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Experiments conducted on several different elastomer-modified epoxy systems indicated that the 
high fracture energy of most structural adhesives is achieved through crack-tip deformation 
processes that are viscoelastic. It is essential therefore that the fracture behavior of such materials 
be determined as a function of temperature and loading history. The linear viscoelastic properties 
of the model systems were functions of formulation and thermal history hut when these 
parameters were controlled the behavior was thermo-rheologically simple over a wide range of 
conditions. The fracture behavior was also dependent on formulation and thermal history 
although the effects of history were quite small in the range ofconditions studied here. The fracture 
behavior a t  various temperatures and loading rates could be characterized to a first approxim- 
ation by a master cyrve of fracture energy us. reduced time-to-failure. This characterization makes 
it possible to compare the properties of different formulations and to predict their fracture 
behavior over a wide range of conditions. 

INTRODUCTION 

In recent years there has been a great effort to increase the operational 
efficiency of aerospace and other vehicles by reducing their weight through the 
use of adhesives and composites in primary and secondary structures. This has 
placed a heavy burden on the present state of adhesive bonding technology in 
terms of both producing new materials that meet the rigorous demand of these 
applications and developing the failure models required for efficient design 
with such materials. The polymers used in structural adhesives and composites 
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4 J. L. BITNER ef al. 

are generally highly cross-linked so that they will have the high modulus and 
low long time creep that are usually desirable in these applications. 
Unfortunately, high cross-linking inevitably leads to brittle materials and thus 
it is necessary to toughen them if they are to be used in structural applications. 
One of the most successful methods to toughen cross-linked epoxy systems is 
the addition of an elastomer. The curing reactions are controlled so that the 
final material is a matrix of epoxy with small elastomer particles dispersed in 
and bonded to the matrix. The two phases are never pure materials, however, 
since the matrix usually contains some elastomer and the particles often 
contain a good deal of epoxy (the epoxy may even be phase separated within 
the elastomer particle). The type of phase separation that occurs and the 
distribution of particle sizes depend on the cure chemistry that is ~ t i l i z e d . ' . ~ . ~  
Although these factors largely determine the properties of the material, it is not 
yet possible to completely control the composition or to relate it to the 
material's pcrformance. 

The reason for utilizing this type of two phase system can be explained as 
follows. I t  is not difficult to generate materials that are highly resistant to the 
growth of cracks. In doing this, however, it is usually necessary to make 
sacrifices in other propertics such as modulus. The advantage of the elastomer- 
modified material is that the two phase nature of the system makes possible 
toughening mechanisms that do  not occur in a single phase material. These 
mechanisms can greatly increase the resistance to crack growth in the material. 
Equally important is the fact that these toughening processes can be restricted 
to localized regions at the tips ofcracks, flaws and other stress risers so that the 
bulk properties are relatively unaffected. Since the matrix itself is almost pure 
cpoxy polymer, the bulk properties such as modulus are clo$e to those of a 
simple epoxy. Consequently, it is possible to increase the resistance to crack 
growth with a minimum sacrifice in'other properties. For this reason most 
commercial structural adhesives are based on a technology of this type. 

Although a great deal is known about the clastomer-modified epoxies, therc 
arc still scveral areas where important questions remain unamwered. First, 
there is a need to develop methods and models to characterize the resistance of 
these matcrials to crack growth as a function of variables, such as temperature 
and loading history, so that these matcrials can be used efficiently i n  thc design 
of high performance vehicles. Second, once reliable characterization tech- 
niques havc been developed, it will be possible to study the relationship 
bctween the composition/formulation of various polymer systems and their 
performance so  that optimum materials can be dcvcloped. The purpose of this 
paper is to show how the behavior of these systems might be characterized for 
one particular type of loading history and then illustrate the importance of 
such a characterization by considering the data for samples made using two 
ditf'ercnt formulations. 
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VISCOELASTIC FRACTURE OF ADHESIVES 5 

BACKGROUND 

Although elastomer-modified epoxies have been available commercially for 
some time, it was not until about 1970 that results began to appear in the 
1iteratu1-e.~~~ Since that time a number of studies 1-3*6-10 ha ve been performed 
and many of these have sought to elucidate the mechanisms responsible for the 
high resistance to crack growth in these materials. A hypothesis",'2 which is 
consistent with the available data is that localized deformation processes can 
occur in these materials at the tips of cracks, flaws, and other stress raisers. 
These processes produce a blunting of the crack tips thereby reducing the high 
local stresses resulting from the stress intensifying effect of these defects. The 
net result is that a higher external load can be applied to the specimen without 
the crack-tip stress reaching the critical value for initiation of crack growth. 

Although this hypothesis provides a first step toward understanding the 
behavior of these systems, a detailed explanation requires more specific 
information about the nature of the deformation processes involved and a 
means to assess their effect, A number of mechanisms have been suggested 
based on observations of the samples during fracture tests and on exami- 
nations of the fracture surfaces after failure. When fracture tests are performed, 
the region ahead the tip of the precrack shows a marked stress-whitening prior 
to failure. Examination of the fracture surface in this region with a scanning 
electron microscope (SEM) gives a picture such as that shown in Figure 1. The 

H 

0.01 m m  
FIGURE 1 
CTBN-epoxy specimen. 

