elastic behavior, the total deflection was kept 
small such that34 

dt - < 0.0008 
l 2  

Plane Strain Compression Test 

The plane strain compression test is shown sche- 
matically in Figure 5. The width of the test piece is 
given as W ,  and the thickness is ho. The width of 
the steel dies is b. The plane strain compression test 
for polymers was first described by Ford and Wil- 
l i a m ~ . ~ ~  Ford established that friction effects were 
minimized with polished die surfaces and with lu- 
bricant applied between the die and the specimen.35 
Following the suggestion of Ford and Williams, mo- 
lybdenum disulfide grease was used as the lubricant 
in the plane strain compression tests. Load was ap- 
plied to the specimen with a floor model Instron. A 
die width of 8 mm was used in the experiments. The 
resolved equivalent compressive stress, u, and strain, 
E, are given by35 

V 5 P  a=-- 
2 W,b 

where load is given by P ,  W, is the undeformed width 
of the sample, and h denotes a deformed sample 
thickness. 

RESULTS AND DISCUSSION 

Rubbery Particle Optimization 

An optimized concentration of rubbery particle filler 
was determined by conducting fracture tests over a 
range of filler concentration (0-20 parts per hundred 
epoxy) for both DER 661 and DER 664. Tables I 
and I1 summarize the fracture results for the opti- 
mized materials. Fifteen parts per hundred epoxy 
(phe) Paraloid KM330 gave the greatest increase 
in KI,  over the neat resin values for both DER 661 
and DER 664. However, Young's modulus, E ,  and 
compressive yield strength, a,, , decreased with the 
addition of rubber filler. The fracture energy is re- 
lated to fracture toughness as 

K,2 G, - - 
E 

Because the addition of rubbery filler increases KI, 
and decreases E ,  the result is a dramatic increase 
in fracture energy at  the optimum level of rubber 
filler loading over GI, for the corresponding unfilled 
network. It must be kept in mind that the decrease 
in Young's modulus when rubber filler is introduced 
is an undesirable consequence of rubber filler ad- 
dition, which leads to an increase in fracture energy. 
Glass transition data are also given in Tables I and 
11. Note that there was no significant change in ap- 
parent Tg of the epoxy networks when rubbery par- 
ticles were used as filler. The stable Tg is attributed 
to the use of a core-shell type rubbery filler (rubbery 
core Tg - -46"C), which is not expected to undergo 

Table I Comparison of Optimized Particle-Filled Composites of DER 661 

135 t 2 0 0 0.8 k 0.1 2.7 * 0.1 0.2 * 0.1 95 * 1 
15 0 2.6 * 0.2 2.2 * 0.1 3.1 k 0.7 71 k 2 134 t 2 

134 * 2 15 155 3.6 k 0.2 3.9 * 0.3 3.3 k 0.5 101 t 1 
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1- 

