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Synopsis 

Several types of nonreinforced and reinforced epoxy-aluminum adhesive joints were prepared 
and investigated. High modulus carbon fibers and hollow glass microspheres were used as rein- 
forcement. The amount of curing agent, postcure time, adhesive thickness, and type and amount 
of reinforcement were varied throughout this study, and their effect on fracture energy was deter- 
mined. Unstable crack propagation through the adhesive layer was observed. Nodular morphology 
typified all fracture surfaces of nonreinforced adhesive joints, indicating the existence of an inho- 
mogeneous thermosetting network. Electron microscopic evidence was obtained for plastic flow 
in crack initiation and crack arrest regions. The nature of this plastic flow was discussed in terms 
of changes in the resin morphology. 

INTRODUCTION 

In spite of the extensive application of thermosetting polymers as adhesives, 
little is known about correlations between their morphology and ultimate me- 
chanical properties. An ever-increasing use of thermosets as adhesives dictates 
that the design criteria for these materials be based upon the reliability against 
brittle fracture. Methods of linear elastic fracture me~hanicsl-~ (LEFM) analysis 
have been employed extensively to calculate the fracture energy (strain energy 
release rate) of adhesive joints. The critical value of strain energy release rate, 
a t  given loading rate and environmental conditions, represents a geometric in- 
dependent material property and as such is suitable for specifying the ultimate 
mechanical properties and requirements of structural materials. The strain 
energy release rate can be thought of as the energy required to extend a pre- 
existing crack an infinitesimal unit of area. A critical value of the strain energy 
release rate2 at  which the crack extends in mode I is designated 91,. An ex- 
pression for 91, is given by 

where 91, (J/m2) is the critical strain energy release rate, P, (kgf) is the critical 
load, B (cm) is the specimen width, and (dC/bcz)p is the change of compliance 
with crack length at  constant load. Uniform double cantilever beam (UDCB) 
arrangements employed in earlier studies435 represented an elaboration of 
Obreimoff's experiment6 on the cleavage of mica, carried out in 1930. 

In the mid-sixties, a system was d e ~ i g n e d ~ , ~  with a constant compliance change 
with crack length (dC/da = const) by varying the height of the specimen along 
the crack propagation path. Contoured specimens of this type are referred to 
as tapered double-cantilever beam (TDCB) specimens. Experimentally, the 
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critical strain energy release rate can be calculated readily as a function of the 
critical load only.8 

Fracture energies of various epoxy adhesive systems, as obtained from 
the cleavage tests of TDCB specimens, have been reported by several 
worker~.7>9-~8 

On the other hand, the morphology of thermosetting resins has recently be- 
come a subject of considerable practical and scientific interest, since many 
anomalous findings in studies of mechanical properties of thermosets could be 
rationalized in terms of an inhomogeneous network.lg It is now generally agreed 
that the morphology of highly crosslinked thermosets is composed of the more 
highly crosslinked nodules, ranging in size from 6 nm to 10 pm, surrounded by 
a less highly crosslinked lower molecular weight matrix. Therefore, attempts 
were made in this study to describe the nodular morphology of fracture surfaces. 
Finally, since most crack propagation paths in brittle thermosets are charac- 
terized by a certain amount of plastic flow in crack initiation and crack arrest 
zones, special attention was paid to the morphology of these regions. 

EXPERIMENTAL 

Chemical Systems 

The chemical structure of epoxy resin and curing agent used in this work is 
presented in Table I. Reinforcing materials are described in Table 11. The 
composition and cure schedule of various epoxy resin formulations are listed in 
Table 111. 

Techniques 

The exact method of manufacturing the tapered double-cantilever aluminum 
beams, as well as the specimen dimensions, are given in the ASTM D 3433-75. 
A phosphoric acid anodize bath represents an addition to the usual cleaning 
procedure for aluminum beams and gives rise to an improved adhesion between 
aluminum and various thermosetting adhesives.20 Priming preserves optimally 

TABLE I 
Chemical Structure of Epoxy Resin and Curing Agent 

OH 
+f@OCH2--C€I-CH2 /O\ 

CH, 
Typical diglycidyl ether of bisphenol-A (DGEBA) resina 

HZN-CH~-CH~-NH-CH-CH~-NH~ 
Diethylene triamineb (DETA) curing agent 

a Epon 825, Shell’s liquid DGEBA resin used in this study, is a purified form of commercially 

b DETA was supplied by the Aldrich Chemical Company. 
available EPON 826. 
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TABLE I1 
Reinforcing Particles for Adhesive Systems 

