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Rubber toughened epoxy resins are widely used as adhesives, as a matrix for glass 
and carbon fiber composites for rocket cases and sporting goods, and as a potting 
agent in the electronics industry. A common rubber added is CTBN, a carboxyl 
terminated copolymer of butadiene and acrylonitrile. 

In this study we have measured tou@ness (KIC and CIC) using the E399 ASTM 
standard for a compact tension (CT) specimen, with special attention to the 
variability of the measured KIC and C,, with the method of starter crack formation 
and the time delay between starter crack formation and toughness measurement. 
We also investigated the toughness of the toughened epoxy after initiation, for a 
growing crack, by using the short rod (SR) method and when possible in a CT 
specimen by using a simple marking technique. 

The CT toughness of unmodified epoxy measured using a liquid nitrogen initiator 
crack technique is the same as that of earlier work, but we found that the K,, and 
C,, toughness increases when there is a delay between initiator crack formation and 
toughness measurement. Moreover, an initiator crack produced at room tempera- 
ture gave higher toughness values. For the rubber toughened samples, we obtained 
low toughness for a liquid nitrogen initiated crack and a higher toughness measured 
either in a CT or SR test after the crack grew. The low values differ from earlier 
works, but is the same as that previously obtained at lower temperatures and for 5% 
and 20% rubber modified epoxy. Moreover, we found no K,, and C,, dependence 
with rubber content or rate (0.002-0.2 in/min crosshead speed). The higher 
toughness of the growing crack was the same as that for the 15% material of previous 
work. Presumably the apparent toughness of these systems is very dependent on the 
method of producing the initiator crack, and we possibly produced a sharper crack. 
This sharper crack shows no dependence on rubber content or rate. 

Our results suggest that the advantage of adding rubber to epoxy is not in the load 
that the material will normally be able to sustain. A crack in bulk epoxy may not be 
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134 P. PEYSER AND Y. STEG 

sharp and even if it is, will spontaneously blunt with time. There is, however, a 
greater tendency for a blunter crack to be produced in the rubberized epoxy and for 
an initiated crack to grow stably. Moreover, a stable, slowly-growing crack will 
increase the toughness of the modified epoxy. 

KEY WORDS Fracture toughness; K,,-; GI=; epoxy; rubber modified epoxy; 
CTBN. 

INTRODUCTION 

The expression “fracture toughness’’ is often used to qualitatively 
describe the ability of a material to withstand the presence of 
cracks. Typical quantitative measures of this toughness (in mode I) 
are the fracture mechanics quantities, the stress intensity factor, 
K,,, and the energy release rate, Glc. If linear fracture mechanics 
is applicable, as is assumed in this paper, then both these quantities 
are material properties, interrelated by the modulus and the Poisson 
ratio. 

Rubber toughened epoxy resins are widely used as adhesives, as a 
matrix for glass and carbon fiber composites for rocket cases and 
sporting goods, and as potting agents in the electronics industry. 
The highly crosslinked epoxy of the diglycidyl ether of bisphenol A 
has excellent mechanical properties but poor fracture toughness. 
Rubber-type additives are often used to overcome this deficiency. 
A common rubber added is CTBN, a carboxyl-terminated copoIy- 
mer of butadiene and acrylonitrile. This rubber is incompatible 
with the epoxy resin and appears predominately as a second phase, 
but some mixing of the rubber and epoxy in each of the phases 
occurs. 

It is reported’ that the mechanical properties of the epoxy resins 
are not greatly impaired by the CTBN addition while GI, can 
increase by as much as 3000%. These systems have been studied 
for more than 15 years, but no comprehensive theory has been 
found to explain fully the ongoing processes contributing to the 
toughening of epoxy resins. The model suggested by Kinloch et a1.’ 
stresses a crack-tip-blunting mechanism due to rubber particle 
cavitation, void formation at the epoxy rubber interface, dilatation 
and shear band formation. However, these processes occur not 
only during the toughness measurement while the sample is being 
loaded before crack initiation, but also when the starter crack is 
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CTBN MODIFIED EPOXY 135 

being made. Hence elucidation of the toughening mechanism may 
be obscured by the toughness measurement itself. 