SEM picture of the fracture surface in the deformation zone region for 17.5 pphr 
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6 J L BITNERuf C J ~  

surface is covcrcd with holes where rupture has occurred either within the 
rubber particle or between the particle and the matrix leading to collapse of the 
rubber back against the cpoxy. This observation suggests a possible deform- 
ation mechanism.9 This mechanism asserts that the particlc rupturc occurs 
prior to the initiation of crack growth and thus contributes to the observed 
stress whitening. Once the holes arc prcscnt, thc cpoxy in thc regions 
between the holes may yield and undergo plablic flow by a IocaliLed drawing 
process. This leads to crack blunting. A second possible deformation 
m e ~ h a n i s m ' . ~ ~ ' ~  that has been proposed arises from the obscrvation that thcrc 
is a dilation of the matrix and that this is probably associated with microvoid 
formation. This would not only produce crack blunting but a h  contribute to 
the stress-whitening. A third possible deformation involves general 
yield and plastic flow (see Figure 1). In some samples there is evidence for 
crack-tip plastic flow via shear banding while the fracture surface of other 
samples show the results ofcrack-tip yielding but with no clear pattern of shcar 
bands. In either case the yielding can contribute to crack blunting. Two other 
deformation processes have also been suggested. One14 involves the stretching 
and tearing of the rubber particles as the crack faces part while the otherI3 
involves the formation of crazes. In addition to these five possible mechanisms, 
a number of other processes may also occur. At present, however, the evidence 
suggests that thc first three hypotheses are the most likely source of the high 
crack growth resistance in these materials. 

Although the exact details of the crack-tip deformation processes are not yet 
fully understood, several research groups have had considerable success in 
modelling the fracture behavior of these materials by considering the size of 
the crack-tip deformation ~ o n e ~ ~ ~ . "  as the critical parameter. These groups 
character id  the resistance to crack growth in mode-I failure (tensilc loading 
perpendicular to planc of thc prccrack) by the critical strain energy release rate 
or fracture energy (ere. The size of the deformation zone, A, at the point of 
failure can then be related to Cg,c via various models. In all cases this leads to 
the conclusion that a larger A corresponds to a larger grC, and thus it is 
beneficial to maximize A. There is, however, usually a limit on A because it is 
desirable to localize the deformation zone to the crack-tip region so that global 
yielding of the sample does not occur. Consequently there is a trade-off that 
must be considered. 

Whcn clastomcr-modified epoxies are utilized in adhesives (or composites), 
there are additional considerations involving the deformation zonc s ix .  In  a 
pioneering study several years ago Bascom et studied adhesive 
specimens and measured the dependence of $Ic values on the bond thickness, 
h. They found that Y,C varied dramatically with h as shown in Figure 2. Their 
explanation for this effect is illustrated schematically in Figure 3. For very thin 
bonds h is less than the normal value of A, ie., that corresponding to  the 
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VISCOELASTIC FRACTURE OF ADHESIVES 
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FIGURE 2 Fracture energy us. adhesive bond thickness measured at room temperature and a 
cross-head speed of0.02 mm/sec for adhesive specimens made with 17.5 pphr CTBN-epoxy (ref. 7). 

equivalent bulk specimen. As a result the deformation zone size in the adhesive 
specimen is restricted and therefore the measured value of gIc  for bonded 
samples decreases with decreasing h. For bonds where h is approximately 
equal to the A for bulk samples, the adhesive gIC reaches a maximum value 
since the deformation zone is not restricted. 

Up to this point the trends in the experimental results are in agreement with 
the qualitative model shown in Figure 3. At larger values for h, however, the 
experimental results show that CgIc decreases to a plateau value that is less than 
the maximum adhesive 5??,'rc. Until recently this effect at  high bond thicknesses 
was not understood. During the last six months, however, a joint program 
with Prof. Wang at the University of Illinois has shown that the bond 
thickness effect in adhcsive joints can be predicted quantitatively when the 

THICK BOND THIN BOND 

FIGURE 3 Schematic representation of the crack-tip deformation zone in adhesive bonds. 
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8 J .  L. BITNER et al. 

unusual stress field generated in an adhesive bond is taken into consideration. 
A complete discussion of these results will be published in a future paper. 

Although a complete prediction of the bond thickness effect requires a 
detailed analysis of the stress field, Bascom et u ! . , ~ , ~  have shown that the 
optimum bond thickness (k, that corresponding to the maximum adhesive 
Y,,.) can be estimated. Based on the picture shown in Figure 3, they proposed 
that the optimum bond thickness would correspond to the size of the 
deformation zone estimated from measurements on a bulk sample at the 
appropriate temperature and loading rate. As a crude method to estimate A, 
they used the elastic-plastic model which relates gIC to the yield stress, cry, the 
yield strain, c,, Poisson's ratio, v ,  and the radius of the deformation zone, rc. for 
plane strain conditions (Figure 4). 

%,,. = 6n( l -  v2)cryeyrc (1) 

They measurcd <!?,c, o,,, and c, at the appropriate conditions and calculated r'. 
The resulting value of 2r, was in good agreement with the optimum bond 
thickness. 