Concen- 
tration Specifications, 

Reinforcement level Manufacturer comments 

Chopped carbon 5 phr" Union Carbide Made from pitch, high modulus 

Sodium borosilicate 10 phr Emerson and Particle size ranging from 20 to 200 
fibers 

hollow glass Cuming Inc. pm, average (weight basis) 
microspheres Eccospheres particle diameter: 80 pm, 

average wall thickness (weight basis): 
2 um. Untreated surfaces. 

fibers, E = 45 X lo5 psi. 

IG-I01 

a phr denotes parts per hundred parts of resin, by weight. 

etched aluminum surfaces and allows the use of beams after an indefinite period 
of time, 

Upon priming, the bonding surfaces were ready for the application of the ad- 
hesive. Resin, curing agent, and reinforcement were thoroughly mixed for 5 min 

TABLE 111 
Various Adhesive Formulations Studied 

Formula- 
tion 

or cure 
schedule 

No. Composition Variable Adherend Cure schedule 

1 Epon 825 + 11 phr Postcure A1 
DETA time 

2 Epon 825 + 11 phr Adhesive A1 
DETA thickness 

3 Epon 825 + 25 phr Postcure A1 
DETA + 5 phr time 
C fibers 

4 Epon 825 + 8 phr Postcure A1 
DETA + 5 phr time 
C fibers 

5 Epon 825 + 11 phr Adhesive A1 
DETA + 10 phr thickness 
glass spheres 

Components mixed at  RT," applied 
onto bonding surfaces after 1 hr 
and 25 min, surfaces brought 
together after additional 30 min. 
1 hr a t  RT under pressure (6 psi) 
+ 23 hr a t  72°F and 45% RHb + 
postcure 120°C. 

immediately poured into casting 
dam. 2 hr a t  RT + 23 hr a t  
120°C. 

Components mixed at  RT, applied 
onto bonding surfaces after 1 hr, 
brought together after additional 
20 min. 1 hr a t  85°F under 
pressure (6 psi) + postcure at 
120°C. 

Components mixed at  60"C, applied 
onto bonding surfaces after 15 
min, surfaces brought together 
immediately. 1 hr a t  85°F under 
pressure (6 psi) + postcure at  
120°C. 

Components mixed at  RT, 

Same as formulation 2 

a Room temperature (RT). 
Relative humidity (RH). 
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and further cure was conducted, as outlined in Table 111. The actual application 
of the adhesive on the beams is described elsewhere.2 All samples were kept a t  
72’F and 45% relative humidity for at least 24 hr prior to testing. An Ametek- 
Riehle Testing Equipment system was used for the fracture energy measure- 
ments. All tests were performed at  a crosshead speed of 0.2 in./min. 

One-stage and two-stage carbon-platinum (C-Pt) replicas of various fracture 
surfaces were made and studied by transmission electron microscopy (TEM). 
Also, parts of fracture surfaces were gold shadowed and studied by scanning 
electron microscopy (SEM). The sample preparation methods for TEM and 
SEM studies are described elsewhere.21 A Cwikscan 100 scanning electron 
microscope and a JEOL lOOB transmission electron microscope were used to 
investigate the fracture surfaces. 

RESULTS 

Fracture Tests 

All investigated specimens, nonreinforced and reinforced, exhibited an ap- 
parent cohesive [center of bond (COB)] failure. Also, an unstable crack propa- 
gation, characterized by the “saw-toothed” appearance in load-displacement 
diagrams, was observed in all cases. 

Pure Epoxy Adhesives 

Figure 1 shows the critical strain energy release rate for crack initiation (5’lci) 

%cc 

I 
1 3 5 7 9 11 

post-cure time, hr 

Fig. 1. Critical strain energy release rate as a function of postcure time for an aluminum-epoxy 
adhesive system subjected to cure schedule 1 (Table 111). 
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Fig. 2. Critical strain energy release rate as a function of adhesive thickness for an aluminum-epoxy 

adhesive system subjected to cure schedule 2 (Table 111). (a) 5’tCi; (0) Stca; ( 0 )  9tCi (bulk); (0) OI,, 
(bulk). 

