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ABSTRACT: The effect of molecular weight between crosslinks, M_, on the fracture
behavior of rubber-toughened epoxy adhesives was investigated and compared with the
behavior of the bulk resins. In the liquid rubber-toughened bulk system, fracture
energy increased with increasing M_. However, in the liquid rubber-toughened adhesive
system, with increasing M, the locus of joint fracture had a transition from cohesive
failure, break in the bond layer, to interfacial failure, rupture of the bond layer from the
surface of the substrate. Specimens fractured by cohesive failure exhibited larger
fracture energies than those by interfacial failure. The occurrence of transition from
cohesive to interfacial failure seemed to be caused by the increase in the ductility of
matrix, the mismatch of elastic constant, and the agglomeration of rubber particles at
the metal/epoxy interface. When core-shell rubber, which did not agglomerate at the
interface, was used as a toughening agent, fracture energy increased with M_.. © 2000

John Wiley & Sons, Inc. J Appl Polym Sci 79: 38—48, 2001
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INTRODUCTION

Epoxy resin is being used as the most common
structural adhesive by virtue of its high cohesive
and adhesive strength, low shrinkage, and versa-
tility in formulating and processing. Cured epoxy
resin, however, has a brittle nature with poor
resistance to crack growth. As a result, it is fre-
quently toughened by the incorporation of a rub-
bery phase for applications. When toughening is
considered, it is known that plastic deformation of
the epoxy matrix is mostly responsible for the
toughening effect in rubber-toughened epoxies.
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The plastic deformation, which is induced by rub-
ber particles, can be divided into shear yielding of
epoxy matrix between the neighboring rubber
particles and plastic void growth of epoxy matrix
surrounding the particles. Yee and Pearson' iden-
tified that the role of the rubber particles in the
toughening is to relieve the constraint in front of
the crack tip by rubber cavitation, and trigger for
the formation of shear bands. Also, the quantita-
tive modeling by Huang and Kinloch? revealed
the importance of plastic void growth as well as
matrix shear deformation in epoxy toughening.
Although the addition of various rubber parti-
cles has effectively enhanced the toughness of
bulk epoxy resins, epoxy adhesives have not been
toughened effectively.'® The reason, for the most
part, is that the toughening mechanisms that



functioned in bulk did not work in adhesives.
Observed results initially by Bascom et al.,®> and
subsequently by other researchers*~" have dem-
onstrated the complex effect of bond thickness on
the fracture energy of a rubber-toughened epoxy.
On the assumption that all other factors are
equal, it was proposed that increased constraint
brought about by a reduction in bond thickness
could produce an extension of the crack tip plastic
zone along the adhesive length. According to their
proposition, the extended plastic zone can in-
crease the toughness of the adhesive, and conse-
quently affect the adhesive fracture energy. Bell
and Kinloch® noted that the value of the adhesive
fracture energy may be dependent on the type of
substrates used, even when cohesive fracture
through the adhesive layer is observed. They elu-
cidated that such a dependence arises from the
transverse modulus of the substrate, which influ-
ences the form of the stress field ahead of the
crack in the adhesive layer. In summary, in addi-
tion to the factors governing the fracture of bulk
epoxies, it appeared that other factors, as men-
tioned above, like the thickness of adhesive lay-
er,>”’ the type and surface treatment of sub-
strate®® affected the fracture behavior of adhe-
sive system.

It was supposed that the variation of adhesive
properties with formulation is another influential
parameter on adhesive fracture. Many research-
ers have shown that the extent of fracture energy
enhancement in a rubber-toughened epoxy de-
pends on the crosslink density of the epoxy res-
ins.'®!! Pearson and Yee!° suggested that the
fracture toughness of the rubber-toughened ep-
oxies is a relatively strong function of the molec-
ular weight, and the toughenability of a diglycidyl
ether bisphenol A (DGEBA)-based epoxy resin by
rubber addition depends on the crosslink density
of the epoxy matrix. They defined that toughen-
abilty is related to the ability of epoxy to undergo
plastic deformation in applied stress states, i.e.,
the lower the crosslink density, the greater the
toughenability. Recent study by Kishi et al.!! pro-
vided a detailed description of the effect of the
matrix properties on fracture energy. It was pro-
posed that the lower elastomer toughenability of
highly crosslinked networks could be a conse-
quence of their low intrinsic ductility.