It is well known that the fracture energy of adhesive bonds is temperature 
dependent. If only a single bond thickness is studied, however, it is very difficult 
to understand the temperature effect bccause it is coupled with a bond 
thickness effect. As a result, Bascom et have studied both the bond 
thickness and temperature effects. They found that the major role of 
temperature was to shift the optimum bond thickness value with only a small 
change in the maximum $,c. Their results are shown in Figure 5. As will be 
shown later, the gIC for bulk specimens changes dramatically over this 
temperature range and thus these materials show the surprising behavior in 
that the maximum adhesive YIc can be much greater than or less than the 
corresponding bulk 99,c What makes this particularly interesting is that 
Bascom et have shown that at all but the lowest temperature there is a 
good correlation between the optimum bond thickness and the calculated 
value of 2r, based on bulk sample measurements. Consequently, there is good 
agreement between bulk and adhesive specimens for the size of the deform- 
ation 7one measured perpendicular to the crack plane evcn though the YIc  

FIGURE 4 Schematic representation of crack-tip deformation zone for elastic-plastic model. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1
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FIGURE 5 Fracture energy us. adhesive bond thickness measured at a cross-head speed of 
0.02 mmjsec at a series of different temperatures for adhesive specimens made with 17.5 pphr 
CTBN-epoxy (ref. 7). 
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10 J L BITNER et rt l  

values can be quite different. Wang, Hunston, and Rushford" have shown 
that at least part of the difference between bulk and adhesive Cq,, can be 
attributed to the fact that the deformation zonc cxtcnds down the bond line by 
a length that is different than what would be expected from the results of bulk 
sample tests. The reason for this difference is the unusual stress field in 
adhcsive bonds. A complete discussion of this work will be published later. 

In a recent series of studies, Shaw and Kinloch'* havc repeated the 
experiments of Bascom et al.,' and found a similar result. In their work 
however both the plane stress and the plane strain assumptions to calculate r, 
were tried and they concluded that a better correlation is obtained with the 
former. Using the plane stress r,, they obtained good correlations even at low 
temperatures where the study by Bascom et al., had found only qualitative 
agreement. Consequently, for the type of loading conditions examined in the 
studies by these two groups, it is possible to  estimate the optimum bond 
thickness and how it changes with temperature by measuring the properties of 
bulk samples. 

An examination of the toughening mechanisms that havc been proposed 
together with the observation that 9?rc is a strong function of temperature 
suggests that the fracture behavior of these materials may be controllcd by 
viscoelastic processes. If this is true, then gIc  should depend on the loading 
history as well as temperature. Since it is easier to make large changcs in 
temperature than in loading rate, this latter variable has usually been ignored 
in adhesive bond studies. Recent papers,'.'' however, have dcmonstratcd that 
the effects of loading history are at least as crucial as those of temperature since 
the variations in Y,c are just as large and the range of loading histories 
encountered in practical applications (from impact to long term durability) 
may be much greater than the range of temperatures encountered. These 
investigations""' measured Cq,c for adhesive bond specimens at  three different 
constant cross-head displacement speeds and a series of different tempera- 
tures. The studies demonstrated that results for different loading rates are 
difficult to understand unless the bond thickness effects are also studied. 
Figure 6, for example, indicates that 4,, can increase, decrease, or remain 
unchanged with increasing loading rate depending on the conditions of the 
tests. The explanation for these results can be understood by noting that for a 
propcrty controllcd by viscoclastic proccsscs thc cffcct of changing the loading 
rate is the reverse of that for changing the temperature. This combined with the 
results shown in Figure 5 indicates that increasing the loading rate will 
decrease the optimum bond thickness. As a result QIc for adhesive bonds of a 
particular thickness will increase, decrease, or remain relatively constant with 
increasing loading rate when the bond thickness is less than, greater than, or 
approximately equal to the optimum values for h. This model provides a clear 
and simple explanation for experimental results such as those shown in Figure 
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VISCOELASTIC FRACTURE OF ADHESIVES 11 

6. In amore recent set ofexperiments Shaw and Kinloch' have investigated the 
bond thickness dependence of 9,c at three loading rates and have thereby 
generated detailed curves showing a decrease in optimum bond thickness with 
increasing loading rate. Their results indicate not only that the viscoelastic 
relationship between rate and temperature is followed but also that the 
optimum bond thickness can be estimated from measurements on bulk 
specimens. 

The results described above suggest a two step approach to understanding 
the failure of adhesive joints. First, the viscoelastic fracture of bulk samples 
must be studied as a function of temperature and loading history so that 
models can be developed to predict the failure behavior. Second, the modifying 
influence of the adhesive bond geometry on the bulk behavior must be 
considered. This influence includes not only the restricting effect of the bond 
thickness on the deformation zone size but also the more complex way in 
which the difference in properties of the adhesive and adherend alter the crack- 
tip stress field. This paper addresses the first of these two areas by studying the 
failure of bulk specimens as a function of temperature and loading rate. 

W i21 
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FIGURE 6 
epoxy) with a bond thickness of 0.25 mm measured at 3 temperatures (ref. 9). 

Fracture energy us. cross-head speed for adhesive specimens (17.5 pphr CTBN- 
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12 J. L. tllTNER et ul. 

EXPERIMENTAL SECTION 

Experiments were performed using a simple unmodified epoxy and two 
different types of elastomer-modified epoxies, All materials were cured with 
piperidine ( 5  parts per hundred resin, pphr) at 120°C for 16 h. Samples of the 
first type of modified-epoxy were formulated by adding various amounts (0,5, 
11.7, and 17.5 pphr) of a liquid elastomer (carboxyl-terminatcd polybutadiene 
acrylonitrile: B. F. Goodrich, Hycar CTBN) to the epoxy resin (diglycidyl 
:ither of bisphenol-A: Dow Chemical Co., DER-332) before adding the 
piperidine. For the second type of modified system 24 pphr of bisphenol-A 
(BPA) was added to the epoxy together with 5 pphr of CTBN prior to the 
addition of piperidine. In all cases the ingredients were thoroughly mixed, 
poured into a metal mold that had been coated with silicone rubber, and then 
cured into platcs with dimcnsions of 22 cm x 22 cm x 1.25 cm. Various 
specimens were then cut from these plates. 

