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ABSTRACT: A study investigating the affect of formulating procedures on material prop-
erties was performed for model high-performance epoxy adhesives. Analyses were con-
ducted on materials fabricated with 16 wt % butadiene–acrylonitrile reactive rubber,
difunctional and tetrafunctional epoxies, bisphenol A, dicyandiamide, and diuron. Pre-
reaction steps involving the reactive rubber, bisphenol A, and epoxies were varied so
that different systems were obtained prior to and after cure. Lap shear and mode I
and II fracture toughness tests showed that the formulating procedure significantly
affected the performance properties. Differential scanning calorimetry revealed that
the formulating procedure slightly affected the number of bonds formed during cure.
Dynamic mechanical analysis suggested that increased flexibilized rubber in the con-
tinuous phase of the adhesives may lead to inferior bonding characteristics. This analy-
sis also showed that the dispersed phase composition was largely unaffected by the
formulating procedure and not dependent on the size or shape of the dispersed phase.
Finally, optical microscopy showed that the formulating–mixing procedure had a strong
influence on the size and shape of the dispersed phases. Overall, the results suggested
that polymer mobilities and structure affected the morphology and adhesive ability
and must be analyzed with fundamental processing–structure–property interrelation-
ships. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1953–1963, 1997
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INTRODUCTION dition of relatively low quantities of toughening
agents.

Liquid reactive carboxyl terminated butadiene
Epoxies have long been used in aerospace adhe- acrylonitrile (CTBN) elastomers have been em-
sive formulations because of their wide range of ployed in epoxies for several decades.2–9 When
beneficial qualities. They are relatively inexpen- combined with the host material prior to cure, a
sive materials, bond and/or adhere well to a wide network containing CTBN dissolved or reacted in
range of substrates, can be formulated to possess the matrix, as well as the formation of secondary
long pot lives, and are curable with many different rubber-rich dispersed phases, allows for orders
hardeners.1 Epoxies also are inherently less brit- of magnitude improvements in toughness charac-
tle than other commonly used aerospace matrix teristics. Extensive research has been conducted
materials, such as phenolics and cyanate esters; investigating CTBN behavior in such areas as
however, certain applications still require im- optimum toughening particle size, toughening
provements in the fracture toughness behavior. mechanisms, optimum adhesive layer thickness,
These improvements are often obtained by the ad- bimodal particle distribution influence, second-

ary phase formation and growth, and much
more.2,3,6,7,10–15

Correspondence to: J. C. Seferis.
The analyses of different adhesive characteris-Journal of Applied Polymer Science, Vol. 66, 1953–1963 (1997)

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101953-11 tics often involve utilizing model systems. Model
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1954 KLUG AND SEFERIS

Table I Base Materials and Quantitiespolymer systems provide the opportunity for ob-
for Each Model Adhesivetaining a fundamental understanding of materi-

al’s processing–structure–property interrelation-
Quantityships, which are essential for design and manufac-

Component (wt %)turing purposes.16 Model prepreg systems have
been developed previously by Seferis and cowork- Difunctional epoxy 57.3
ers to investigate commercial prepreg materi- Tetrafunctional epoxy 11.5
als.17,18 The information generated in these stud- Bisphenol A 8.0
ies has allowed for improvements in commercial Butadiene–acrylonitrile rubber 15.4
systems through specialized teams created and Dicyandiamide 5.3

Diuron 2.2composed of material suppliers, customers, manu-
Triphenylphosphine 0.3facturers, and academia.19 This current study is

undertaken in an effort to transfer and extend
this methodology to aerospace-grade adhesive
materials. quantities used in all of the formulations is shown

in Table I.As previously mentioned, much focus has been
put on understanding the different phenomena Epoxy mixing, CTBN adduction, and BPA addi-

tion were performed in a well-stirred vessel at athat occur in toughened epoxy materials to yield
the final morphology and properties. The pre- temperature of 1457C. A period of one-half hour