and arrest ( 9 r c a )  as a function of postcure time. A sudden increase in 91, was 
noted at  short postcure times. In spite of the certain amount of data scatter, 
it appears that 91,i and $I,, follow similar patterns. Moreover, their difference 
( A ~ I ~  = 9 I c i  - increases with postcure time, displaying the same trend 
observed earlier with the bulk resin.21 

The effect of varying adhesive thickness on adhesive fracture energy was 
studied next. Figure 2 indicates a steep increase in both 91,i and SI,, up to the 
adhesive thickness of approximately 400 pm. After that point, only a slight 
upward trend was noted; the 91, value remained essentially constant. 91~i and 
$I,, values at  the largest adhesive thickness are the extrapolated values of cor- 
responding (identical composition and cure schedule) bulk specimens.22 An 
interesting visual observation was made with thicker specimens in that the crack 
propagation path had a tendency to migrate between the two adherends, as shown 
in Figure 3. Nonetheless, the fracture was strictly cohesive in the resin; no in- 
terfacial (IF) failure was detected. 

aluminum adherend 

adhesive -v aluminum adherend 

Fig. 3. Schematic presentation of the observed crack propagation path (indicated by arrows) 
showing sudden jumps across the adhesive layer. Note, however, that  a t  all times cohesive failure 
in the adhesive takes place. 
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Carbon Fiber Reinforced Epoxy Adhesives 

The results obtained with two different carbon-fiber (C-fiber) reinforced epoxy 
systems (formulations 3 and 4, Table 111) are presented next. The pure epoxy 
formulation already studied (formulation 1, Table 111) was compared to the same 
system (identical composition and cure) containing additional 5 phr of C-fibers. 
Interestingly, in order to achieve approximately the same curing rate a t  room 
temperature, an excess of 14 phr of curing agent (25  phr DETA total) had to be 
added to the latter system. A rather swift increase in fracture energy was ob- 
served before the asymptotic value was attained at  postcure time of approxi- 
mately 8 hr, as shown ip Figure 4. The value again showed a steady rise 
before reaching the asymptote. It is worth noting, however, that As,,, as a 
function of postcure time, reaches its asymptotic value earlier than the corre- 
sponding value of bulk specimens.21 

Next, the amount of curing agent was reduced and the initial mixing tem- 
perature raised to 60°C (formulation 4, Table 111). In spite of only 8 phr DETA 
present in the system, the curing rate was enhanced and the resin had to be ap- 
plied onto adherend surfaces within 15 min of mixing. Fracture energy values 
remained relatively constant during the first 6 hr of postcure (with the exception 
of the value at  2 hr) and then increased steadily, as seen in Figure 5. Note that 
the last data point taken (19 hr) was still on an ascending line. Consequently, 
the 091, value would probably have a tendency to increase beyond the last data 
point. This behavior is different from the C-fiber reinforced system previously 
described and is rather similar to the bulk system. 

,350 

-263 

.175 

’ 88 

I 
2 4 6 8 1 0  15 20 25 

Fig. 4. Critical strain energy release rate as a function of postcure time for an aluminum-carbon 
fiber reinforced epoxy adhesive system subjected to cure schedule 3 (Table 111). Symbols as in 
Figure 1. 

post-cure time, hr 
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Fig. 5. Critical strain energy release rate as a function of postcure time for an aluminum-carbon 
fiber reinforced epoxy adhesive system subjected to cure schedule 4 (Table 111). Symbols as in 
Figure 1. 

post-cure time, hr 

Glass Microsphere Reinforced Epoxy Adhesives 

A slight upward trend in 91, with increased adhesive thickness was noted, as 
shown in Figure 6. No data points were taken at adhesive thicknesses of less 
than 380 pm, since the size of the largest microspheres was approximately 200 
pm. Crack propagated in an unstable manner, following the path depicted in 
Figure 3. Only a slight increase in A91, with increased adhesive thickness was 
seen. Interestingly, the obtained values of 91ci and $I,, lie below the corre- 
sponding values for pure (nonreinforced) epoxy adhesive. 