The reactions that occur during the curing of the elastomer-modified 
systems are quite complex and not all of the details have been established. A 
discussion of the chemistry of these materials is given elsewhere'*3 but two 
particular points are worth noting here. First, the elastomer does not self- 
polymerize but copolymerizes with the epoxy. As the molecular weights of the 
epoxy and the rubber-epoxy copalymer increase, the mutual solubility 
dccrcases until eventually phase separation occurs. The reactions then 
continue until ultimately a material with rubber particles dispersed in and 
covalently bonded to the matrix is produced. At the present time the extent of 
the bonding between the matrix and the particles is not known. 

Based on this picture it is clear why the rubber particles always contain at 
least a little epoxy. Moreover, in some cases the volume of the rubber phase is 
much larger than what would be expected based on the concentration of 
CTBN and thus substantial quantities of epoxy arc present in the particles. 
This may be very important because it has been suggested that the volumc 
fraction of the elastomer phase plays a crucial role in determining the fracture 
energy of the material.' In addition to the epoxy in the rubber phase, there may 
be some CTBN in the epoxy matrix. This has the expected effect of slightly 
degrading the desired bulk properties, but its effect on the fracture energy is 
not entirely known. 

A second important observation about the curing reactions is that for 
CTBN concentrations less than about 20 pphr the modified system mentioned 
first (epoxy-CTBN mixture cured with piperidine) will produce a distribution 
of particle sizes that centers around a particle diameter of 2 to 5 micron (see 
Figure 1, for example). With the second modified-epoxy system (containing 
BPA), however, the cure chemistry is such that a different final product is 
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VISCOELASTIC FRACTURE O F  ADHESIVES 13 

c--l 0 . 0 0 5 m m  

FIGURE 7 
sp-ecimen. 

Fracture surface in rapid crack growth region for 5 pphr CTBN-BPA-epoxy 

obtained. This material probably differs in many ways from that made without 
BPA but one change is particularly noticeable. When the fracture surface is 
examined with an SEM, the material is found to contain particles in two 
different size ranges. The large particles have diameters of a few micron and are 
therefore similar in size to the particles seen in the simpler system. In addition 
to this, however, there are many small particles with diameters of 0.2 micron 
and less. This situation has given rise to the term “bimodal” to describe the 
distribution of particle sizes. An example of this type of material is shown in 
Figure 7 which is an SEM picture of the fracture surface. 

The modified-epoxy systems described here represent only two of the many 
formulations that are possible. In this work experiments were performed with 
an unmodified epoxy, three different examples of the simple CTBN system, 
and one example of the CTBN-BPA material in  an effort to illustrate the type 
of variations that can be obtained. Descriptions of the samples are given in 
Table I .  

A detailed study of the linear viscoelastic properties of these formulations 
was performed using a specially modified Rheogoniometer.’ Most viscoelas- 
tic testing performed on solids is isochronal, i.e., at a single time (or frequency) 
or over such a small range that meaningful time dependent data cannot be 
deduced. This limits the information that can be obtained. The device used 
here was designed to measure properties over a 5.5 decade range of frequencies 
and ternperaturcs between -200°C and 400°C. It can also be used to perform 
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14 J. L RITNER et ul 

TABLE I 

Formulation and properties of the various modified-epoxy samples? 

