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The fracture behaviour of unmodified and rubber-modified epoxies from the diglycidyl ether of bisphenol
A epoxy cured with piperidine has been investigated as a function of displacement rate (or crack propagation
velocity). Failure modes type B (unstable stick/slip) and type C (brittle stable) were observed in the
unmodified epoxies, but the fracture behaviour shifted to type A (ductile stable) as the rubber content
increased. In the rubber-modified epoxies, the rubber second phase did not have a large influence on the
fracture toughness but tended to stabilize the crack propagation, i.e. increase the displacement rate at
which the mode changes from type A to type B. A high cure temperature substantially improved the
fracture behaviour of the rubber-modified epoxies, giving a very high stress intensity factor (4 MN m™3/?)
and further stabilizing the crack propagation. For resins of the same cure cycle, but different rubber content,
the crack opening displacement and Dugdale plastic zone size were found to be constant at the type A/type
B transition. Type B fracture is an alternation of type A and type C fracture.

(Keywords: epoxy resins; crack opening displacement; crack propagation velocity; fracture mode transition; plastic zone)

INTRODUCTION

Epoxies have been widely used as structural adhesives
and matrix materials for composites in the aerospace
industry, and as potting and encapsulating materials for
the electronics industry. The use of epoxies has recently
been extended to the automotive and building industries.
The extensive application of epoxies in some critical areas
that require toughness and structural durability has
aroused considerable interest in their mechanical
properties. In particular, in the past decade a large
number of studies have aimed to modify these brittle
crosslinked materials and investigate the fracture
mechanisms of unmodified and rubber-modified epoxies.
Indeed, from a structural design and engineering
viewpoint, an understanding of crack propagation and
toughening mechanisms is absolutely essential.

It has been demonstrated that, as the test temperature
decreases or the strain rate increases, the mode of fracture
can change from ductile propagation (type A) to stick/slip
propagation (type B) and then to brittle propagation
(type C)''?. This behaviour can be quantitatively
explained by the crack-tip blunting model proposed by
Kinloch and Williams®, who considered the effect of
temperature and strain rate on material yield behaviour
at the crack tip. The model predicts that enhancement
of the stress intensity factor at initiation (K} of the
stick/slip propagation is due to blunting at the crack tip,
which is facilitated by the low yield stress. In fact, it has
been experimentally demonstrated that the stress
intensity factor K, decreases rapidly as the yield stress
increases in several epoxy systems?*. Moreover, the
crack opening displacement ¢, rises rapidly when the
fracture mode changes from type C to type B>. These
observations have confirmed that plasticity of the
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material at the crack tip is the controlling factor of the
blunting mechanism and therefore of the fracture
toughness of epoxies.

The similar effects of testing rate and temperature on
the fracture behaviour imply viscoelastic characteristics
in crack propagation. The equivalence between rate and
temperature has been quantitatively described by
Hunston et al.. They have determined values of the shift
factor a; for the time-temperature superposition and
found that ay is independent of the epoxy composition.
Using the shift factor a; and the time to failure ¢, Kinloch
and Hunston” have successfully established master curves
of fracture energy against the reduced time t;/a; for a
number of epoxy systems. Although a considerable
amount of data have demonstrated the existence of time—
temperature correlation in epoxy fracture processes, most
of the data have been concentrated on the fracture
behaviour in type B and type C regimes, and type A has
not been investigated in detail. In fact, the effects of rate
and temperature have been simultaneously examined by
Kinloch ez al.?, but only three displacement rates ranging
from 107 to 10”*m s~ ! were employed and few type
A fracture data were observed due to the limits of the
test temperature.