The purpose of this study was to have a more
systematic understanding of how the adhesive
fails according to the ductility change of epoxy
resin. In this study, with fixed adhesive thickness
and other conditions, molecular weight between
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Figure 1 The chemical structures of the materials.
(a) Diglycidyl ether of bisphenol A (DGEBA; Kukdo
Chemical Co.) epoxy; (b) dicyandiamide (DICY; Aldrich
Chemical Co.); and (c) carboxyl-terminated butadiene-
acrylonitrile copolymer (Hycar®, BF Goodrich).

crosslinks, M, of epoxy resin was varied by using
different epoxy equivalent weights (EEW) of
DGEBA-based epoxy prepolymer, and the frac-
ture behavior of adhesives was investigated. Ad-
ditionally, another goal was to evaluate the role of
the rubber particles on the adhesive fracture pro-
cess compared with bulk fracture.

EXPERIMENTAL

Materials

DGEBA epoxy prepolymers with three different
EEW and dicyandiamide (DICY) were obtained
from Kukdo Chemicals and Aldrich, respectively.
Two types of carboxyl-terminated butadiene-acry-
lonitrile copolymer (CTBN), a Hycar®; liquid rub-
ber, were obtained from BF Goodrich and desig-
nated as CTBNS8 [17 wt % acrylonitrile (AN) con-
tent] and CTBN13 (27 wt % AN content)
according to the supplier’s instruction. The core-
shell rubber, prepared in our laboratory, con-
sisted of polybutylacrylate core crosslinked with
triallyl isocyanate and polymethylmethacrylate
shell crosslinked with divinyl benzene (core/shell
= 50:50 by weight). The predetermined size of the
core-shell rubber particles was about 630 nm. The
chemical structures of materials used are shown
in Figure 1.
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Table I Recipe of Cured Bulk Specimens

DGEBA-Type EEW
Code Epoxy (g) (gleq) DICY (g) Azine (g) Rubber (g)
E1l 120 184-190 8.09 0.21 19.17
E2 120 450-500 3.18 0.06 18.41
E3 120 900-1000 1.59 — 18.20

Preparation Procedures

The stoichiometric amount of the hardener ac-
corded to previous studies,'®!3 and the formula-
tions for the bulk and the adhesives are listed in
Table I. Because of several types of epoxy equiv-
alent weights of the resins used, and the corre-
sponding viscosity change, three kinds of cure
procedure were used for the preparation of the
specimens as shown in Table II. Details of these
procedures are as follows. First the DGEBA epoxy
and rubber mixture were heated to viscous melt
and degassed for less than an hour. After the
vacuum was removed, the hardener DICY and the
catalyst azine were added to the epoxy/rubber
mixture while stirring slowly. Some of the mixture
was again degassed and poured into a Teflon-coated
mold to prepare the bulk specimens, and the
other portion was coated on bonding surface of the
substrates, i.e., the tapered double cantilever
beam (TDCB) specimens pretreated according to
ASTM D2651, that were preheated at cure tem-
perature. In the case of the TDCB specimens, the
Kapton® film was used as constant thickness
spacer as well as preinserted notch. The speci-
mens were allowed to react at cure temperature
for 2 h and postcure for 20 min at 220°C in an
air-circulating oven. After that, the specimens
were allowed to cool slowly to room temperature.

Aluminum alloy 6061 was used as the sub-
strate material, blocks of which were machined
according to ASTM D3433. To ensure good adhe-

Table II Conditions for the Preparation of the
Epoxy Resins

Temperature and Time (°C, min)

Mixing and
Code EEW Degassing Cure Postcure
E1  184-190 80, 60 120, 120 220, 20
E2  450-500 100, 40 120, 120 220, 20
E3  900-1000 >160, 30 160, 120 220, 20

sion of the adhesives, the surfaces to be jointed
had to be cleaned according to ASTM D2651 be-
fore the adhesion was applied. The substrate was
polished down to 0.3 um using alumina powder,
cleaned with acetone/water, chemically etched in
a bath of sodium dichromate/sulfuric acid/dis-
tilled water (3:10:30 by weight) at 70°C for 15
min, washed with water, and dried.