In this study we have measured not only KIc and GIc in a normal 
manner using the E399 ASTM standard for a compact tension (CT) 
specimen, but have paid attention to the variability of the measured 
toughness with the method of starter crack formation, and even the 
time delay between starter crack formation and toughness measure- 
ment. We also investigated the K,, and G,, of the toughened 
epoxy by using the short rod (SR)3 method for a growing crack, and 
when possible in a CT specimen after initiation, by using a simple 
marking technique to be described. 

EXPERIMENTAL 

The polymer samples were prepared and supplied by Dr. Alan 
Siebert of the B. F. Goodrich Company. The resin system 
consisted of Epon 828 epoxy resin (Shell Chemical Co.) and 0, 5 ,  10 
and 15 percent of CTBN rubber toughener curred with piperidine 
for 16hours at 120°C. Dr. Siebert also measured the Young's 
modulus of these materials using ASTM method D638. The moduli 
are 2619, 2463,2059, and 1887 MPa for the 0-15% rubber epoxies, 
respectively. 

The glass transitions of these materials were measured on a 
Perkin Elmer model DSC7 differential scanning calorimeter (DSC). 
They were first given a specified thermal history (which eliminated 
an endotherm normally found in the glass transition region) by 
heating the samples to 185"C, holding at this temperature for ten 
minutes and then quickly cooling to 30°C. After a few minutes, the 
samples were heated at 10"/minute to 150°C and the glass transi- 
tions were determined by the mid-point (inflection point) method. 
The glass transition was 91°C for the unmodified epoxy and two 
degrees lower for the modified epoxies. These results indicate that 
the epoxy was slightly plasticized by the addition of the rubber. 
However, they also indicate that proper phase separation of the 
rubber particles had occurred since otherwise the lowering of the 
glass transition by the rubber would have been much greater. 

Except as noted, the ASTM E-399 metals standard for a 1/2-inch 
CT specimen was followed. In particular, the samples were 
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136 P. PEYSER AND Y. STEG 

machined to the necessary close tolerances, the plastic zone 
thickness criterion was exceeded, and the length-to-thickness ratio 
(W/B) was two. The 95% secant line was used to determine the 
load. Five points were measured for each crack front to determine 
the proper crack length average and to check if the edge points of 
the crack front exceeded specified criteria. Except for marginal 
situations, unacceptable measurements not meeting E399 criteria 
were discarded. The starter crack was not a fatigue crack as will be 
described below. Also, we did not limit the crack length (a) to 
0.45 W-0.55 W as is first required by the standard. We relied on an 
alternative E399 statement that notes that the equation provided to 
calculate the toughness is accurate within f0.5% over the range of 
a/W of 0.2 to 1. 

The CT specimens contained either a chevron notch or a V-slot at 
the end of the crack-starter slot. The specimens were tested in a 
5000 Kg capacity Instron machine under 3 crosshead speeds: 0.002, 
0.02 and 0.2in/min. Starter cracks were produced by a variety of 
methods. Some experience and skill was necessary to stop the 
starter crack before splitting the sample. In a few experiments a 
crack was initiated by the point of the chevron at the end of the 
starter slot as one does in a SR measurement. Another method 
involved compressing the sample in a vise perpendicular to the 
crack front and using a razor blade to initiate a crack. In both these 
methods no sharp crack front was discernible and the toughness 
presented is only a rough approximation. For most CT specimens, 
the V-slot or chevron notch portion was first immersed in liquid 
nitrogen for 30 seconds and then a crack was initiated at its cold end 
by striking with a razor blade. This method of initiator crack 
preparation has been previously used by most researchers in this 
field.',4,576 For the toughened epoxy, the crack fronts were easy to 
distinguish as whitening occurred along the crack path. For the 
untoughened epoxy, less visible markings were found which at times 
were hard to distinguish from ripples, and sometimes two very close 
markings were seen. In general the measurement of the crack 
length in the pure epoxy specimens involved some deduction to 
relate the measured load to the proper marking. 

For the toughened epoxy under conditions where the crack grew 
and did not almost immediately pop and split the sample, it was 
possible to mark the crack front by suddenly increasing the strain 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
2
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



CTBN MODIFIED EPOXY 137 

rate, at which time the sample split with no further whitening. Such 
a toughness measurement is not a measurement of an initiation 
toughness as is required by the E399 standard. 