The addition of liquid rubber to an epoxy resin has
been considered as the most convenient and effective
method to enhance its fracture toughness, but other
modifications are possible. Different cure temperatures
and gel temperatures can induce a variety of second-
phase morphologies from the same epoxy formulation
and thus different mechanical properties and stress
response mechanisms®®, The cure cycle, therefore, is
another important factor in obtaining optimum properties
for epoxies. Further, the molecular weight between
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crosslinks (M) can be controlled by using different
amine/epoxy reactant ratios or difunctional epoxy
prepolymers with different molecular weights. LeMay
et al.'° found that the fracture energies of unmodified
epoxies are closely proportional to M!/2. Pearson and
Yee'! studied the M_-dependent fracture toughness of
unmodified and rubber-modified epoxies and observed
that increasing M, leads to a small increase in the energy
release rate Gy, of the unmodified specimens, similar to
the results obtained by LeMay et al.!°, but to a
substantial increase in Gy, of the rubber-modified epoxies.
Recently, Kinloch ef al.'* have reported an enhancement
in toughness by increasing the cure temperature and
shortening the period of cure. They related the higher
toughness to a larger M,, indirectly determined via the
equilibrium rubbery modulus E,.

The purpose of this study is to investigate the effect of
the cure temperature and the displacement rate on the
fracture toughness and the transition between the fracture
modes of unmodified and rubber-modified epoxies from
the diglycidyl ether of bisphenol A with piperidine.
Modes of fracture and dependence of the plastic zone
size and the crack opening displacement on the rubber
content and the cure temperature will be discussed.

EXPERIMENTAL

Materials

The epoxy resin was a diglycidyl ether of bisphenol A
(DGEBA, Epikote 828 from Epirez Australia Pty Ltd)
cured with piperidine. The liquid rubber (Hycar 1300 X8
from B. F. Goodrich Pty Ltd) was a carboxyl-terminated
random copolymer of butadiene and acrylonitrile
(CTBN), containing 17% acrylonitrile, of molecular
weight 3500. The preparation of the unmodified and
rubber-modified epoxies has been described in a previous
report!. Formulations of the test specimens are shown
in Table 1. Two cure cycles were conducted: (1)
120°C/16 h and (2) 150°C/2.5 h then 120°C/16 h. In each
the post-cure was 150°C/2 h.

Crosslink density

The extrapolated onset and end of the glass transitions
of the samples were measured at a heating rate of
10°C min ! by differential scanning calorimetry using a
DuPont model 1090 Thermal Analyzer. The samples
{about 1 mm thick, 10 mg) were cut from the casting to
give a moulded flat surface, and were cooled rapidly from
just about the transition to erase annealing and ageing
effects before the measuring run. The glass transition
temperature T, was taken as the mean of the range.

The equilibrium rubbery modulus E, was measured at
140 and 160°C by a dynamic mechanical thermal analysis
unit (DMTA, Polymer Laboratories Ltd) at a frequency
of 1Hz and a heating rate of 2°C min~!. The analysis
was conducted over the temperature range 30 to 160°C.
The specimen dimensions were 30 x 10 x 1.2 mm3,

Table 1 Formulation of test specimens

Unmodified epoxy Rubber-modified epoxy

Epoxy resin (phr)* 100 100
Piperidine (phr) 5 5
CTBN (phr) 0 Sor 10 or 15

¢ phr = parts per hundred resin by weight
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The value of M, can be derived from T, (K) by'?:

T,=T,0+C/M, (1)
or from E, (Nm~2)!3 by:
log,o(E,/3)=6+293d/M, 2)

where T, is the T, of uncrosslinked epoxy (259 K)'*, C
is a constant (3.9 x 10*)!* and d is the density of the
epoxy (1.18 gcm—3).

Fracture toughness and crack propagation velocity

The stress intensity factor K; was determined by
double torsion (DT) geometry'>. The DT specimens,
which were machined from sheets of the materials, have
the dimensions 30 x 75 x 4 mm?3. A groove 1.5 mm deep
was machined onto one surface of the specimen along
the central line. At one end of the groove a notch was
made with a handsaw and a short sharp crack was created
by a razor blade. The specimen was mounted on a DT
jig attached to a universal testing machine (Instron model
1121). The K,  values were measured at displacement
rates y ranging from 8.3x 1077 to 8.3x 1073 ms™! at
room temperature (2242°C). K, was determined by!®:

Pl

Kie [kwt3t, (1 —v)]¥2 ®)
where P is the load, ! is the arm moment length
(10.75 mm), w is the specimen width, ¢ is the specimen
thickness, t,, is the crack plane thickness (i.e. the specimen
thickness less the groove depth), k¥ is a constant
depending'® on the ratio of w/t, and v is Poisson’s ratio
(=0.35).