Tests and Measurements

Glass transition temperature (T,) of the cured ep-
oxies was determined with a Perkin-Elmer DSC-7
at the heating rate of 10°C/min. Equilibrium mod-
ulus of the resins in their rubbery state was mea-
sured with a dynamic mechanical thermal analyzer
(Rheometrics MK-II DMTA) in the bending mode at
a frequency of 1 Hz. Young’s modulus and yield
stress were determined by uniaxial compression
test using a universal testing machine (Instron
4201 UTM) run at a crosshead speed of 1.3 mm/min.
Specimens for the compression test were machined
to the dimension of 4, 4, and 8 mm in width,
breadth, and length, respectively.

Number average molecular weight between
crosslinks, M, was determined using the equa-
tion from the rubber elasticity theory'*:

pRT
G,

M. =q

where ¢ is the front factor (usually 1), p is the
density, R is the gas constant, and 7' is the tem-
perature. G, is the equilibrium modulus in the
rubbery region that was determined by the
DMTA measurement.

Critical strain energy release rate or fracture
energy, Gy, of bulk resin was determined from
single-edge notched three-point bending (SEN-
3PB) tests and the following equation®®:

W=G; X BD®

where W is the stored elastic energy up to the
point of fracture, B is the sample thickness, D is
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Figure 2 Schematic diagram of the tapered double
cantilever beam (TDCB) specimen geometry.

the width. Gy, is obtained from the slope in the
plot of W as a function of BD®, when the geome-
try dependence, @, is given by the equation, ®
= (a/2D) + (L/9ma). For each measurement,
seven to ten specimens were machined to the
dimension of 100 X 4 (B) X 11 (D) mm?, and
tested with a span length (L) of 33 mm and vary-
ing initial crack length (a). The specimens were
loaded to failure in the UTM run at a constant
crosshead speed of 1.3 mm/min and room temper-
ature.

Fracture energy of the adhesive layers was de-
termined through Mode I fracture test of TDCB
specimens, following the procedure described in
ASTM D3433.5716 Epoxy resin with the thick-
ness of ca. 150 um, cured between the metal
blocks with the geometry shown in Figure 2, were
tensioned to failure with a UTM at a crosshead
speed of 1.3 mm/min at room temperature. Gy,
was calculated from the following equation:

4P’m
Ge="p25

where P, is the critical load for crack initiation, b
is the specimen width, E is the tensile modulus of
the substrate, and m is the constant determined
by the geometry of specimen, which is 3.54 mm !
for this geometry.

Microscopic Observation

The subsurface deformation zones of the tested
specimens were observed using an optical micro-
scope (Nikon Optiphot 2-pol) in the transmitted
light mode. The bulk specimens were fractured by
using the double-notched four-point bending (DN-
4PB) test,'” and the well-developed damage zones
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Figure 3 Schematic diagram of the double-notched
four-point bending (DN-4PB) specimen geometry.

that represent the conditions prior to the failure
of the bulk epoxy were investigated. Figure 3 is a
schematic representation showing details of the
test. Sections taken from the tested bulk and ad-
hesive specimens in the direction parallel to the
crack propagation, perpendicular to the fracture
surface, were ground and polished to thin sections
using the petrographic polishing technique.!”!®
The fracture surfaces of the SEN and the TDCB
specimens were characterized by scanning elec-
tron microscope (Hitachi S 2500S) at an acceler-
ating voltage of 10 kV after sputtering with a
gold-palladium coating.

RESULTS AND DISCUSSION

Characteristics of the Epoxies

T,, yield stress (o), and modulus (E) of the neat
resins are summarized with their M, in Table III.
As shown in Figure 4, dynamic mechanical ther-
mal analysis of epoxy resins revealed that T, and
rubbery plateau modulus (E’), decreased with in-
creasing epoxy equivalent weight of prepolymer.
The decrease in the dynamic mechanical proper-
ties was attributed to the more unrestricted mo-
tion of chain segments responsible for the damp-
ing with increasing M.. As a result, the resin with

Table III Thermal and Compressive
Mechanical Properties of the Cured Neat
Epoxy Resins

Code M, T,(C) o,(MPa) E (GPa)
El 456 139.1 116.7 2.68
E2 1600 1104 96.2 2.61
E3 2237 1036 87.9 2.34
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Figure 4 Dynamic mechanical thermal analysis of
neat epoxies.

higher M, appeared to be softer, showing lower
thermal and mechanical properties.