Microscopy 

Nodular Morphology of Fracture Surfaces of  Pure Epoxy Adhesives 

Transmission electron micrographs (TEM) of the regions in which a fast crack 
propagation through the adhesive took place showed clearly the absence of any 
appreciable difference between fracture morphologies of pure epoxy adhesives 
and bulk epoxy resins.Ig A distinct nodular morphology characterized all sur- 
faces. Fracture proceeded around nodules whose size and distribution did not 
change with either postcure time (1-24 hr), replica location, or adhesive thickness. 
The size of nodules on all fracture surfaces corresponded closely to that of bulk 
specimens of identical curing agent concentration.lg A TEM micrograph of a 
fracture surface of pure epoxy adhesive is shown in Figure 7. 

A typical SEM micrograph of crack arrest and crack initiation regions, char- 
acterized by an apparent plastic flow, is shown in Figure 8. Before arresting, 
a crack propagates in what appears to be an elastic manner through the region 
typified by nodular morphology. No significant plastic flow was detected in that 
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Fig. 6. Critical strain energy release rate as a function of adhesive thickness for an aluminum-glass 

microsphere reinforced epoxy adhesive system subjected to cure schedule 5 (Table 111). Symbols 
as in Figure 1. 

area because of the high crack speed; however, as the crack speed changes, an 
increased inelastic deformation causes the local crack extension force to drop 
below the critical value of strain energy release rate, at which point the crack 
arrests. . When the critical value of strain energy release rate is reached again, 
crack initiation occurs a t  many points along the width of the beam. The re- 
initiation starts slowly with cracks often re-initiating in a plane different from 
that in which they had arrested. The initiation marks (steps or ridges) created 
by plastic flow are visible to the naked eye. Nonetheless, the plastic deformation 
region extends only over a relatively small length of approximately several 
hundred microns. Beyond that point the critical value of strain energy release 
rate is reduced and fast crack propagation, characterized by a mirror-smooth 
appearance to the naked eye, takes place. 

From a thorough microscopic investigation of upper and lower beams, it ap- 
pears that tearing ridges on the upper beam correspond to ridges on the lower 
beam. Similar observation has been reported by Patrick23 who maintains that 
the upper beam is a mirror-image rather than a male-female fit of the lower beam 
at the arrest site. 

A more detailed image of the nature of plastic flow was obtained by the TEM 
technique because of its higher resolution. When enough energy for crack ini- 
tiation is supplied to the system, a steplike fracture occurs along the rows of 
initiation sites, as seen in Figure 9. Energy dissipated in this flow is included 
in the measured SrC value. 

The overall appearance of an arrest zone was characterized by numerous steps, 
smaller than those of an initiation zone as seen clearly in Figures 8 and 9. 
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Fig. 7. Transmission electron micrograph of a one-stage C-Pt replica of fracture surface of pure 
epoxy adhesive subjected to cure schedule 1 (Table 111). Magnification 25,OOOX. Note characteristic 
nodular morphology. 

Finally, careful examination of areas near the steps along which the crack 
propagation occurs indicate that no significant deformation of nodules takes 
place, not even in the proximity of the sharp edge of a step. Similar observation 
in bulk resins is illustrated e1~ewhere.l~ 

Fig. 8. Scanning electron micrograph of a fracture surface of pure epoxy adhesive subjected to 
cure schedule 1 (Table 111). Magnification 1500X. Note crack initiation and crack arrest regions. 
The arrow on this and all subsequent micrographs indicates crack propagation direction. 
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Fig. 9. Transmission electron micrograph of a one-stage C-Pt replica of initiation and arrest regions 
on a fracture surface of pure epoxy adhesive subjected to cure schedule 2 (Table 111). Note the change 
of crack propagation direction and numerous steps in the initiation region. Magnification 
3000X. 

Morphology of Fracture Surfaces of Reinforced Epoxy Adhesives 

Scanning electron micrographs of fracture surfaces of glass-filled epoxy ad- 
hesives showed microspheres of various sizes pronounced in clarity and dis- 
tributed randomly in the epoxy matrix, as shown in Figure 10. Fracture occurs 
around the spheres as witnessed by the appearance of either intact spheres em- 

Fig. 10. Scanning electron micrograph of a fracture surface of an aluminum-glass microsphere 
reinforced epoxy adhesive system subjected to cure schedule 5 (Table 111). Tilt angle, 40'; adhesive 
thickness, 80 pm; magnification 150X. 
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bedded in the matrix or corresponding holes. Microscopic evidence of the crack 
migration across the adhesive layer (schematically depicted in Fig. 3) is shown 
in Figure 11. The crack initiation region contains steps (ridges) also seen on 
fracture surfaces of pure adhesive joints and bulk specimen~.'~ 

No replicas of fracture surfaces of C-fiber reinforced epoxies were obtained, 
owing to surface roughness. Albeit a few replicas of fracture surfaces of glass- 
filled epoxy adhcsives were made; no conclusive results were obtained. Never- 
theless, fracture surfaces of various filled thermosets are being investigated 
presently in our laboratories. 