In addition, four DT specimens of 46 x 90 x 7.5 mm?
and 76 x 150 x 11 mm?® were made to ensure that the
4 mm samples were thick enough to satisfy plane-strain
conditions. According to ASTM E399-83, the required
thickness is at least 2.5(K,./o,,)*, where o, is the tensile
yield stress. Thus, the required thickness is approximately
11 mm for K;,=4 MN m~*? and 6,,=60 MN m 2. The
K. values for specimens containing 15 phr of rubber
cured by cycle (2), at y=1.67x10">ms~!, were
3.80+0.08,4.154+0.20 and 3.75+0.05 MN m~ /2 for the
thickness of 4, 7.5 and 11 mm, respectively. Accordingly,
the fracture toughness is largely insensitive to specimen
thickness and the fracture data obtained with specimens
4 mm thick satisfy the plane-strain conditions. It has been
reported that fracture data from DT specimens
one-quarter to one-half of the minimum recommended
thickness yield valid data comparable with results
obtained from compact tension specimens and double
cantilever beams!”-18,

The crack propagation velocity a of type A fracture
growth was calculated by using the crack length Aa
during the time of propagation At, i.e. a=Aa/At, and
was varied by changing j.

Yield stress

Cylindrical samples (12.5 mm diameter x 25 mm) were
tested in compression to give the true stress o, as a
function of strain rate é. The strain rate é was obtained
from the displacement rate y. The true compressive yield
stress ¢, was estimated by:

0oy =(P,/Ao)(1—ey) “4)
where P, is the load at yield, A4, is the initial



cross-sectional area, and e, is the yield strain. The true
compressive yield stress o, was converted to the true
tensile yield stress o,, by using the ratio of the tensile to
the compressive yield stress (o,,/0.,=3/4)"°.

Young's modulus

Young’s modulus E was determined at five different
strain rates (2.6 x 107%, 1075, 1074, 1073 and 10257 1)
with a rectangular bar of 80x15x4mm? using a
three-point bend test. The value of E is given by:

E=I3P/(4ybt®) (5)

where L is the distance between the supports, P is the
load, y is the displacement, b is the breadth and ¢ is the
thickness.

RESULTS AND DISCUSSION

Fracture toughness

It is customary to express K. as a function of 4, in
the following form:

Kio=Aa" (6)

where A and n are constants. This relationship can be
theoretically explained by using a criterion of a constant
crack opening displacement J. and considering the
variation of E with é2°. However, dependence of K, on
a in thermosets presents a more complicated situation.
The K,  versus a relationship cannot be derived by a
constant crack opening displacement criterion since J,
varies greatly with é and test temperature?. The K,
versus a (or y) relationships illustrated in Figures la—d
are the data of unmodified and rubber-modified epoxies
showing type A and type B crack growth. With type A
fracture, a is directly proportional to y (Figure 2). From
Figures Ic and 1d it was found that the slope dK./da of
type A crack growth is close to zero or slightly negative.
Mai and Atkins?! have suggested that a negative value
of dK./da leads to crack jumping, whereas continuous
crack propagation occurs when dK /da is positive. This
suggestion does not seem to be applicable to the fracture
data of this study. In type A crack growth, the fracture
toughness is almost independent of rubber content. In
fact, at low y (10~7-10"°>ms™~!) the value of K, for
all rubber-modified samples cured by cycle (1) is
approximately 2.8 MNm~*2 and decreases to 2.3
MN m~3? at higher y (107*-10"3ms™!). A similar
tendency was also found in rubber-modified specimens
cured by cycle (2). Using compact tension specimens,
Peyser and Steg?? have obtained similar fracture
toughness values for different rubber content and
displacement rate between 8.3x 1077 and 8.3x10°°
m s~ !, but in this limited range they did not recognize
the dependence on the displacement rate (Figures 1b—d).