Concentrations 

Sdmplc CTBN BPA Fracture energy 1, (1 Hz) As$ A ,  

A 0 0 0 12 98 9 0 0 
B 5 0 I 08 97 8 +0  7 - I  1 
C 11 7 0 2 49 96 1 
D 17 5 0 3 80 93 5 - ~ 

r 5 24 2.18 99 0 -0 1 +0  1 

~~ 

( C) 
~~~ 

designation (pphr) (pphr) &Jim2) 

-1 Fracture energy values for 30°C and M cross-head speed. 

stress relaxation experiments and this expands the range of direct measure- 
ment with a single instrument and sample to almost 8 decades of time. On-line 
computer data acquisition and analysis makes it possible to perform the 
cxpcrimcnts accuratcly and analyzc thc results in a reasonable timc period. 

For many polymeric materials it has been shown that, in the measurement 
of rncchanical propcrtics, changing thc tcst tcmpcraturc has approximatcly the 
same effect as shifting the time (or frequency) scale of the measurement.'' The 
sizc of the shift is usually designated as log (a,.). If the extent to which this 
approximate relationship is valid for a givcn matcrial can be cstablishcd, thcn 
the data can be extrapolated by time-temperature superposition" to give a 
general description of the behavior of the material over a significantly widcr 
range of experimental conditions that can be conveniently measured in the 
laboratory. To establish the limits on this approximation, howcvcr, requires 
the direct measurement of properties over at least a one-and-a-half decade 
range of timc (or frequency) scales and in most cases a minimum of three 
decades is highly dcsirablc. Since this typc of mcasurcmcnt has not bccn 
extensively applied to glassy polymers, the applicability of time-temperature 
superposition techniques to such systems must be established for each new 
material. In the present work, the ability to measure properties over a wide 
range of frequencies makes it possible to evaluate these techniques critically. 

In addition to the linear viscoelastic experiments, bulk samples of each type 
of epoxy were tested for fracture behavior at 30°C and a cross-head 
displacement rate of 0.08 nim/sec using the compact tension geometry. The 
spccimcns were loaded to failure, and the critical strain energy release rates or 
fracture energies, %Ic, were calculated using standard equations." In addition 
to dcterniining 9,c, each fracture cxpcrinicnt was also characterized by 
rncasuring a valuc for the time to failure, ff, i.0. thc total elapsed time betwccn 
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VISCOELASTIC FRACTURE O F  ADHESIVES 15 

the initial application of the load and the onset of rapid crack growth. Since 
these materials are viscoelastic, it is important to measure the effect of loading 
history. An examination of all possible loading histories would be impossible, 
therefore, the present study was restricted to a particular type of loading 
history, i.e. constant cross-head speed tests, as a first step. In this regard three 
particular systems (the unmodified-epoxy, the 17.5 pphr CTBN-epoxy, and 
the 5 pphr CTBN-BPA-epoxy) were extensively characterized by measuring 
the fracture behavior at  temperatures between - 60°C and 75°C and at cross- 
head displacement rates of 0.0008,0.08, and 2.0 mm/sec (designated hereafter 
as S, M, and F respectively). Here again the time to failure was determined for 
each test. 

It is well known that the linear viscoelastic properties of glassy polymers 
depend on the thermal history of the  ample.*^-^^ As a result, it is important to 
determine if the so-called physical aging effect also influences the fracture 
energy. This question is particularly important since there is evidence that high 
stresses, such as those encountered in fracture experiments, can accelerate 
aging effects.22 For most of the experiments described in this paper a standard 
thermal history was used so that any variations due to physical aging could be 
minimized. One particular set of fracture experiments, however, was per- 
formed on samples of the 17.5 pphr CTBN-epoxy which had been prepared 
with two different thermal histories. 

In the standard thermal history plates of the material were cured as 
described previously and, after slow cooling in the oven, they were cut into 
samples with the appropriate dimension. A vacuum oven was then preheated 
to 120"C, and the samples were placed in the oven and allowed to equilibrate 
for 30 minutes. The oven was then turned off and allowed to cool slowly over 
an 18 h period. This slow cooling provided samples that gave reproducible 
results. The samples with non-standard thermal histories were prepared in the 
same way up to and including the 30 min equilibration in the oven. At that 
point, however, one set of samples was removed from the oven and rapidly 
cooled by placing them on a large stone counter top. A second set of samples 
was removed from the oven and quenched in ice water. This produced test 
specimens with two different non-standard thermal histories. With these 
specimens the fracture experiments were performed as soon as possible so that 
there was a minimum of physical aging prior to testing. The experiments were 
performed at 0.42 mm/sec cross-head speed at various temperatures. 

In measuring fracture behavior, it is important to have a sharp precrack in 
the sample if reproducible results are to be obtained. Since heating the sample 
to 120°C might have a blunting effect, the fracture specimens were not 
precracked until after the thermal treatment. The precracks were inserted by 
cooling a small region where the precracks were to be initiated with liquid 
nitrogen and tapping that region with a knife edge to generate a propagating 
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16 J. L. BITNER et a/. 

crack. When the propagating crack grew beyond the brittle cold region, it 
arrested and thereby gave a specimen with a sharp precrack. I t  is well known 
that thc crack-tip radius of the prccrack must be less than a critical value if the 
fracture results are to be reproducible and independent of the precrack 
insertion tcchniquc. Generally speaking, the higher the fracture energy, the 
larger the critical radius so that precrack insertion is most difficult in the 
unmodified epoxy. Experiments performed on modified and untnoditied 
samples given the standard thermal history and tested at room temperature 
have indicated that the precracking procedure described above gives good 
results. It is likely that this observation can be extended to the other conditions 
and thermal histories tested in this work. To minimize any variations that 
might arise if this assumption is not completely valid, however, an cffort was 
made to keep the precracking procedure as constant as possible in all of the 
tests. 

RESULTS AND DISCUSSION 

Table I lists the fracture energies for the unmodified epoxy, for CTBN-epoxy 
samples with thrce different elastomer concentrations, and for the modified 
epoxy with bisphenol-A. The results show a rapid increase in Y,,. with added 
clastomer. As has been pointed out however, in the CTBN- 