We also measured the K,, and GI, of the growing crack using a 
1/2-inch diameter SR specimen. The method has been described 
previ~usly.~ Briefly, a 1.25-in long cylinder with a chevron slot in 
the center is pulled apart on an Instron at a rate of 0.05 to 
0.2in/min while the loads and displacements are measured. The 
crack is self-initiating at the point of the chevron and grows stably in 
the chevron. The compliance calibration of this specimen is known 
in terms of the ratio of the initial slope to a download slope 
measured after the crack has grown. Two downloads are performed 
during a run, one before and one after the maximum in the load 
displacement curve. Three toughness values were thus determined 
for each specimen, one at each of the downloads and one at the so 
called “critical r7’3 in the vicinity of the maximum. We did not 
apply a p-correction for reasons previously di~cussed.~ 

In a previous work3 there was good agreement between the SR 
method for a 314-inch diameter specimen and the CT and tapered 
double cantilever beam methods for polysulfone. We therefore 
compared the SR 1/2-inch specimen for polysulfone taken from the 
same stock with the previous results and found a 20% increase in 
the measured K,,. The most probable reason for this discrepancy is 
that the crack in the smaller polysulfone and the epoxy SR 
specimens grew somewhat out of the plane of the chevron slot or, at 
best, in the plane of the slot but at one edge. We therefore 
corrected all the epoxy SR K,, values by decreasing them 20%. 

RESULTS AND DISCUSSION 

The results are summarized in Table I .  With regard to the compact 
tension results, it is important to note that we followed E399 criteria 
(except as noted). We therefore base our discussion upon the 
assumption that linear fracture mechanics apply. The same 
assumption, but with occasional less assurance, will apply to cited 
earlier works. 

There are two parallel approaches to fracture toughness deter- 
mination, the stress intensity factor KI, and the energy release rate 
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138 P. PEYSER AND Y. STEG 

TABLE I 

(A) Compact Tension 
(a) Liquid Nitrogen-Razor blade initiated cracks. 0.002-0.2 in/min loading rate 

% KIC G ,  Valid Samples Type of 
Rubber (MN/m3") ( J/mz) samples discarded3 crack growth 

0 0.64f0.08 140f36  7 12 stick-slip, unstable 
5 1.90f0.14 13Mf  185 3 7 stable-unstable 
10 1.95 f 0.23 1656 f 368 12 12 stable-unstable 
15 1.92f0.26 1763f427 11 5 stable-unstable 
5 & 10 & 15 1.93 f 0.24 26 24 stable-unstable 

10 2.85 f 0.13 3489 f 334 5 stable to unstable 

15 2.81 f 0.19 3720 f 514 8 stable to unstable 
10 & 15 2.82 f 0.17 13 stable to unstable 

Bulk of measurements 2-3 MN/rn3". No variation with rubber content. 

desiccator. 
0 2.3 1 6 stick-slip 

(B) Short Rod. Average of three measurements from each sample. Loading rate 
comparable to slow compact tension rates. 

(b) After crack growth 

mixed (occasionally) 

(c) Chevron-Notch and compression-initiated cracks K,, = 1.07-5.00 MN/m3". 

(d) Bulk Epoxy Liquid Nitrogen initiated crack after sample held 48 hours in 

Other runs which were discarded showed same effect. 

% KIC 
Rubber (MN/m3") Samples Popped Type of crack growth 

5 3.20 f 0 . 1 5  3 5 Crack growth vaned from 
10 3.13 f 0.16 3 4 slightly out of plane to 
15 3.02 f 0.20 6 0 in plane of chevron slot. 
10 2.91 1 in plane of chevron slot. 
15 2.81 1 in plane of chevron slot. 

Did not meet E399 criteria. 

GIG. They are related by: 

where E is Young's modulus and u is the Poisson ratio, equal to 
approximately 0.34 for these epoxies. In this work and in the others 
which we will be comparing, Klc is first measured and then GIc is 
calculated from E and u .  For earlier where the data 
were presented using GIG, we were able to determine Klc by 
referring to the original notebooks. Although we will now refer to 
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CTBN MODIFIED EPOXY 139 

K,c measurements, it is understood that if E and ZI are known, then 
G,, was also determined. 