The most striking effect caused by rubber content on
the fracture behaviour is on the transitional crack
propagation velocity 4,, or the transitional displacement
rate y,, where the mode of failure changes from type A
to type B as a (or y) increases. As the rubber content is
increased from 5 to 15 phr, y, increases by nearly three
orders of magnitude (Figure 3). It is of interest to calculate
y, for the unmodified epoxy using the equivalence
between time and temperature. According to Kinloch et
al.l, type A/type B transition occurs at y,,=8.3x 1077
ms~ ! at Ty=35°C for unmodified samples. Also, & is
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Figure 1 Relationship between stress intensity factor K, and
displacement rate y (and & where applicable) of the unmodified and
rubber-modified epoxies. (a) Unmodified epoxy. (b—d) Rubber-
modified epoxy: (b) 5 phr of rubber; (c) 10 phr of rubber; (d) 15 phr
of rubber. Squares, specimens of cure cycle (1); circles, specimens of
cure cycle (2). Full symbols, K, (type A) or K,; (type B); open symbols,
K. (type B); superimposed symbols, K, (type C)
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related to the time to failure t; by:
aoc 1/t )
Therefore,
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where 4, and 4,4 are the transitional crack velocities at
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Figure 2 Relationship between crack propagation velocity & and
displacement rate y of the rubber-modified epoxies at type A failure:
(O) 5 phr of rubber; (@) 10 phr of rubber; (A) 15 phr of rubber
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Figure 3 Effect of rubber content on the type A/type B transitional
displacement y,; (@) specimens of cure cycle (1); (O) specimens of cure
cycle (2)

Table 2 Mechanical and thermal characterization data

room temperature and T, =35°C, respectively. From the
log a; vs. T curve®, a; was found to be 10!-2, Substituting
this figure in equation (8) gives §,=52x10"8ms™ !,
which is well beyond the displacement rate of the testing
machine. As shown in Figure 3, j, increases rapidly with
the rubber content up to 10 phr, then levels off.
Accordingly, a rubber content ranging from 10 to 15 phr
can be considered the optimum quantity where high
values of K, and y, of the resultant rubber-modified
samples are achieved while other mechanical properties
are maintained at an acceptable level.

Comparing the modified and unmodified samples, the
above results clearly indicate that, with a minimal
decrease in Young’s modulus, yield strength and glass
transition temperature (Table 2), the addition of rubber
to epoxy resin offers dual effects in improving the fracture
behaviour, i.e. (1) enhancement of the fracture toughness,
and (2) stabilization of crack propagation. The
experimental results have demonstrated that increasing
y or decreasing the temperature!-2 or rubber content is
equivalent to transition of the fracture modes from type
A, type B and type C in that order.

Moreover, the curing history is another important
factor influencing the fracture behaviour of rubber-
modified epoxies. As shown in Figure 1, the K, versus a
relationships of specimens cured by cycle (2) clearly
indicate further improvement in the two aspects of the
fracture behaviour: (1) a higher K., and (2) a wider range
of crack propagation velocity where the failure occurs in
a ductile manner, i.e. higher 4,, while other physical and
mechanical properties such as Young’s modulus, yield
stress and glass transition temperature remain almost
unchanged (Table 2). In comparison with specimens
cured by cycle (1), the fracture data of specimens cured
by cure cycle (2) indicate a 30-50% improvement in K,
and a 3-10 times increase in 4,. In fact, the K;, value of
specimens of 15 phr rubber is increased to 4 MN m ™32,
which is extremely high for epoxies.

It is of interest to note that the molecular weight
between crosslinks M, calculated from the rubbery
modulus E, or the glass transition temperature T, is
almost independent of the curing history (Tables 2 and
3). This finding is different from the recent work by
Kinloch e al.'?. They suggested that the enhancement
in K, results from 7- to 8-fold increase in M, of both
unmodified and rubber-modified epoxies calculated from
the 3-fold decrease in E,. In considering the effect of cure
history, two factors can be considered: the morphology
of the second phase and the network structure of the
epoxy matrix. In the present case, it appears that M, is