(each) was allowed for both of the prereactions:viously mentioned studies have often dealt with
varying cure conditions or chemical compositions. the CTBN adduction, or the BPA chain extension

of the epoxy material in the formulations. AfterHowever, little attention has been given to differ-
ences in an adhesive material’s morphology and the prereactions were performed, the material

was allowed to cool to 1157C, at which time theproperties due to the formulating procedure in-
volving prereactions or formation of intermediate curing agent, accelerator, and epoxy mixture was

added. A mixing time of approximately three min-materials. The purpose of this investigation is to
analyze how these formulating dependencies can utes was allowed, after which the material was

quenched to room temperature to avoid cure initi-affect the material’s intermediate and final prop-
erties. With these slight changes in preparatory ation.

Each of the resin formulations was filmed onprocedures, improved qualities may be obtained.
This may allow for the optimization of perfor- an industrial size prepregging machine20 using

a hot plate temperature of 777C. A spunbondedmance for the adhesives both as bulk materials
and in use with aerospace composite material. nonwoven polyester scrim material, Reemayt

2250, was also incorporated into the resin film for
flow control to give a final adhesive thickness of
0.1 mm. The system was frequently checked, and

EXPERIMENTAL no sign of resin starvation was seen in the final
model adhesive products.

Thermal analyses were performed on the curedThe model adhesive resins analyzed in this study
were prepared from a combination of epoxy mate- and uncured materials using differential scan-

ning calorimetry (DSC) and dynamic mechanicalrials. A difunctional epoxy, Epont 828 (EEW Å
190), and a tetrafunctional epoxy, Aralditet analysis (DMA). TA Instrument 912 DSC and

983 DMA modules were utilized for the study,MY9512 (EEWÅ 107), were used in the synthesis
of the adhesive resin systems. Butadiene–acrylo- both interfaced to a Thermal Analyst 2000 Con-

troller. DSC thermograms, used for activation en-nitrile liquid reactive rubber (Hycart 1300 1 9
CTBN; 18 wt % acrylonitrile) was utilized as the ergy and heat of reaction analysis, were obtained

for the various formulations using heating ratestoughening elastomeric material and bisphenol A
as a chain extender for the epoxy resins. Dicyandi- of 2.5, 5.0, 10.0, and 20.07C per minute. Sample

sizes were maintained at approximately 15 mg.amide (10 mm average particle diameter) acceler-
ated with diuron acted as the curing agent mix- Subambient DMA was used to investigate the

glass transition temperature(s) of the cured sys-ture. Triphenylphosphine (TPP), in the amount
of approximately 0.2 wt %, was used to catalyze tems. A heating rate of 57C per minute was used

with a test frequency of 1.0 Hz and an oscillationthe epoxy–rubber and epoxy–bisphenol A (BPA)
reactions. A summary of the base components and amplitude of 0.2 mm.
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HIGH-PERFORMANCE ADHESIVE SYSTEMS 1955

Various mechanical tests were utilized to char- stable) occurred. The same sample was then repo-
sitioned so the crack tip was once again at theacterize the model adhesive’s performance. These

tests included single lap shear and both mode I required setting. One sample was tested for each
adhesive, from which five to six different mode II(double cantilever beam) and mode II (end-notch

flexure) fracture toughness. The adherends used values were collected and averaged.
Lastly, optical microscopy was used to investi-in all cases were woven carbon fiber epoxy prepreg

material. Single lap shear specimens were pre- gate the morphological aspects of the various
resin systems. An imaging analysis software pro-pared with precured composite panels (1777C)

which were sanded and solvent-wiped prior to fi- gram was used to calculate representative dis-
persed phase volume fractions from the micro-nal fabrication. A cure cycle with heat-up and

cooling rates of 2.777C per minute was used with a graphs.23 This was accomplished using a binary
imaging contrasting technique and recordingtwo-hour 1777C hold temperature under vacuum