epoxy-piperidine system the fracture energy reaches a maximum at a CTBN 
concentration of about 20 pphr and decreases if more CTBN is added because 
the resulting material no longer has the rubber particle-glassy matrix 
morphology. Moreover, the bulk propcrties such as modulus rapidly dcgradc 
as thc CTBN conccritration is incrcascd above 20 pphr because they depend 
critically on the presence of a glassy matrix. Consequently, there is an 
optimum concentration of CTBN in  systems of this type. 

Table I also indicates that the addition of BPA to the system substantially 
increases the fracture energy at  least for the 5 pphr CTRN system. As will be 
shown later, thc BPA systcm also has bulk propcrties that are superior to the 
simple CTBN-epoxy system because the phase separation is better. This 
would suggest that optimizing thc CTBN concentration in the BPA-epoxy 
systcm would producc a superior material. To  a degree, the data in the present 
study support this idea; however, they also indicate that comparisons of the 
fracture behavior for different formulations based on data such as that in  
Table I can be dangerous. A!1 of the elastomer-modified specimcns developed 
largc regions of localized deformation (stress-whitcning) at the tip of the 
precrack prior to failure. This suggests that viscoelastic effects are involved 
and, if so, measurements made at one set of conditions provide only a very 
limited view of the complete fracturc bchaviour. As a result it is essential to 
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VISCOELASTIC FRACTURE O F  ADHESIVES 17 

consider the effects of loading rate and temperature before drawing any firm 
conclusions. 

In recent studies by Gledhill and K i n l ~ c h , ~ ~  static fatigue experiments were 
performed on unmodified epoxies, and they found that, within certain time- 
temperature ranges, the fracture energies could be correlated by a simple 
fracture model. Although this model involves non-linear viscoelastic consider- 
ations, the time dependence is introduced by way of a creep modulus that in 
a number of cases is in the range of linear viscoelastic response. To study 
this correlation further, the linear viscoelastic behavior of modified and un- 
modified epoxies was measured in addition to the fracture data. 

The dynamic shear modulus in the linear viscoelastic range was measured 
over 4 to 5 decades of frequency, w, and a temperature range of 80°C. The 
results were then examined for the applicability of time-temperature super- 
position. Despite the rather complex nature of the modified epoxies, it was 
found that data for both the modified and unmodified materials superimposed 
quite well in the range from room temperature to somewhat above the glass 
transition temperature. Master curves were constructed and normalized to 
90°C. Figures 8 and 9 show the results for the unmodified epoxy, the 5 pphr 

I L L -  L A ,  -L 1 d d . d  

- 4  - 2  0 2 4 7 
-6  

Lo s l a p )  ( rad lsec)  

Dynamic shear storage modulus us. reduced frequency at a reference temperature of 
for 5 pphr CTBN-epoxy, and + for 5 pphr CTBN-BPA-epoxy. 

FIGURE 8 
9 0  C 0 for unmodified epoxy, 
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FlGUKE 9 
90°C: 0 for unmodified epoxy, 

Dynamic shear loss modulus LLS. reduced frequency at a reference temperature of 
for S pphr CTBN-epoxy, + for S pphr CTBN-BPA-epoxy. 

CTBN cpoxy, and the 5 pphr CTBN epoxy with BPA. Despite the con- 
siderable differences in composition, these curves are remarkably similar. The 
5 pphr CTBN sample exhibits a shift to higher frequencies corresponding to a 
small decrease in the glass transition temperature, q. The curves are quite 
sensitive to changes in T, since a thrce degree decrease in shifts the curves by 
about one order of magnitude on the frequency axis. Since the mechanical 
properties in this temperature-frequency range are dominated by the matrix 
the shift can probably be attributed to the prescnce of some CTBN in the 
epoxy matrix, and as a result, the change in provides a crude measure of the 
extent to which the phase separation is incomplete. In support of this 
proposition is the observation that BPA is thought to promotc phasc 
separation, and the sample with BPA shows no shift in the transition. 
Moreover, thc bulk properties of thc BPA material arc almost identical to 
those of the simple epoxy in the glassy range. This suggests that bettcr phase 
separation gencrally leads to better bulk properties. 

With larger concentrations of CTBN, the indications of incomplete phase 
separations in thc CTBN-epoxy system increase. This is shown in Table 1 
where thc tcmpcratures corresponding to the peak in thc loss tangent, tan S 
curves measured at 1 Hx, (1 Hz), are listed. The 1 1.7 and 17.5 pphr CTBN 
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VISCOELASTIC FRACTURE OF ADHESIVES 19 

samples show significant shifts in T,; however, the magnitude of the shifts 
cannot be considered unique since there are significant batch to batch 
variations. This is because the degree of phase separation depends on cure 
conditions that are not completely controlled. When phase separation is 
incomplete, the transition is not only shifted to higher frequencies, but it is also 
broadened. Figure 10 compares the data for the unmodified epoxy with that 
for the 17.5 pphr CTBN epoxy. As shown in this figure, there is a substantial 
broadening of the transition indicating that the material now has a wider 
distribution of relaxation times. 

Figure 1 1  plots the shift factors, aT, used in generating the master curves 
shown in Figures 8 and 9 as a function of temperature. In the temperature 
range studied here, little or no vertical shift was required for superposition. 
When these curves are normalized (see Table I) with respect to the unmodified 
epoxy by shifting the temperature an amount, AT, corresponding to the 
difference in the glass transition temperatures and shifting the frequency by an 
amount, A,,, equal to the frequency change corresponding to the shift in T,, 
the data for all three samples falls along a single curve (Figure 11). The shape of 
shift factor curve below Tg is related to the thermal history of the sample." In 
the present experiments great care was taken to give each sample the same 
thermal history, and the results in Figure 11 indicate that this effort was 
successful. 

Perhaps the most important result of the viscoelastic experiments, however, 
is that the application of the time-temperature superposition procedure to the 
data produced well-defined master curves for all of the samples. Even though 
the direct measurements were performed over a 4 to 5 decade frequency range, 
there are no significant departures from superposition. This means that 
deviations from "thermo-rheologically simple" behavior are relatively small 

10 

1 - 
10 ' % 
10 - 
10 

FIGlJRE 10 Dynamic shear storage modulus and loss tangent 1)s reduced frequency at a 
reference temperature of 95 C open symbols for unmodified epoxy, and filled symbols for 