Morphological Behavior of Rubber-Toughened
Epoxies

Figure 5 shows the optical micrographs of the
thin sections taken parallel to the crack propaga-
tion direction for DN-4PB specimens, and Figure
6 reveals scanning electron micrographs taken
from the fracture surface of SEN-3PB specimens.
In case of the same matrix systems, especially in
the matrix type of E2, the rubber particles in the
CTBNS&/E2 system [see Figs. 5(b) and 6(b)] had
larger size than those in the CTBN13 system [see
Figs. 5(c) and 6(c)]. In DGEBA-based epoxy/
CTBN rubber blends, it has been well known that
the phase separation is facilitated by the increase
in molecular weight of epoxy and the variation of

Figure 5 Transmission optical photomicrographs of thin sections taken mid plane
near the crack tip of the DN-4PB specimens: (a) E1/CTBNS; (b) E2/CTBNS; (¢) E2/
CTBN13; and (d) E3/CTBN13. Arrows indicate the direction of crack propagation.
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Figure 6 Scanning electron micrographs of the fracture surfaces of the SEN-3PB
specimens: (a) E1/CTBNS; (b) E2/CTBNS; (¢) E2/CTBN13; and (d) E3/CTBN13. Arrows
indicate the direction of crack propagation.

solubility parameter that occurs during cure re-
action.'?2° On the other hand, the increase in the
AN content of a CTBN rubber was reported to
improve the compatibility between the CTBN
rubber and the epoxy.2%?2 It was explained by the
decrease in the difference between the solubility
parameters of both components (20.9, 18.7, and
17.9 MPa'? for DGEBA epoxy, CTBN13, and
CTBNS, respectively) with increasing the AN con-
tent. In this study, the mixture of an epoxy with
CTBN13 of high AN content (27 wt %), compared
with CTBNS8 (17 wt %), showed a retardation of

phase separation, resulting in a reduction of rub-
ber particle size.

In the case of the same toughener systems,
Figures 5 and 6 show that an increase in M, from
E1 to E2 with CTBNS, or from E2 to E3 with
CTBN13 resulted in increasing rubber particle
size. Previous study on the miscibility of epoxy/
rubber mixture by Verchere et al.?? showed that
the miscibility gap in epoxy/rubber mixture in-
creased with an increase in the molecular weight
of the epoxy prepolymers. Therefore, it has be-
come obvious that the miscibility of epoxy mono-



~ 15
o

E —@— neat

- —&- CTBNS
2L —@- CTBNI3
Qa 10 F

Z

)

=

)

W

e

= 5F

Rl

13

&

&

=

—

=

m 0 [l — 'l

0 500 1000 1500 2000 2500
Crosslink molecular weight, M (g/mol)

Figure 7 Bulk fracture energy of rubber-toughened
epoxies.

mers with a rubber is very sensitive to the molec-
ular weight of the epoxy prepolymer.

In the epoxy/CTBN mixture investigated, con-
sequently, an increase in AN content (from
CTBNS to CTBN13) or a decrease in M, (from E3
to E1) resulted in the decrease in size of rubber
particles.

Fracture Behavior of Rubber-Toughened
Bulk Epoxies

Figure 7 shows that fracture energy of the CTBN-
toughened bulk epoxy increased with increasing
M, whereas that of neat epoxy was little changed.
The behavior has been commonly observed in
many toughened epoxy systems. The dominant
mechanisms for rubber toughening of epoxies,
proposed by many researchers,»%1%172% gre the
cavitation of rubber particles and cavitation-in-
duced plastic deformation of epoxy matrix such as
shear and dilatational deformations. As M, of the
epoxy matrix increased, the fracture energy of the
toughened epoxy increased because of the en-
hanced ability of matrix to deform.'®!! In neat
epoxy resin, where rubber particles were absent
and the corresponding rubber cavitations were
not available, the enhanced ductility alone could
not effectively enhance fracture energy.
Whereas Gy, of CTBN13-toughened epoxy in-
creased linearly, the increment of CTBN8-tough-
end epoxy negatively deviated from the linearity
line. The low Gy, value of E2/CTBNS8 could be

explained by the presence of particles as large as
several tens of micrometers [Figs. 5(b) and 6(b)].
It is generally known that rubber particles larger
than a few micrometers are not effective in epoxy
toughening.'” Still, G;. of E2/CTBNS is larger
than that of E1/CTBNS8 due to the enhanced duc-
tility or toughenability of epoxy matrix by rubber
addition, which was mentioned previously. The
broad, actually close to bimodal, distribution in
particle size of E2/CTBN8 was thought to contrib-
ute to enhancing fracture energy. Stress field
formed by early-stressed larger particles might
have enhanced the cavitations of smaller neigh-
bors, which has been reported previously in epoxy
toughening.'”2?° The complicated pattern of shear
yielding observed in deformation zone of E2/
CTBNS of Figure 5(b) was considered supportive
of this explanation.