pressure. Channels were machined into the com- characteristic pixel values.
posite adherends to give lap dimensions of approx-
imately 6.45 cm2 (1.0 in.2) . Five samples were
tested for each resin system using a Universal RESULTS AND DISCUSSION
Testing Machine (Instron 4505) with a crosshead
speed of 1.27 mm (0.05 in.) per minute until fail- As previously mentioned, the original raw materi-

als used in each of the model adhesive systemsure was realized.
Mode I and II fracture toughness specimens were identical. A ratio of the epoxies was chosen

as to provide a balance between inherent brittle-were also fabricated using carbon fiber composite
panels. Eighteen plies of prepreg were used with ness, which reduces adhesive properties, and

tack, which can affect void formation during curea midplane layer of the adhesive in interest to
give a final cured thickness of 4.06 mm (0.16 in.) . as a result of entrapped air.24 As mentioned, BPA

was used as a chain extender in the formulationsTwo minutes compaction time under vacuum was
performed before the addition of the next layer of to increase the molecular weight between cross-

links. Bisphenol A has also been found to increaseprepreg or adhesive was allowed. A fluorinated
ethylene propylene (FEP) copolymer film was various end-use properties when used in this ca-

pacity.6,7 It is thought that BPA increases the frac-placed in the midplane layer to act as a crack
starter. Unlike the single lap shear samples, how- ture toughness values by forming a bimodal parti-

cle distribution within the resin system. After theever, the prepreg and adhesive materials were co-
cured for this situation. A cure cycle identical to base components were chosen, the total equiva-

lent content of the epoxide groups was found, andthe one listed previously was utilized, except that
the compaction pressure was increased to 172 kPa the amount of curing agent and accelerator were

set accordingly. A ratio of 2.5 for the curing agent(25 psi) . Sample dimensions prior to testing were
approximately 33.0 1 1.27 1 0.41 cm (13 1 0.5 to accelerator weight was chosen such that their

total reactive equivalent contribution equaled1 0.16 in.) . Both fracture test methods were per-
formed with a Universal Testing Machine. 80% of that calculated for the epoxy, BPA, and

reactive rubber mixture. This was done to accountDouble cantilever beam (DCB) specimens were
tested to determine mode I fracture toughness21,22 for nonideal conversions of the epoxide groups, as

well as the complex reaction functionality con-using a crosshead speed of 2.54 cm (1.0 in.) per
minute until a final displacement of 6.35 cm (2.5 cerning dicyandiamide.25,26 This level has been

shown to be reasonable for similar material sys-in.) was encountered. The energy required to
propagate the resulting crack was recorded, along tems.27

The formulating procedures used to preparewith the sample width and crack length. Five
samples were tested for each adhesive, with each the model resins, however, were changed between

each model adhesive system. The different formu-sample yielding one mode I toughness value.
End-notch flexure (ENF) samples were also lating procedures are schematically summarized

in Figure 1. For example, resin D was preparedtested in the Instron using a crosshead speed of
0.254 cm (0.1 in.) per minute to yield mode II by prereacting the difunctional epoxy with the bis-

phenol A and separately prereacting the reactivefracture toughness values.21,22 The crack tip was
positioned using a 2.51 magnifying apparatus to rubber with the tetrafunctional epoxy. After the

different prereactions were completed, the two1 in. from both the support and loading pin. The
sample was loaded until crack propagation (un- mixtures were combined, and the curing agent
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and accelerator incorporated. Other permutations
were not chosen because the formulations were
not practical from a fabrication aspect (i.e., semi-
solid formation at 1457C). An untoughened sam-
ple was also created for dynamic mechanical anal-
ysis by reacting the difunctional epoxy with the
bisphenol A and then adding the tetrafunctional
epoxy and curing agent–accelerator mixture.