Table I1 Comparison of Optimized Particle-Filled Composites of DER 664 
~~~~~~~~~~~~~~~~~~ 

Paraloid Alumina Klc E 
W e )  W e )  ( M P a c )  (GPa) 

0 0 0.9 k 0.1* 2.8 2 0.1 
0 0 1.1 f 0.2' 2.8 f 0.1 

15 0 2.8 k 0.1 2.1 * 0.1 
15 100 3.5 k 0.1 3.6 t 0.2 

~ ~~~~~~ ~ 

G c  T, 
(kJ/m2) (MPa) ("C) 

0.3 f 0.1* 87 * 3 118 f 2 
0.4 k O.lt  87 f 3 118 f 2 
3.6 f 0.3 67 f 1 118 f 2 
3.5 f 0.4 85 f 2 119 f 2 

* Denotes arrest value. ' Denotes initiation value. 

chemical reaction with epoxy resin during cure. 
Therefore, the resin is expected to undergo nearly 
the same network formation reactions regardless of 
the presences or absence of core-shell rubbery filler 
during cure. 

Figure 6 shows an SEM micrograph of a fracture 
surface of a rubbery particle toughened DER 664. 
The composite contained the optimum rubber filler 
loading of 15 phe. The dark circular regions are cav- 
ities which were opened during fracture. 

Plane Strain Testing 

It has been found in research with metallic materials 
that the fracture path thickness, t,, required for 
plane strain fracture testing can be estimated from36 

2 

t, 2 2.5( 5) 
where ayt is the tensile value for the yield stress of 
the material. It is often not possible to determine 

the tensile yield strength of a brittle epoxy resin 
under the same conditions as those used in the frac- 
ture test. The tensile specimens often fail before 
significant yielding has been achieved. On the other 
hand, brittle resins such such as epoxy resins are 
capable of considerable plastic deformation under 
compressive loading. W r ~ n s k i ~ ~  has shown that an 
estimate of ayt for epoxy resins can be made based 
on a measured value of the compressive yield 
strength, a,,., of a given resin 

Substitution of Eq. (26) into (25) gives 

h T s  
N , 
7 4  I 

E 
(d 
PI x - 

U 
H 

M 

PPP 

0 4  
1 2 3 4 5 6 7 8  

t, (mm) 

Figure 7 Fracture toughness, K,,, vs. fracture path 
thickness, tn,  for DER 661 filled with 15 phe Paraloid 
KM330. Specimens of varying overall double torsion 
specimen thickness, t ,  were used in the fracture experi- 
ments At = 7 mm, Ot = 11 mm, Ot = 15 mm. 

Figure 6 An SEM micrograph of the fracture surface 
for rubbery particle-toughened DER 664 containing 15 
phe Paraloid KM330. 
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Table III Specimen Size Effect on GIC (DER 661 Data) 

Paraloid 
W e )  

t 
Thickness 

(mm) 

t n  

Fracture Path 
Thickness 

(mm) 

Estimated 
Minimum t ,  

(mm) 

0 
15 
15 

3.8 
2.1 

15.2 

2.5 
1.1 
6.8 

0.3 
5.9 
5.9 

0.2 
4.0 
2.3 

Because the compressive yield strength is larger than 
the tensile yield strength for a given resin, Eq. (27) 
will give a conservative estimate of the t, required 
for plane strain testing. Another, less conservative, 
estimate of the minimum t, needed for plane strain 
fracture testing could be gained from 

2 

t, 2 2.5( 2) 
where uyc is now used to estimate t, rather than ayt. 
It seems reasonable that the estimates oft, needed 
for plane strain fracture testing taken from Eqs. (27) 
and (28) could be used to define a range of t, in 
which one would expect the crossover from the plane 
stress to plane strain condition. 

A sample K, vs. t, curve for DER 661 filled with 
15 phe Paraloid KM330 is given in Figure 7. Using 
Eqs. (27 ) and (28)  to estimate the crossover region 
gives an estimated range for t, of 3.3-5.9 mm. Ex- 
amining the data in Figure 7 shows that this range 
fits well to the experimental data. Note that a single 
specimen size could not be used to investigate the 
entire t,, range examined in these experiments. Valid 
double torsion fracture data cannot be obtained 
when the ratio of tn to overall specimen thickness 
is either too small or too large. Further discussion 
of this point can be found elsewhere.32 

The data in Table I11 will be used to compare the 
fracture energy results of testing in the plane stress 
region with the plane strain values. The data pre- 
sented are based on DER 661. Equation 27 was used 
to estimate the minimum t, required for plane strain 
fracture testing. The double torsion fracture test re- 
sults are given in Table I11 for three specimens. The 
neat sample was found to meet the requirements for 
plane strain fracture testing and gave a GI, of about 
0.2 kJ/m2. Next, two specimens with 15 phe Par- 
aloid KM330 filler are examined. The first of these 