DISCUSSION 

In all tested systems, a cohesive failure in the adhesive layer was observed. 
This is indeed of great importance since the adhesive-adherend interface is 
eliminated from failure considerations. Thus, it is the adhesive per se that de- 
termines the fracture properties of each joint, i.e., critical fracture energies for 
crack initiation and crack arrest represent the limit of the adhesive under given 
environmental conditions. 

All fracture mechanics data are expressed in terms of the critical strain energy 
release rate ( 9 1 ~ ) .  Although the critical strain energy release rate is referred to 
as a material property in this study, it is necessary to realize its dependence upon 
the loading rate,18 and aggressive environments such as water 
or various solvents.loJ6 

In the case of adhesive joints, an additional restriction exists when defining 
the critical strain energy release rate as a material property. Under otherwise 
identical testing conditions, varying adhesive thickness can impart a significant 
effect onto critical strain energy release rate values. For all adhesive joints, a 
minimum adhesive thickness should be determined beyond which the critical 
strain energy release rate remains thickness independent. It follows from our 
results that the bonding thickness constraint on 9rc as a material property drops 
above the adhesive thickness of approximately 400 pm. The 91, dependence 

Fig. 11. Same as Figure 10. Tilt angle, 60'; adhesive thickness, 80 pm; magnification 1OOX. Note 
the abrupt change of crack propagation direction upon reinitiation. 
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on the adhesive thickness has also been observed by other  worker^.'^,^^ The 
difference, however, lies in the shape of the preasymptotic region in which the 
adhesive thickness directly influences the value of 9 1 ~ .  Bell-shaped curves, 
passing through maximum 91, a t  certain bondline thickness, were reported 
elsewhere; a steadily rising Qlc ,  eventually reaching an asymptotic value, was 
observed in this work. Nonetheless, the exact effect and nature of imposed stress 
conditions a t  the crack tip in very thin adhesive layers is not quite clear. 

In Figure 12, 91,i and 9 1 ~ ,  values for pure epoxy resin and the C-fiber reinforced 
formulations are shown for comparison. All specimens had a comparable ad- 
hesive thickness and therefore it was excluded as a variable directly determining 
the magnitude of 91,. It appears from the results that a significant adsorption 
of curing agent onto C-fibers takes place at room temperature. This phenom- 
enon explains a required excess of curing agent needed to approximate the curing 
kinetics of pure epoxy adhesive. It is likely that a preferential adsorption of 
curing agent onto available C-fiber surface takes place upon mixing. At  a certain 
point, however, C-fiber surfaies become saturated with curing agent and its 
further addition initiates curing reactions. A synergistic effect of an increase 
in temperature and a desorption of curing agent from C-fiber surfaces could 
possibly account for fast occurring curing reactions in lower curing agent con- 
centration systems at higher temperatures (formulation 4, Table 111). Apart 
from the adsorption-desorption role, it appears that the C-fibers, at least a t  the 
concentration used in this study (5 phr), do not impart a significant effect on the 
adhesive fracture properties. 

Formulation 4, as shown in Figure 12, has a slightly lower 91, value than the 
pure resin (formulation I), owing in part to the lack of adhesion between the 
C-fibers and the epoxy matrix. Higher 91, values obtained with formulation 

_ _ * _ . _ .  -.----. _ _ * _ . _ .  -.----. 