Mechanical Testing

The results of the single lap shear specimens for
the model systems are shown in Figure 2. These
samples were prepared with precured carbon fi-

Figure 2 Single lap shear values for model adhesiveber–epoxy prepreg material, and final bond thick-
systems with precured carbon fiber composite ad-nesses were consistent between samples at ap-
herends.proximately 0.14–0.20 mm. The various samples

had similar void contents in the final cured mate-
rials (slightly more than the commercial system

air that remained during cure. Also shown in theanalyzed). This was due to a slightly higher tack
figure is the lap shear result for a currently usedvalue associated with the model systems. This in-
commercial aerospace adhesive film. The resultscreased tack resulted in an increase in entrapped
show quite clearly that the formulating depen-
dency was significant and that model system D
was the only model system that performed as well
or better than the commercial system. This was
supported by the fact that system D was the only
model to show cohesive failure during the testing.
All other samples showed adhesive failure during
the single lap shear tests (except for the commer-
cial system). These results indicated that the for-
mulating procedure affected the bonding ability
of the adhesive to the precured panel during cure.
Therefore, the adhesive capability, being a com-
plex function of flow, wetting, secondary bonding
interactions, etc., can be manipulated by the way
the materials are prereacted before the final cure
cycle.

Fracture toughness tests, used frequently to
characterize toughened resin systems, were per-
formed on the model adhesive systems using the
same prepreg material as the single lap shear
specimens. However, the samples for the fracture
tests were cocured instead of bonded (precured).
Both mode I and II fracture specimens were pre-
pared and tested. The relationships used for the
fracture toughness calculations are represented
by

Mode I: GIc Å
DE

Darw
(1)

Figure 1 Formulating procedures used for different Mode II: GIIc Å
9PcrCra2

2w[2l3 / 3a3]
(2)

model system development.
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failure was prominent for the specimens; how-
ever, it is probable that the lap shear specimens
were subjected to some small but finite peel
stresses at the edges of the laps during testing.
Assuming this point to be where crack initiation
started prior to failure (values of GIIc much larger
than GIc ) , the crack would tend to propagate or
rupture at the interface during failure if the mode
I toughness was not great enough. Therefore, sin-
gle lap shear trends should seem to closer approxi-
mate fracture mode I values, as was observed. The
reason why model F possessed an increased mode
II fracture toughness may be related to the adhe-
sive layer thickness. Mode F had a bond thickness
approximately 20% thicker than the other sys-Figure 3 Mode I (DCB) fracture toughness values for
tems. This increased bond thickness can lead tomodel adhesives cocured with carbon fiber composite

adherends. an increase in fracture toughness, provided the
deformation zone was of the order of the bond
thickness.10,13,28–30 The increased thickness would
allow for a larger plastic deformation zone, resultingwhere DE denotes the energy released in crack

growth, a is the crack length, w is the sample in a greater fracture toughness value observed.
width, Pc is the maximum load, C is the material
compliance, and l is the length to the loading Optical Microscopy
point.21,22 The results of the fracture tests appear

To further support the previous hypotheses, opti-in Figures 3 and 4. All samples for fracture testing
cal micrographs were taken of the lap shear speci-were void-free at the bondline interface and in
mens, as well as the fracture samples, to investi-the bulk of the adhesive. This is important since
gate the morphology. The dispersed phase in thefracture toughness values can be affected consid-
models was clearly visible without the need forerably by the presence of voids within the tough-
enhancing techniques (e.g., staining). The com-ening material or at the interface.22

mercial system, however, had particles that wereThe fracture results followed the trend ob-
masked by pigment or too small to be seen withserved for the lap shear results. For the mode I
optical microscopy. This was probably a result ofor opening fracture tests, model system D again
the rubber type utilized in the formulations,outperformed the other model samples, as well as
which would influence the rubber domain size cre-the commercial system. Model D was also, again,
ated during cure. The results for the differentthe only model to have cohesive failure during the

testing process. This, again, reinforced the idea
that bonding and/or interactions between the two
resin systems during cure were not being formed
in the other model systems to the degree that they
were in model D.