17 5 pphr CTRN-epoxy 
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6 -  i 
4 1  2 9 

0 

A 

FIGURE I I Log (shift factor) os. temperature data adjusted to compensate for differences in the 
glass transition temperature: for unrnodilied, A for 5 pphr CTBN-epoxy, and + for 5 pphr 
CTBN-BPA-cpoxy. 

ovcr this range. It is of interest, therefore, to  see if thc fracture energy exhibits 
similar trends. 

Figure 12 shows the fracture data for the unmodified cpoxy as a function of 
temperature at three cross-head speeds. For this brittle material the loading 
rate and temperature dependences are very small over most of its useful range. 
The upper temperature limit on this region of behavior is marked by a sudden 
change from brittle to ductile behavior. This transition point, however, is a 
strong function of loading rate with decreasing rates shifting thc transition to 
lower temperatures. This behavior for Cg,'rc. is qualitatively similar to that 
observed for the linear viscoelastic shear modulus in that both show relativcly 
little changc with time and temperature over most of thc range of interest and 
both cxhibit sharp transitions with a similar time-temperature dependence. 

Figure 13 depicts the fracture energy for the 17.5 pphr CTRN-epoxy as a 
function of temperature at three cross-head spccds (open symbols and solid 
lines). The fracture behavior of the modified epoxy is very different than that 
for thc unmodified epoxy or the linear viscoelastic behavior of either malcrial. 
There is no distinct brittle-to-ductile transition but rather a large and 
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FIGURE 12 
unmodified epoxy. 

Fracture energy us. temperature at 3 cross-head speeds for bulk specimens of 

continuous increase in ?3,c with increasing temperature that begins at low 
temperatures and extends over at least a 100°C temperature range. Some 
differences in behavior are expected for the modified epoxy since the failure 
processes involved are not the same as those for the unmodified epoxy. 
Nevertheless, it is perhaps surprising that the differences are so great. These 
results suggest that a more complex model may be necessary to describe the 
failure of the modified material, and it may be necessary to formulate this 
model with a more explicit dependence on nonlinear properties. It is 
interesting to note, however, that the results show a consistent variation with 
rate. Such a variation indicates that an examination of the data for rate and 
temperature dependence is required if the results are to be fully understood. 

If the fracture data at each temperature are plotted as a function of a 
variable related to loading rate, the applicability of the reduced variables 
method can be tested. It is not clear, however, what variables should be used to 
characterize loading rate. Ideally, the parameter should be a measure of the 
stress or strain rates in the crack-tip region since that is where the crucial 
events take place. Unfortunately, the crack-tip parameters vary with position 
and for a non-linear viscoelastic material the precise values of these 
parameters are unknown. Consequently, a number of non-crack-tip quantities 
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FIGURE 13 Fracture energy us. temperature at 3 cross-head speeds for bulk specimens of 
17.5 pphr CTBN-epoxy: open symbols, solid lines; and of 5 pphr CTBN-BPA-epoxy: filled 
symbols, dotted lines. 

have been or might be used to assess the effects of changing thc cross-head 
speed. The present study employed time-to-failure, tf, for this purpose based 
largely on the fact that in linear viscoelasticity time is the critical variable. This 
is not however a unique choice and thus failure to get superposition with this 
parameter would not rule out other possibilities. 

The fracture data for the 17.5 pphr CTBN-epoxy was plotted against tf at 
various temperatures and then shifted horizontally to see if superposition 
would be obtained (the data scatter was large enough that vertical shifts were 
not considered). The shifted data (reference temperature 20°C) are shown in 
Figure 14, and although the superposition of the data in this graph is not 
perfect, it strongly suggests the existence of a qualitative correlation between 
temperaturc and loading rate. This is what would bc expected if the behavior 
were dominated by linear viscoelastic effects, but it is interesting to note that a 
similar relationship seems to exist even though nonlinear properties appear to 
bc important. This is not totally unexpectcd however since similar results have 
been obtained by a number of workers for propagating cracks in 
elastomers.2s*2h 

Since viscoelastic effects play a major role in the fracture of these materials, 
it is important to determine if physical aging also occurs. Figure 15 shows the 
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FIGURE 14 Master curve of fracture energy us. reduced time-to-failure at a reference 
temperature of 20°C for the 17.5 pphr CTBN-epoxy : x = -6O"C, 0 = -4O"C, 0 = -2O"C, 
+ = WC, A = 15"C, x = 2 3 T ,  0 = 3WC, 0 = 3 6 T ,  + = 40"C, A = 50"C, and x = 60°C. 

data for samples subjected to the three different thermal histories. To verify the 
reliability of the comparisons, there were a number of cases where samples 
with the standard thermal history were prepared simultaneously with those 
having the alternative histories. The x's in Figure 15 give the data for these 
standard history comparison samples while the line represents the average of 
all data for the tests performed at 0.08 mm/sec cross-head speed on samples 
with the standard history. The agreement between these two sets of results is 
good. Data for the samples that were rapidly cooled and quenched are also 
shown in the figure and for these samples the fracture energy is slightly higher 
than that for the specimens with a standard history. In view of the normal 
experimental scatter in fracture tests, however, the effects of thermal history 
were apparent only when a number of experiments were performed at each set 
of conditions. When this is done, the results indicate that within the range of 
parameters studied here, and this includes the range utilized in most fracture 
work, thermal history is not a significant source of error in fracture 
experiments so long as extreme histories are avoided. There is however a slight 
shift in behavior that is in the direction expected for physical aging effects. 
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FIGURE 1.5 Fracture energy us. temperature for bulk samples of 17.S pphr CTBN-epoxy with 
dilTcrent thermal historics measured at a cross-head speed of 0.42 mm/scc. Curve represents all 
data with standard thermal history, x represents data for comparison samples with standard 
history while U and A are data for rapid cooled and quenched samples respectively. 

There are three additional features of the aging data that should be noted. 
First, all of the experiments here were conducted well below the glass 