Cure cycle Rubber content E® e,

o.,° T} M, (gmol~1) from T,

cy S
(phr) (MNm™?) (MNm~?) 0 {eqn (1))
(1) 0 2880 0.060 85 91-100 358
5 2690 0.056 81 84-98 371
10 2480 0.060 76 84-101 366
15 2280 0.056 68 82-97 379
) 0 2940 0.060 84 89-98 363
5 2730 0.058 82 84-98 371
10 2550 0.060 76 81-94 384
15 2320 0.058 68 80-95 388

1At y=33x10"5ms™!?
® Transition range from extrapolated onset to end
¢ Mean value of T, range used
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Table 3 Equilibrium rubbery modulus E, and molecular weight
between crosslinks M,

Rubber content (phr) E,.,/E.;" M_,/M,,*
0 1.4 1.7
5 1.1 1.2

10 1.6 2.5

15 0.7 0.6

21 and 2 denote cure cycles (1) and (2)

independent of the cure history when “full cure’ is effected
(Tables 2 and 3). This fact is supported by a similar
fracture toughness of samples cured by cycles (1) or (2)
(Figure la). The apparent conflict between this finding
and recent work by Kinloch et al.'?, which reported a
significant increase in M, for these materials cured for
6 h/160°C, would appear to lie in the unexpected kinetics
of the cure of this system. We have found the T, of the
material cured for 3 h/150°C to be relatively low (78°C
at the end of the transition) and to be unexpectedly
increased at temperatures lower than the cure temperature
(90°C after 13 days/80°C; 97°C after 16 h/120°C). The
traditional explanation for lower T, when DGEBA/
piperidine systems are cured at higher temperatures (see,
for example, Cuadrado et al.?) of different network
structures or piperidine evaporation are clearly insuf-
ficient. Furthermore, in contrast to the T, data of this
study (Table 2) where the T, of the epoxy remains
practically unchanged under two different cure cycles,
Kinloch et al.'? found a large T, difference of 12°C
between specimens cured for 16 h/120°C and 6 h/160°C.
Thus, it seems that the lower T, of materials cured for
6 h/160°C could be attributed to incomplete reaction,
leading to networks of larger M, and unreacted pendant
epoxy groups. Similarly, after the first stage of cure cycle
(2) (2.5h/150°C) the networks contain active groups,
which react at lower temperature during the second stage
(16 h/120°C) and increase the crosslink density. This
yields materials that effectively have the same physical
properties and T; as those from cure cycle (1), but exhibit
improved toughness (K, =4 MN m™~32) similar to the
materials (cured for 6 h/160°C) of Kinloch et al.!2.

In the cure cycles of this study the size of rubber
particles is determined in the first few hours before the
gel point, while the rest of the cure and post-cure are to
ensure the full cure conditions of the matrix. As illustrated
in Figure la, the fracture toughness of the unmodified
epoxy cured under a full cure condition (i.e. cure cycle
(1) or (2)) shows similar fracture data in a wide range of
displacement rates y. However, when the rubber is added
to the epoxy, even at a concentration as little as 5 phr,
the effect of the cure conditions on the fracture behaviour
becomes remarkable (Figures 15—d). Post-failure examin-
ation of rubber-modified specimens reveals that,
regardiess of the rubber content, the cavitated particle
size of the specimens cured by cure cycle (2) are always
larger than those of the specimens of cure cycle (1) (Figure
4). The size distribution of the cavitated rubber particles
is shown in Figure 5. Preliminary results?# indicate that
the rubber particles of the cure cycle (2) materials exhibit
higher degree of cavitation, which is the difference in the
total volume between the cavitated and uncavitated
rubber particles. Higher degree of cavitation and larger
cavitated particles imply a larger reduction in the stress
triaxiality of the surrounding matrix, which is, in turn,
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more ready to deform plastically via shear yielding.
Secondly, there is the possibility that different cure cycles
could result in different phase composition and interface
properties. The cure cycle (2) could generate better
compatibility between the rubber and epoxy, which
optimizes the interfacial bonding, resulting in higher
energy dissipation during fracture due to high debonding
stresses®.