The mode II fracture results were slightly dif-
ferent from those observed for the mode I testing.
Mode II analysis indicated that system F was the
toughest of the model systems in the shear load-
ing and fracture mode. The three toughest adhe-
sives in mode II all had cohesive failure, while
only the two toughest in both mode I and lap shear
showed this type of failure. Mode II information
suggested that in-plane shear fracture might be
more prone to failure in the bulk adhesive mate-
rial versus crack jumping between the interface Figure 4 Mode II (ENF) fracture toughness values
and bulk material. This would seem to contradict for model adhesive systems cocured with carbon fiber

composite adherends.the earlier results where interfacial or adhesive
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Figure 5 Optical micrographs of the model epoxy adhesive systems taken at 1200
magnification.

model morphologies are shown in Figure 5. Again, or nonspherical structure indicative of chain mo-
bility and viscosity constraints during cure. Thereit should be mentioned that all samples were pre-

pared using the same cure cycle and parameters. appeared to be a strong dependence between the
formulating procedure and the dispersed phaseThese micrographs clearly illustrate the differ-

ences that can be realized by changing the formu- particle size distribution after cure. Model B dis-
played a relatively uniform particle size distribu-lating procedure. A wide range of particle sizes

was observed varying from approximately 1.0 to tion, while models D and F possessed a more bi-
modal size distribution with particles on the order100 mm. Also, some particles appeared spherical

in shape, while others possessed a more elliptical of 50–75 mm and another grouping around 1 mm.
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Table II Dispersed Phase Volume Fractions where Ea is the apparent activation energy, R the
for Model Adhesive Systems as Determined universal gas constant, f the heating rate, and
by Image Analysis Tp the exotherm peak temperature. The results of

the kinetic analysis appear in Table 3.
Volume Fraction The calorimetric results for the model adhesive

Model Adhesive Dispersed Phase systems suggested that there was not much differ-
ence between the model systems’ activation en-A 0.22
ergy values, indicative of the same reactions tak-B 0.23
ing place during cure for all of the different modelC 0.20
systems. This would be expected since all modelsD 0.20

E 0.22 had epoxide groups that reacted with the dicyan-
F 0.18 diamide and diuron during cure (assuming all

rubber carboxyl end-groups had been prereacted).
Any deviation in the activation energies would

Using image analysis,23 the volume fraction of imply that some impurities had entered the sys-
the dispersed phase was calculated. Multiple tem, causing undesirable side reactions. It is also
areas were tested for each adhesive to obtain an possible that deviations could be due to incom-
average value for the volume fraction of the dis- plete prereaction steps, but this is unlikely since
persed phase. The results obtained from the im- previous titration tests showed that the time al-
aging analysis appear in Table II. As is evident lowed for these steps was sufficient for the tem-
from the table, the dispersed phase volume frac- perature and catalyst used in the study. The acti-
tion seemed to deviate only slightly among the vation energy determined for the commercial
various models. There appeared to be limited for- epoxy adhesive system was slightly higher, sug-
mulating dependence on the amount of rubber gesting that different kinds and/or amounts of
that phase separated but a strong dependence on curing agent and accelerator were used for the
the size and distribution of the rubber-rich parti- formulation.
cles. This behavior is probably a result of the type The heat of reaction values for the model sys-
of reactive rubber used in the models, which has tems were fairly constant with the exception of
a relatively low solubility parameter (increased system E, whose value fell approximately 20% be-
butadiene content), promoting more complete low the others’ average of 290 J/g. Since the other
phase separation from the epoxy during cure. formulations’ DHrxn values were consistent and

had the same activation energy, one would expect
Differential Scanning Calorimetry that the number and types of bonds that formed

during the curing process were consistent. It ap-In order to help explain the reasons for the re-
peared, however, that model E had a small reduc-sults obtained in the mechanical, fracture, and
tion in the number of bonds that were createdmorphological experiments, different thermal
during the curing process. This may be due to anyanalysis techniques were utilized to characterize
of several different phenomenon, including stericthe model systems. The techniques used in-
hindrance effects, which reduce reactive site ac-cluded DSC and DMA.