rubbery particle filled specimens was tested in the 
plane stress region and gave a calculated GI, around 
4 kJ/m2, whereas the other sample was tested in 

the plane strain region and gave a fracture energy 
of approximately 2.3 kJ/m2. The results in Table 
I11 demonstrate that the use of an inappropriate 
fracture test specimen geometry can lead to over- 
estimation of GI,. It is not uncommon to find values 
of fracture energy for toughened epoxy in the lit- 
erature that were taken in the plane stress region, 
but reported as plane strain, GI,. 

Hybrid Particle Optimization 

Hybrid particle composites were optimized on the 
basis of fracture toughness. Figure 8 shows a plot of 
fracture toughness, &, vs. volume fraction alumina, 
V,, for DER 661 based hybrid particle composites. 
A constant rubber filler loading of 15 parts per 
hundred epoxy (phe) was used in these experiments. 
Initially, little effect on KI, was found as the volume 
fraction of alumina was increased. However, there 
was a change in the manner in which crack propa- 
gation takes place for these low volume fractions of 

P 

2 0 . 0  0.1 0.2 0.2 
V, , Volume Fraction Alumina 

Figure 8 Fracture toughness, KI,, vs. volume fraction 
alumina, V,, for hybrid composites containing 15 phe 
Paraloid KM330 based on DER 661. 
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- 
0 .0  0.1 0.2 0.3 
Va , Volume Fraction Alumina 

Figure 9 Fracture toughness, K,, vs. volume fraction 
alumina, V,, for hybrid particle composites containing 15 
phe Paraloid KM330 based on DER 664. 

alumina (V, < 0.1). The rubber-filled composite, V, 
= 0, failed by stable crack growth. As the volume 
fraction of alumina was increased (0 < V, < 0.2), 
the tendency for initiation type failure increased. 
That is to say, as the volume fraction of alumina 
increases in this region, the amount of stable crack 
growth before failure decreases. Further increases 
in the concentration of alumina (V, > 0.2) result in 
a return to the tendency for stable crack propaga- 
tion. The return to stable crack growth corresponds 
to relative particle spacing approaching the size of 
the filler particles and the rise in fracture toughness. 
Sample casting was not possible for volume fractions 
of alumina above 0.28. Therefore, the “optimum” 
hybrid particle composite was taken to be the ma- 
terial containing 28 volume percent alumina (155 
phe alumina) and 15 phe Paraloid KM330. Figure 
9 shows a KI, vs. V, plot for DER 664 hybrid particle 
composites, a maximum in KI, vs. V, was found at  
20-28 volume percent alumina filler. The optimum 
DER 664 hybrid composition was then taken to be 

20 volume percent alumina (100 phe alumina) and 
15 phe rubber filler. 

A summary of the physical properties of the op- 
timized materials is given in Tables I and 11. The 
tables contain fracture toughness, Young’s Modulus, 
E ,  fracture energy, GI,, compressive yield strength, 
c,,,,, and glass transition temperature, Tg, data for 
neat epoxies, rubber-filler optimized composites, and 
the optimum hybrid particle composites. In general, 
the addition of rubber filler to neat epoxies results 
in an increase in fracture toughness, but a decrease 
in both Young’s Modulus and yield strength. On the 
other hand, a comparison of the hybrid particle 
composites to the neat materials shows that both 
fracture toughness and modulus are increased 
through hybrid particle addition. In addition, hybrid 
particle-toughened materials have nearly the same 
yield strength as the neat epoxies. 

Hybrid Particle-Toughening and Plastic Zone 
Effects 

Specimens were prepared that contained alumina 
particle volume concentrations equal to those found 
in the optimum hybrid particle composites (e.g., 134 
phe alumina for DER 661). Likewise, rubber par- 
ticle-filled resins with the same volume fraction of 
Paraloid KM330 as the optimum hybrid particle 
composites were evaluated in the study (e.g., 11 phe 
Paraloid for DER 661 ) . A summary of the physical 
properties of modulus, fracture toughness, and yield 
strength measured for these materials is given in 
Tables IV and V. In addition, the properties of the 
neat epoxies, the optimum rubber filled resins, and 
the optimum hybrid particle composites are tabu- 
lated in Tables IV and V. 

The critical crack opening displacement, at, ,can 
be calculated from 