263 

-0 

I 
2 4 6 8 1 0  15 20 

post-cure time. hr 

Fig. 12. Comparison of critical strain energy release rate values as a function of postcure time foz 
various adhesive systems (formulations 1 [-, St,, (O) ,  9tCa (O)]; 3 [ - - - ,  Srci (a), Srca ( O ) ] ,  and 4 
[-.-, SIci (*), SIC, (O)] ,  Table 111). 
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3 deserve more attention. Careful examination of the critical strain energy re- 
lease rate dependence on postcure shows that $lea values are somewhat com- 
parable to those of pure resin; it is the $lc i  that is significantly higher, giving rise 
to a higher As[, value. With very high curing agent concentration (25 phr is 
considerably above the stoichiometric 11 phr), the unreacted curing agent will 
probably cause a plasticization effect. A direct consequence of this effect would 
be the blunting of crack tip. This would further involve an increased contri- 
bution of inelastic processes which inevitably give rise to higher 91, and A!?,, 
values. Actually, AS’, should be thought of as an indicator of when that ultimate 
brittleness is achieved. A similar consideration of the significance of ASlC in 
bulk systems is discussed e1~ewhere.l~ 

In Figure 13, the effect of various bondline thickness on the fracture properties 
of a pure epoxy formulation and a glass microsphere reinforced epoxy formulation 
was compared. Somewhat lower 9rc values for the filled system are accounted 
for by the absence of adhesion at  the glass sphere-epoxy matrix interface (see 
Results, Microscopy, second subsection). 

Albeit some controversy about the idea of inhomogeneities in brittle ther- 
mosets still exists, it appears certain that nodules are an intrinsic characteristic 
of cured thermosets, representing the sites of higher crosslink density. The size 
and distribution of nodules on fracture surfaces of pure epoxy adhesives did not 
change with postcure time, and therefore it is speculated that changes in 9rC were 
caused by the additional crosslinking reactions in the internodular matrix. 
Although reactive groups are less abundant in the internodular matrix, their local 
mobility is increased at  higher postcure temperatures, leading to additional 
crosslinking reactions. In the vicinity of each step (ridge) in the crack initiation 
zone, a small region is defined in which the nodules are being diverted towards 
the step edge. No TEM evidence for deformation of nodules within that region 
was observed.lg Therefore, it is suggested that the “flow” of surrounding matrix 
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for two adhesive systems (formulations 2 [Sl,i (O) ,  $lea ( O ) ]  and 5 [ S w  (a), 
Fig. 13. Comparison of critical strain energy release rate values as a function of adhesive thickness 

(o)] ,  Table 111). 
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that “carries” the nodules characterizes deformation in the crack initiation zone. 
This is another indication of the higher crosslink density of nodules in comparison 
with the internodular matrix. 

Unfortunately, a solid microscopic evidence of possible changes in nodular 
size and distribution in the vicinity of reinforcing particles was not obtained. A 
variation in morphology within the same specimen is of considerable importance. 
If these variations in resin morphology could be unambiguously detected within 
a specimen, then different parts of the same specimen would be characterized 
by different mechanical properties. This effect would have a pronounced sig- 
nificance in composite materials. Since the major stress concentration areas 
in composite materials occur at the matrix-reinforcement interface, resin mor- 
phology near the interface becomes instrumental in determining the ultimate 
mechanical properties and durability of composites. The existence of mor- 
phological gradients (variation in size of a morphological unit) in the proximity 
of reinforcing particles in composite materials has been reported at very few 
 place^.^^-^^ Moreover, the available information is purely qualitative and an 
in-depth TEM investigation of this effect is needed. It is instructive to utter 
the importance of this effect, since because of variations in morphology an as- 
sumption that the ultimate mechanical properties of an unreinforced thermo- 
setting resin could be used to predict the behavior of the same resin used as the 
matrix in a composite material would lead to erroneous results. This problem 
is presently being investigated in our laboratories. 

CONCLUSION 

Fracture surfaces of cured nonreinforced epoxy adhesives are shown to be 
characterized by nodular morphology. Much of the data is consistent with the 
model of higher crosslink density nodules immersed in a lower crosslink density 
matrix. The observed changes in fracture energy with postcure time are ascribed 
to the additional crosslinking reactions in the matrix. Furthermore, fracture 
energy of investigated epoxy adhesives was found to increase as a function of 
bondline thickness before reaching an asymptotic value. Regions of crack ini- 
tiation and crack arrest on all fracture surfaces were characterized by plastic flow. 
Since the results of this study parallel those of bulk systems,19 it is suggested that 
a careful control of cure chemistry can produce desired morphology, which in 
turn directly influences the ultimate mechanical properties of a resin. Thus, 
the optimization of mechanical properties of epoxy adhesives could possibly be 
achieved through a fundamental morphological control. However, to achieve 
that with reinforced resins, an understanding of morphological gradients is 
needed first. 
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