DSC was used to calculate the heat of reaction
and apparent activation energy for each of the

Table III Kinetic and Reaction Information for
model systems. The activation energy calculations Adhesive Systems as Determined by Differential
were based on an Arrhenius temperature depen- Scanning Calorimetry
dence for the rate constant and approximations
developed by Ozawa31 and Doyle.32 The main as- DHrxn Activation Energy
sumption involved in this analysis is that the ex- Adhesive (J/g) (kJ/mol)
tent of reaction at the peak exotherm is constant

A 275 81and independent of the heating rate, which is rea-
B 306 81sonable for the model epoxy systems used. The
C 273 84equation relating the activation energy to peak
D 297 81temperature and heating rate is given by
E 245 81
F 277 81

EA É
0R

1.052
r

D ln f

D(1/Tp )
(3) Commercial 309 86
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Table IV Glass Transition Temperatures for been applied for several different modified epoxy
the Adhesive Systems as Determined by the combinations with reasonable results.11,14,35,36 For
Peak in the Tan d Signal from Dynamic the analysis in this study, the Gordon–Taylor re-
Mechanical Analysis lationship was chosen because it has shown

slightly better agreement with experimental re-
Low High sults for flexibilized blends (versus plasticizedTemperature Temperature

blends).35 The CTBN used in the present studyPeak Peak
was prereacted with the epoxy so that the continu-Adhesive (7C) (7C)
ous phase was flexibilized rather than plasticized.
In any case, both methods of analyzing the dy-Untoughened 055 177

A 028 159 namic mechanical data result in similar trends;
B 031 161 only the magnitudes of the calculated values dif-
C 029 161 fer slightly. The Gordon–Taylor relationship re-
D 021 157 lates the change in glass transition temperature
E 027 147 DTg ,E (Tg ,E (0) 0 Tg ,E (r ) ) of the epoxy-rich phase to
F 028 159 the mass fraction of rubber (wc

r ) in this phase
such that

cessibility. This effect would result in the forma-
DTg ,E Å

kwc
R (Tg ,E (0) 0 Tg ,R (0) )
1 / wc

R (k 0 1)
(4)tion of fewer hydroxyl groups during cure, which

contribute in the secondary bonding aspects be-
tween the adhesive and substrate. The lower where Tg ,E (r ) is the observed glass transition tem-
crosslink density, though, would help improve the perature for the epoxy-rich phase, Tg ,E (0) and
fracture toughness values because of the in- Tg ,R (0) are the glass transition temperatures of
creased ductility of the matrix. the neat epoxy (cured) and rubber, and k is a

theoretical parameter related to the thermal
expansion jump of the materials at the glass tran-Dynamic Mechanical Analysis
sition. The value of k can be estimated from data

To further investigate the thermal analytical be- available in literature or directly calculated from
havior of the model systems, DMA was used to eq. (4) if total dissolution is observed. The k value
analyze the phase composition by determining the can be represented using the relationship
respective glass transition temperatures. Because
of the two phases present, one would expect two
distinct transition temperatures evident from the k Å

DaE /rE (TÅTg )

DaR /rR (TÅTg )
(5)

DMA response. This was indeed observed for all
of the model systems. There was a subambient
temperature transition characteristic of the rub- where Da is the change in thermal expansion co-
ber-rich domains and a higher temperature tran- efficient at the glass transition, and r is the den-
sition representative of the continuous phase sity at this point. Assuming that both the epoxy
epoxy-rich region. A low-temperature broad tran- and rubber components follow the Simha–Boyer
sition was also observed for the unmodified (un- relationship37 given by
toughened) adhesive sample which somewhat
overlapped with the low temperature response of DairTg ,i à 0.113 (6)
the toughened systems. This b transition is char-
acteristic of the [{CH2CH(OH)CH2O{ ] seg-

k can be estimated asment in the epoxy component of the resin.1 The
results for the glass transition temperatures of
the different systems appear in Table IV. k Å rETg ,E (0)

rRTg ,R (0)
(7)