Fracture Behavior of Rubber-Toughened
Epoxy Adhesives

It was found that the fracture behavior of neat
epoxy adhesives followed cohesive failure mode,
and Gy, increased linearly as seen in Figure 8,
which was quite similar to that of neat bulk resin.
However, this was not the case in toughened ad-
hesives. For CTBN8-toughened adhesive system,
fracture energy decreased with the increase in
M.,. 1t is believed to be caused by the transition in
the fracture mode from cohesive (E1/CTBNS8) to
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Figure 8 Adhesive fracture energy of rubber-tough-
ened epoxies.
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Figure 9 Optical photomicrographs, taken under cross-polarized light, of the region
below the fracture surfaces of the TDCB specimens: (a) E1/CTBNS; (b) E2/CTBNS; (c)
E3/CTBNS; (d) E1/CTBN13; (e) E2/CTBN13; and (f) E3/CTBN13. Arrows indicate the
direction of crack propagation. Wedges indicate the agglomeration of rubber particles.

interfacial failure (E2/CTBNS8). As shown in Fig-
ure 9(b,c), the rubber particles did not cavitate in
the specimens that failed at the interface between
the resin and substrate, in contrast to that which
failed cohesively [Fig. 9(a)] and to that in bulk
specimen [Fig. 5(b)].

G, of CTBN13-toughened epoxy adhesives ex-
hibited a maximum when M, was about 1600

(E2). In this specimen, a larger and through-
thickness type of deformation zone [Fig. 9(e)l,
compared with E1/CTBN13 [Fig. 9(d)], was ob-
served. Despite the inhomogeneity of deformation
zone in adhesive layer, plastic wake, i.e., the trace
of the deformation zone, was observed to farther
extend along the length of the adhesive layer (not
fully shown here). As M, further increased (from
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Table IV Mechanical Properties of the Rubber-Toughened Epoxies

Measured Fracture
Deformation Energy of
Zone Size Bulk Epoxies Locus of
Code (um) (kJ/m?) E (GPa) E_,....’”/E  Failure®
E1l ND¢ 0.22 2.68 25.7 C
E2 ND 0.44 2.61 26.4 C
E3 ND 0.62 2.34 29.5 C
E1/CTBN13 7 0.24 2.47 27.9 C
E2/CTBN13 250 4.77 2.43 28.4 C/1
E3/CTBN13 500 7.94 2.18 31.7 I
E1/CTBNS8 24 0.62 2.26 30.5 C
E2/CTBNS8 200 2.64 1.98 34.8 I
E3/CTBNS8 660 10.48 1.88 36.7 I
269 GPa.

b C, cohesive failure at TDCB fracture; I, interfacial failure at TDCB fracture.

¢ Not determined for the small size.

E2 to E3), a transition from cohesive to interfacial
failure occurred, resulting in the drop of Gi..

There were several reasons why there occurred
a transition from cohesive to interfacial failure
with increasing M,. One was the increase in duc-
tility of the matrix and toughenability of matrix
induced by rubber particle, which might absorb
much more energy in fracture as shown in Table
IV. Consequently, it appeared to prevent the
crack from propagating through the adhesive
layer in cohesive failure mode. Another was the
formation of a weak interfacial boundary layer at
the epoxy/metal interface. Figure 9(b,c), and most
apparently, (f), showed that the deformation zone
(rubber-cavitated zone) was confined to the sub-
strate/epoxy interface.

An interface between two different materials
has a residual stress, which results from the mis-
match in elastic constants like Young’s modulus
or Poisson’s ratio between epoxy resin and sub-
strate.® As M, increased, the modulus of the ad-
hesive decreased, whereas that of the substrate
did not change. Additionally, when the liquid rub-
ber was added, the degree of mismatch was fur-
ther enlarged. The increasing mismatch of elastic
constants with increasing M, might result in a
weak interface. Consequently, crack propagation
along the interface is preferred through the adhe-
sive layer.