transition temperature and thus the aging rates were slow. As a result the aging 
times studied may not have been long enough to produce large effects. Second, 
the test might be expected to show the largest effect, i.e., the quenched samples 
tested at 39"C, was complicated by the fact that it required a significant period 
of time at 39°C for the sample to reach temperature equilibrium and, during 
that period, aging occurred. At the time of the fracture tests, therefore, the 
sample could not accuratcly bc dcscribcd as qucnchcd. Finally, if aging effects 
do influence the fracture behavior of these materials, the critical question from 
a practical point of view would be the extent to which the materials become 
more brittle with long term aging, i.e. after months or years. This question 
cannot be answered based on the experiments performed here. There is, 
however, one very important assertion that can be drawn from the present 
results. Previous work" has shown that the major effect ofphysical aging is to 
shift the characteristic time scales for the response of the material to longer 
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times. Although vertical shifts may also be present, they are usually small.21 As 
a result physical aging produces large changes in the linear viscoelastic 
modulus only in regions relatively close to the glass-to-rubber transition. Over 
most of the glassy region the modulus behavior is fairly flat and thus a time 
scale shift has relatively little effect.20 The fracture behavior of the modified 
epoxies, on the other hand, varies dramatically over a very wide range of time 
(rate) and temperature, and consequently, a shift in the characteristic time 
scales for the material would produce major changes in gIc over an extremely 
large range of conditions. As a result, if long term physical aging effects are 
significant in fracture, important changes in gIc  would be observed even well 
below the glass-to-rubber transition region. Based on this result, it is clear that 
additional studies to determine if long term aging effects do influence fracture 
behavior are badly needed. 

In addition to examining the rate and temperature dependence of fracture 
for the 17.5 pphr CTBN-epoxy, a detailed study was performed with the 
CTBN-BPA-epoxy material for comparison. Data for this system are shown 
in Figure 13 as filled symbols and dotted lines. These results were also 

0 . 5  1 

-0 
-10  - 5  0 5 

l o g (  t , /a,  1 ( s e c  1 
FIGURE 16 Master curves for fracture energy us. reduced time-to-Failure at a reference 
temperature of20' C:  0 for the 17.5 pphr CTBN-epoxy, and A for the 5 pphr CTBN-BPA-epoxy. 
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examined for the applicability of superposition techniques. Just as with the 
previous material, the data were plotted against t ,  and shifted. The resulting 
curve is shown in Figure 16 together with the data for the 17.5 pphr CTBN- 
epoxy system. Here again there is a clear correlation between temperature and 
loading history. What is particularly interesting, however, is that the resulting 
master curves indicate that the two modified materials have very different rate 
dependences. 

The results in Figure 16 clearly illustrate why judgements regarding the 
fracture behavior of a elastomer-modified material can be very dangerous 
when based on measurements made at a single set of conditions. For example, 
at very low loading rates or slightly elevatcd tcmperatures the 17.5 pphr 
CTBN and the CTBN-BPA systems are very similar. At low temperatures or 
impact type loading conditions, however, the 17.5 pphr CTBN-epoxy is much 
morc resistant to crack growth than the CTBN-BPA material. Consequently, 
without determining the effects of loading rate and temperature on the fracture 
behavior, it is impossible to take advantage of the full potential of elastomer- 
modified materials in practical applications. The method of data analysis 
discussed here may provide a useful technique for characterizing the fracture 
behavior of such materials. Such a characterization would then provide both a 
means to estimate fracture behavior over a wide range of conditions and a 
basis on which performance-composition relationships could be developed for 
a large variety of elastomer-modified epoxy formulations. 

CONCLUSIONS 

The fracture behavior of adhesively bonded joints fabricated with elastomer- 
modified epoxies is dependent on : (1) the fracture energy of the bulk adhesive 
itself and (2) the degree to which the geometry of the bonded joint restricts the 
toughening processes normally present in the bulk adhesive. The rudimentary 
understanding that has been developed for the second factor lcads to the 
conclusion that more must be learncd about the first factor before adhesive 
bond failure can be understood. The results presented here demonstrate that 
like other high fracture energy polymers the elastomer-modified epoxies 
achieve their very good fracture properties through viscoelastic processes that 
vary substantially with temperature and loading history. As a result fracture 
tests performed at a single set of conditions provide only a very limited picture 
of thc overall fracture behavior and thus predictions based on such data can 
over or underestimate the fracture energy for a different set of conditions by a 
very large factor. In practical applications this could have disastrous 
consequences. 

Experiments designed to examine the effects of physical aging on fracture 
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energy showed that for toughened-epoxies gIC changes relatively little over the 
limited range of histories normally used in the laboratory. The small changes 
that were found, however, are in the direction expected for physical aging 
effects. Moreover, the data indicate that if long term physical aging does 
influence gIC,  the consequences would be very important because the fracture 
behavior would be altered over an extremely wide range of temperatures and 
loading histories. 

Fracture experiments performed on specimens of the toughened-epoxies 
suggest that in constant cross-head speed tests there is a correlation between 
temperature and time-to-failure that makes it possible to apply time- 
temperature superposition techniques to help characterize the fracture 
behavior of these materials. This characterization provides a means to 
estimate the properties of the materials over a wide range of conditions. 
Moreover, since the behavior of modified-poxies changes substantially when 
the formulation is altered, the techniques discussed here may provide a basis 
on which to establish structure-property relationships that will help in the 
development of optimized materials. Finally, the present results can serve as a 
useful tool in future studies designed to extend the considerations discussed 
here to improve the understanding of adhesive bond fracture. 
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