Table IV Estimates of Crack Opening Displacement, a,, for DER 661 Matrices 

0 
11 
15 
0 

15 

0 
0 
0 

134 
155 

2.7 k 0.1 0.8 * 0.1 95 * 1 3 
2.2 f 0.1 2.5 f 0.2 88 * 2 42 
2.2 f 0.1 2.6 f 0.2 71 f 2 58 
4.9 f 0.2 1.8 f 0.2 129 * 1 7 
3.9 t 0.3 3.6 t 0.2 101 t 1 44 
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Table V Estimates of Crack Opening Displacement, S,, for DER 664 Matrices 

Paraloid Alumina E KIC @YC 6, 
W e )  (phe) (GPa) ( M P a G )  (MPa) (m) 

0 0 2.8 k 0.1 1.1 rf: 0.2f 87 f 3 7 
0 0 2.8 f 0.1 0.9 ? 0.1* 87 f 3 5 

12 0 2.2 f 0.2 2.7 f 0.2 78 f 1 58 
15 0 2.1 ? 0.1 2.8 rf: 0.1 67 f 1 72 
0 86 4.8 f 0.2 1.8 k 0.2 111 f 3 8 

15 100 3.6 f 0.2 3.5 f 0.1 85 f 2 55 

* Denotes arrest value. ' Denotes initiation value. 

where art is the tensile yield strength of the material. 
Equation (26) can be substituted into Eq. (29), re- 
sulting in 

Equation (30)  allows for the estimation of the crit- 
ical crack opening displacement in terms of com- 
pressive yield strength, uY. 6, was estimated for each 
of the materials listed in Tables IV and V. The 
greatest crack opening displacements are gained by 
rubber-toughened composites-indicating the abil- 
ity of ductile materials to blunt the crack tip. Note 
that the sharpest crack fronts are predicted for the 
neat epoxies. The rigid particle-filled composites 
show crack opening displacements similar to those 
of the corresponding neat materials. This indicates 
that crack tip blunting plays a minor role in the 
toughening of composites containing only alumina 
particles. Presumably, crack pinning is the dominant 
fracture mechanism for these rigid particle filled 
composites. If one compares the optimum hybrid 
particle composites to the rubber-filled resins that 
have the same concentration of rubber filler as the 
hybrid composites, it can be seen that each shows 
about the same level of critical crack opening dis- 
placement. It might be inferred from such a com- 
parison that the hybrid particle composite has re- 
tained much of the ability of its rubber filled coun- 
terpart to deform plastically in the region around 
the crack front. Figure 10 is an SEM photograph of 
the fracture surface of a DER 661 composite con- 
taining 134 phe alumina (V, = 0.28). The photo- 
graph shows good adhesion between the epoxy ma- 
trix and the alumina filler that results in higher yield 
strengths than those of corresponding neat epoxies 
(see Tables IV and V) . Finite element analysis pre- 

dicts that substantial stress is transferred to rigid 
particles when there is good adhesion between the 
rigid particles and the matri~.~'-~'  The position of 
greatest stress concentration is located over the poles 
when the rigid particles are placed in a field of uni- 
axial tensile s t r e ~ s . ~ ~ , ~ '  Therefore, it can be envi- 
sioned that the overlap of stress fields results in in- 
creased deformation of the matrix material between 
rigid particles. Further, the presence of rubber par- 
ticles in the case of hybrid particle composites would 
be expected to enhance the ability of the matrix to 
deform locally ahead of the crack front. This would 
also explain why the more ductile DER 664 network 
requires lower levels of alumina to reach a maximum 
value of hybrid toughness. It is presumed that while 
crack pinning is the dominant mechanism for 
toughening in alumina-filled epoxies, the rigid par- 
ticles act to enhance localized plastic deformation 
between particles in the hybrid particle composites. 

Figure 10 
a DER 661 composite containing 134 phe alumina. 

SEM photograph of the fracture surface of 
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Table VI Estimate of Plastic Zone Size for Various Matrix Materials 

DER/DDS 
Resin 

KIC 
( M P a G )  

~~ 

661 0 0.8 12 
661 11 2.5 146 
664 0 l.l+ 30 
664 0 0.9* 21 
664 12 2.7 228 

* Denotes arrest value. ' Denotes initiation value. 

This notion is reinforced when one examines the 
plastic zone size, 2rp, information given in Table VI. 
The radius of the plastic zone, rp,  for the conditions 
of plane strain was estimated by Irwin to be41 

where Irwin assumed, for the purposes of analysis, 
that the plastic zone has a circular cross section. 
Substituting Eq. ( 2 6 )  into (31 ) gives 

which allows the compressive yield strength to be 
used to estimate the critical size of the plastic zone. 