Still another, and more important reason for
the formation of weak interface with increasing
M,, is agglomeration of rubber particles at the
substrate/epoxy interface. It was noted in the
specimens failed at interface [Fig. 9(b,c,f)] that

there were local concentrations of the CTBN rub-
ber particles near the interfaces. Scanning elec-
tron micrograph of the fracture surface of the
TDCB specimen also shows that the agglomer-
ated rubber-epoxy portion of several tens of mi-
crometers bulged out on the fracture surface in
interfacial failure [Fig. 10(a,b)]. Although the def-
inite reason for the agglomeration could not be
given, the following explanation could be sug-
gested. It has been reported that the high surface
energy of the metal substrate results in relatively
strong interfacial secondary force interactions,
and the adhesion of metal to polymer closely de-
pends on the interfacial state of the two materi-
als, e.g., adsorption sites or adsorption forces.??2*
The defects, such as structural damages on the
metal surfaces, might act as a seed site for attach-
ment and growth of small molecules.?*?¢ In the
adhesive systems investigated, it was observed
that phase separation and agglomeration is bet-
ter developed at interface and the degree of ag-
glomeration at interface was higher with larger
M, or lower AN content in CTBN. The larger
rubber particles developed due to the incompati-
bility between the rubbers and the epoxies might
not come into effective contact with metal surface.
Thus, the agglomerated particles at metal/adhe-
sive interface might act as stress concentrators
and promote the development of small cracks or
flaws that are located at, or near the interface.
The retarded transition from cohesive to interfa-
cial failure in the CTBN13-toughened epoxy sys-
tem was considered to be attributed to better com-
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Figure 10 Scanning electron micrographs of the fracture surfaces of the TDCB
specimens: (a) E3/CTBNS, and (b) E3/CTBN13. Arrows indicate the direction of crack

propagation.

patibility of CTBN13 rubber with epoxy than
CTBNS.

For the purpose of excluding rubber agglomer-
ation at interface, core-shell rubber particles with
predetermined size and size distribution were
blended with epoxy. Compared with conventional
CTBN-toughened system, in which rubber parti-

cles could directly react with epoxy matrix, a dis-
crete interface was introduced between the parti-
cles and the epoxy matrix by the shell polymer of
core-shell particles, which would not change their
degree of adhesion to epoxy matrix with various
M,. As might be expected, agglomeration at the
epoxy/metal interface was not observed in epoxy/

Figure 11 Scanning electron micrographs of the fracture surfaces of the TDCB
specimens: (a) El/core-shell, and (b) E3/core-shell. Arrows indicate the direction of
crack propagation.
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Table V Dilated Diameter of Core-Shell
Particles in Fractured TDCB Specimens

Relative Dilated

Dilated Diameter Diameter®
Code M, (nm) (nm/nm)
E1l 456 770 1.17
E2 1600 1250 1.89
E3 2237 1680 2.55

2 The diameter of dilated particle/the predetermined one
(630 nm).

core-shell rubber adhesive system, and all the
adhesives were fractured in cohesive failure
through the adhesive layer. As shown in Figure 8,
fracture energy had an increasing tendency with
increasing M, apparently due to the increasing
toughenability of matrix. Scanning electron mi-
croscope of the fracture surfaces (Fig. 11) and
Table V showed that the average diameter of di-
lated core-shell particles in E3 was approximately
over two times larger than that in E1. Obviously,
the results indicated that cavitation and subse-
quent deformation of epoxy matrix in the E3/core-
shell blend [Fig. 11(b)] were much more severe
than those in the El/core-shell system [Fig.
11(a)]. It was, therefore, concluded that when
rubber agglomeration at interface did not happen,
the degree of epoxy/metal interfacial adhesion did
not directly affect the adhesive strength, and the
rubber particles played their roles in toughening.
The resultant fracture energy of rubber-toughened
epoxy adhesive increased with increasing M..

CONCLUSIONS

Fracture energy of the rubber-toughened bulk ep-
oxy increased with M,.. However, in the CTBN-
toughened adhesive system, as M, increased,
fracture behavior showed a transition from cohe-
sive failure to interfacial failure. The transition
was considered to be due to the prevention of
crack from propagating cohesively by increased
ductility of matrix, the formation of weak bound-
ary by the enlarged mismatch of elastic constant,
and the agglomeration of rubber particles at the
metal/epoxy interface. Agglomeration at interface
was thought to be the major factor determining
the failure mode. Core-shell rubber toughened ad-
hesives, which did not show the agglomeration at

interface, were fractured cohesively, and fracture
energy increased with increasing M,.
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