The CT Kfc  of bulk (0% CTBN) epoxy we measured by the 
liquid-nitrogen-initiator crack technique is the same as that of 
earlier w ~ r k , l * ~ * ~  but we found that K,, increases when there is a 
time delay between initiator crack formation and the toughness 
measurement. However, the second measurement made after fast 
arrest of the first crack was low, similar to the low values for initial 
liquid nitrogen cracks which were not allowed to relax. An initiator 
crack produced at room temperature gave higher K,, values. All of 
the bulk epoxy SR specimens popped after the crack grew a minute 
amount. Only a rough approximation of KlC could be obtained. It 
was in the same range as that found via the SR method for the 
modified epoxies. 

For the rubber-toughened samples, we obtained low Kfc values 
with a liquid-nitrogen-initiated crack and a higher K,, measured 
either in a CT or SR test after the crack grew. Moreover, we found 
no Kfc dependence on rubber content or loading rate (0.002- 
0.2in/min crosshead speed). These results differ from those of 
earlier work where a broad maximum at 1520% rubber was found 
in a plot of Gfc vs. % rubber.’ Also, a significant rate dependence 
was previously demon~trated.’.~ 

The necessity to use liquid nitrogen to produce a sharp crack is 
not a method which we preferred. One can easily visualize how 
such drastic treatment may affect the toughening capabilities of the 
imbedded rubber. For this reason, we were most interested in the 
short rod method where the crack is self-initiating. We also tried 
other methods to initiate a crack in a compact tension specimen. 
However, the bulk of past experimental data make use of liquid 
nitrogen to initiate a crack for these modified epoxies and like 
others, we were unable to initiate a sharp crack in these systems by 
any other means without splitting the sample. An exception is the 
work reported in Ref. 2. Despite our reservations, our experiments 
tended to show that the toughening capability of the modified epoxy 
was not greatly affected by the liquid nitrogen treatment. Namely, 
no systematic difference was found in the measured toughness 
between an initiator crack which arrested close to the area treated 
with liquid nitrogen or far away. Moreover, again irrespective of 
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FIGURE 1 K,, Toughness us. % Rubber. O-replot of the data of Ref. 1 using 
Klc instead of G,c. A-CT initiation toughness of liquid nitrogen produced starter 
crack, (this work shifted 1/2% to right). 

crack length, upon growing a slight amount, K,, reached the higher 
values normally reported in the literature. 

In Figure 1 we have replotted the data of Ref. 1 using K,, instead 
of GI, and have also included the low KIC values of our work. 
Notice that now the sample with 20% rubber is no longer as tough 
as the sample with 15% rubber. Also, while 30% added rubber 
produced a significant improvement in G,, toughness, it is no better 
than bulk epoxy if K,, is used. 

The different picture seen by the two toughness parameters, Klc 
and GI,, is due to the change in modulus of the system which occurs 
when rubber is added. One may ask which toughness measurement 
is important, K,, or GI,? Of course both are important, being 
interrelated by the equation given. One tells us the stress that a 
crack can sustain and the other the energy, which is a combination 
of the stress and the strain. One can show, using a classical ‘‘fixed 
grip experiment”, what happens to GI, if K,, stays the same but the 
modulus changes. Namely, if we lower the modulus of a material, 
the material will sustain the same load at crack initiation (a measure 
of K )  but must be strained to a larger extent in direct proportion to 
the change in modulus. This increase in strain is directly propor- 
tional to an increase in G. Normally, a lowering of the modulus, 
such as adding a plasticizer or raising the temperature above the 
glass transition, is not considered to be a toughening mechanism. If 
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CTBN MODIFIED EPOXY 141 

the modulus changes, GI, alone presents a distorted picture of the 
toughness of a system. It should be noted that our discussion of the 
importance of KIC relative to GIc relates to the toughness of bulk 
modified or unmodified epoxy, the scope of this paper. For an 
adhesive situation where the strain of the adhesive is negligible 
relative to the adherend, the change in modulus affecting GI, 
becomes unimportant. Now GIc is the proper measure of the 
toughness of the bond. 