The critical size of the plastic zone is given for the 
neat epoxies in Table VI. In addition, the plastic 
zone size developed in the rubber-filled specimens 
with rubber particle concentrations corresponding 
to those in the optimized hybrid pa1 iicle composites 
are given. The average distance separating alumina 
particles in the hybrid particle composite, d ,  can be 
estimated from4' 

2D(  1 - V f )  
d =  

3Vf 
(33) 

where D is the size of the alumina particles and V, 
is the volume fraction of rigid filler in the composite. 
For A-4000 SG, D - 3.3 pm. The average distance 
between alumina particles in the optimized DER 
661 hybrid particle composite is approximately 6 pm. 
For the DER 664 hybrid particle composite, the par- 
ticle spacing is about 9 pm. Now, consider the case 
of alumina particle-filled composites that have the 

same concentration of rigid particles as their opti- 
mized hybrid particle composite counterparts. Table 
VI shows that the size of the plastic zone developed 
during fracture in the epoxy matrix of these mate- 
rials is the same magnitude as the alumina particle 
spacing. Conversely, the plastic zone developed in 
the epoxy-rubber matrix of optimized hybrid par- 
ticle composites is much larger than the particle 
spacing. Crack pinning would, therefore, be less ef- 
fective in the case of hybrid composites. 

Figure 11 is an SEM micrograph of the fractured 
surface of a hybrid particle filled DER 664 network 
containing 15 phe Paraloid KM330 and 100 phe alu- 
mina. Extensive cavity formation is seen in the 
fracture surface. Similar cavities were not found on 
the surface of the alumina filled composites (see Fig. 
10). The cavities are attributed, as in the case of 
rubber-toughened epoxy, to the cavitation and plas- 
tic void growth of the rubbery  particle^.^^-^^ 

Figure 11 SEM micrograph of the fractured surface of 
hybrid particle filled DER 664 containing 15 phe Paraloid 
KM330 and 100 phe A-4000 SG alumina. 
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CONCLUSIONS REFERENCES 

Combinations of rubbery and rigid (hybrid) particles 
can be used to toughen epoxy resins to an extent 
greater than either rubbery or rigid particles alone. 
In this work, an optimized hybrid system gave a six- 
teen-fold increase in fracture energy in comparison 
to the corresponding neat network. The use of core- 
shell rubbery particles allowed for toughening of the 
resins without alteration of their glass transition 
temperatures. Optimized hybrid particle composites 
had greater fracture energies than neat epoxy resins 
without reduction in important properties such as 
modulus, yield strength, and glass transition tem- 
perature. The rubbery particle-toughening mecha- 
nisms of localized shear yielding, cavitation, and 
plastic void growth are believed to operate in hybrid 
particle composites. However, a crack front imped- 
ance mechanism such as crack pinning operates only 
in rigid particle filled composites. Hybrid particle 
composites undergo large-scale plastic deformation 
in the region around the crack front. It is proposed 
that well-bonded rigid filler particles, in the case of 
bulk hybrid particle composites, act as stress con- 
centrators-resulting in greater localized plastic de- 
formation ahead of the crack front than is possible 
in an equivalently filled rubber particle composite. 

Careful consideration of test specimen geometry 
must be incorporated into evaluation of the fracture 
properties of toughened glassy polymers. It has been 
shown that consideration of the geometry of the 
fracture test specimen plays an important role in 
the calculation of an appropriate fracture energy for 
toughened glassy polymers. 

The benefits of hybrid particle toughening are 
expected to be realized when epoxy matrix resins 
containing optimized blends of dispersed particles 
are used in fiber reinforced composite laminates. 
Unidirectional composite laminates offer the op- 
portunity to examine the fracture behavior of hybrid 
particle matrices in highly constrained geometries 
without significant alteration of epoxy network re- 
actions. In addition, studies with unidirectional 
laminates have the potential of revealing important 
aspects of the interactions between the rubbery and 
rigid fillers and the epoxy matrix under conditions 
of failure. 
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