To analyze the glass transition temperatures
of the epoxy-rich (phase 1) and rubber-rich (phase
2) phases obtained from DMA, several methods For the present study, the k value calculated us-

ing eq. (7) was 2.44.have been proposed. The two most commonly used
procedures involve the Fox equation33 or the Gor- The volume fraction of rubber in the continuous

phase can be calculated withdon–Taylor equation.34 These relationships have
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Table V Butadiene–Acrylonitrile Rubber– formance values, the volume fraction, size, and
Toughener Content for the Different Phases shape of the dispersed domains must be consid-
of the Model Adhesive Systems ered. Except for sample E , all models had approxi-

mately the same dispersed phase composition, re-
Model Volume Fraction Volume Fraction gardless of size and shape of the domains. This is

Adhesive Phase 1 Phase 2 supported by systems B and D or F , which have
vastly different morphological characteristics, asA 0.036 0.46
far as dispersed phase size is concerned, butB 0.031 0.46
nearly equal compositions. The polymer mobilityC 0.031 0.52
and structure prior to gelation when the second-D 0.041 0.49

E 0.065 0.36 ary phase is created during cure then becomes
F 0.036 0.56 an important issue. Some of these mobility issues

were evident in the DSC thermal analysis results
by changes in the total heats of reaction. The more
mobile systems would be expected to display

FR ,1 Å
wc

R ,1 /rR

wc
R ,1 /rR / wc

E ,1 /rE
(8) larger dispersed domains (assuming the same

composition in these phases). This increased mo-
bility could result in a less stressed region, both

where FR,1 the mass fraction of rubber in phase in the bulk and interfacial regions, after cure and
1, and rR and rE are the densities of the pure cool down, which would result in better perfor-
rubber and neat epoxy. The density values used mance values. However, these large rubber parti-
in the analysis were rR Å 0.955 g cm3 and rE Å cles are not always desirable since toughening is
1.15 g cm3. After using image analysis to deter- optimized with a secondary phase on the order of
mine the volume fraction of the dispersed phase, 0.1–5 mm.4 Samples D and F were the only sam-
the rubber-rich phase composition was calculated ples with regular particles on the order of 1 mm,
using a mass balance to give explaining some of the reason why these materi-

als behaved well in fracture testing. Therefore,
FR,0 Å (1 0 VD )rFR,1 / VDrFR,2 (9) for this particular rubber modifier, increased mo-

bility may lead to less stressed final parts, but
at an increase of the dispersed phase size. Thiswhere VD is the volume fraction of the dispersed

phase. The results of the compositional analysis provides a trade-off between adhesive perfor-
mance (bonding ability to substrate) and max-are shown in Table V.

The epoxy-rich phase compositional values imized fracture characteristics, which needs to be
addressed for different systems in question.were fairly consistent at around 3–4 vol % rubber,

except for model system E . The volume percent- From this study, it was concluded that the for-
mulating procedure does play a role in the finalage of dissolved rubber in system E was almost

doubled in comparison to the other systems, sug- material morphology and performance of rubber
toughened epoxies. Alterations in these proce-gesting that the formulating procedure influenced

the phase separation behavior by limiting the dis- dures influenced the size and shape of the dis-
persed domains as well as the composition of thepersed phase formation during the cure process.

This increased dissolved rubber in the continuous continuous phase. The amount of rubber flexibil-
izing the system in the continuous phase, as wellphase may result in decreased bonding between

the adhesive and substrate materials by limiting as the mobility of the system during cure, in turn
affected the properties that were observed for thethe polar interactions between substrate and ad-

hesive. Decreased mechanical properties, particu- final cured parts.
larly adhesive failure, were observed for system
E , suggesting that this scenario may be possible.
The amount of flexibilized rubber alone, however, CONCLUSIONS
cannot sufficiently explain the mechanical behav-
ior observed by the model systems. System D had A study was conducted investigating the influence

of formulating procedure on the morphology andslightly more rubber in the continuous phase than
the other systems (excluding E ) but still pos- performance of adhesive materials. Model epoxy

adhesive systems were created using a CTBN re-sessed superior performance characteristics.
To further help understand the material per- active rubber modifier for increased toughness
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