Referring again back to Figure 1 and Table I,  we see that the 
earlier data' can be represented by two sets of points, a low KI, of 
about 1.9 and a high K,, of about 2.8, similar to this work. (The 
high values at 5% rubber were disregarded in the earlier published 
work). Note that at 15% rubber a solitary low value was measured. 
Going back to the original data we also found a solitary low value 
(15% rubber) in Ref. 6. In Figure 2, data from Ref. 4 are replotted 
using KI, instead of GIc. Notice that our low K f c  measurement at 
room temperature fits well with a continuation of the toughness 
determined at lower temperatures. The same high and low KIc 
variation can be seen in Ref. 2. Here a high K,, was found at room 
temperature and low loading rate, and a low K,, was found at low 
temperatures. t 

Presumably, the apparent K f c  of these systems is very dependent 
on the method of producing the initiator crack. We possibly 
produced a sharper crack. This sharper crack front would show 
little if any dependence on rubber content or rate as compared to a 
blunter, more plastic, crack front. A sharper crack is more likely to 
be produced at lower temperatures, after immersion in liquid 
nitrogen, with the sharpness increasing with the time of the 
immersion. A sharper crack is also formed by a fast arrest of a 
fast-moving initiator crack. A blunter crack is produced by a slowly 
moving crack. 

The increase in toughness with time that we found for bulk epoxy 
is reminiscent of a little understood phenomenon commonly re- 

t The dropping of experimental points is quite understandable in view of the 
information available at the time and statistical arguments. However, experience has 
shown that almost any conceivable experimental problem in a toughness measure- 
ment would tend to give too high a value. Hence, coupled with our findings, the low 
values previously dropped for valid statistical reasons or averaged should be given 
more prominence. 
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ferred to as “crack healing”. However, we found no such effect for 
the modified epoxy and as such cannot explain differences in 
measured values of the modified epoxies by this means. 

Four types of crack growth characterizing the fracture of un- 
toughened and toughened epoxy resins were found. Unstable crack 
growth is characteristic of a load-deformation curve represented by 
a straight line until the maximum, where the sample breaks 
suddenly. Stick-slip type unstable crack growth is similar to 
unstable crack growth except that the crack arrests before the 
sample breaks. Hence, more than one measurement can be made 
from a single specimen. For stable crack growth the crack grows 
slowly and the test machine is able to keep up with the crack growth 
until the sample crack length equals the sample length. This crack 
growth is accompanied by an extensive whitening that reaches a 
depth of millimeters, perpendicular to the plane of the crack. The 
associated load-deflection plot for mixed type stable and unstable 
crack growth is linear at the beginning (similar to the unstable type 
of crack growth) followed by a yielding curvature (similar to the 
stable type of crack growth). After a certain amount of curvature, 
the extent of which decreases with strain rate, the sample breaks 
abruptly and the load falls to zero. 
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CTBN MODIFIED EPOXY 143 

The type of crack growth in the CT specimens varied from 
stick-slip at the low loading rate to unstable at the higher loading 
rates in the bulk epoxy and from stable to unstable in the 
rubber-modified epoxies (Table I). The crack growth was of course 
stable in the SR measurements when a measurement was possible 
and unstable when the sample popped. Actually, the type of crack 
growth will vary with the measuring machine and the geometry of 
the specimen; it is a function of the relative stiffness of the pulling 
machine and the specimen. This ratio was a constant for this work 
for each type of specimen. Our results show that there is a greater 
tendency for the modified rubber to grow stably. This tendency 
increases with the amount of rubber added. This is important 
because our results suggest that the major advantage of adding 
rubber to epoxy is not in the load that the material will normally be 
able to sustain. A crack in bulk epoxy may not be sharp, and even 
if it is, it will spontaneously blunt with time. Moreover, no 
dependence upon rubber content was found. There is however, a 
greater tendency (increasing with the amount of rubber added) for a 
blunter crack to be produced in the rubberized epoxy and for an 
initiated crack to grow stably. A stable, slowly growing crack will 
be reflected in an increased toughness of the modified epoxy. While 
we have shown that the laboratory-determined K,, can be lower 
than previously reported, in normal use the practical toughening of 
CTBN-modified epoxies is significant. 

CONCLUSIONS 

The type of crack produced in epoxy and rubber-modified epoxy 
was found to be method- and operator-dependent. We obtained 
lower KI, values than previously reported and no toughness 
dependence on modifier content or loading rate. We attribute this 
difference to having produced a sharper crack. We showed that our 
lower KIc values can also be found in previous works. The initially 
low KI, of bulk epoxy having a sharp crack increases with time 
(“crack healing”). Rubber-modified epoxy K,, values increase 
when a slow, stable crack has grown. We conclude that the 
principal advantage of adding rubber to epoxy is the greater 
tendency for a crack to be blunt and to grow stably. 
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