Crack opening displacement

The crack opening displacement d_, which is a useful
parameter to describe the geometry of the crack tip and
examine the crack-tip blunting, can be estimated by:

50 = (K]c/aty)zey (9)

Because K|, and o,, are functions of rate, the calculation
of §. should be based on the correlation between the
displacement rate y, crack propagation velocity a and
the strain rate at the crack tip é,,. Williams?® has
expressed the relationship between é,;, and a by:

éup="(E/Kyc)e5a (10)

In this study, e, is found to be 0.056-0.060 (Table 2).
From equation (10), the ratio between & and ¢, is
approximately 2-3 orders of magnitude. Based on the
relationship between a and y (Figure 2), y is five orders
of magnitude smaller than the strain rate at the crack tip
ép- This result is different from that of Kinloch er al.?,
in which two orders of magnitude difference between y
and é,;, was estimated.

As illustrated in Figure 6, plots of the true compressive
yield stress o, against the logarithm of the strain rate é
for the unmodified and rubber-modified epoxies show a
linear relationship. Extrapolated values of the yield stress
are used when the strain rate at the crack tip é;, exceeds
t. The calculated results of the crack opening
displacement 6, are shown in Figures 7 and 8 for
specimens cured by cure cycles (1) and (2). Two
interesting aspects are revealed from the figures. Firstly,
the values of , increase with decreasing rate. The data
obtained by Kinloch et al.? indicate that the crack
opening displacement increases with increasing tempera-
ture. This again confirms the equivalence between time
and temperature.

Secondly, although a criterion of a constant crack
opening displacement for fracture processes does not exist
in epoxy polymers, in rubber-modified epoxies a constant
crack opening displacement seems to govern the fracture
modes when the crack propagation changes from type A
to type B. From Figures 7 and 8, the constant values of
d. at the transition of fracture modes from type A to type
B or vice versa were found to be 80 and 140 ym for
specimens of cure cycles (1) and (2), respectively. The
following equation is employed to examine these
constants?6:

ch=(ey5c)”2E(étip) (11)

Because the yield strain e, is largely insensitive to both
strain rate and rubber content, and the crack opening
displacement at transition is constant, the stress intensity
factor at transition K, should be proportional to Young’s
modulus E. In other words, the ratio of the stress intensity
at transition, K, /K,,, of two materials (a and b) with
different rubber contents is theoretically equal to the ratio
of the corresponding moduli, E,/E,. From the results
shown in Table 4, the values of K,,/K,, correlate well
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Figure 4 Fracture surface of the rubber-modified epoxies. Cure cycle (1): (a) 5 phr, (b) 10 phr, (c) 15 phr. Cure cycle (2): (d) 5 phr, (¢) 10 phr, (f) 15 phr

Table 4 Comparison of K,,/K,, with E,/E,

Cure Rubber

cycle content K, E“ K./Ky E,/E,
(phr) (MNm~32) (MNm~?2)

1) 5 25 2800 1.0° 0.98°
10 25 2850 1.1° 1.02°
15 22 2740

2) 5 30 2850 1.0 0.99*
10 3.1 2890 1.0° 1.04
15 30 2750

“ Modulus E is corrected for the ¢, at the transition

b ‘a’ denotes the specimen of 5 phr rubber and ‘b’ denotes the specimen
of 10 phr rubber

¢ ‘a’ denotes the specimen of 5 phr rubber and ‘b’ denotes the specimen
of 15 phr rubber

1674 POLYMER, 1990, Vol 31, September

with the ratio of E,/E,. Further, since the yield strain e,
and the Young’s modulus E are independent of curing
history (Table 2), according to equation (11) the ratio of
the stress intensity factors K,,/K,, of the specimens
having the same rubber contents but cured differently is
equal to the square root of the ratio of the crack opening
displacement (d,,/9,,)/? at fracture transition (Table 5).
Because the experimental error for K, is within +5%,
the error of the ratios K, /K,, and K,,/K,; would be
+10% at most. Therefore, the equivalence between
K. /K. and E,/E,, and between K,,/K,; and (8,,/6,;)"'?,
amply justifies the existence of a constant crack opening
displacement at fracture mode transition for the
rubber-modified epoxies. It is noted that in the . versus
y curves (Figures 7 and 8) of the rubber-modified
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Figure 7 Relationship between the crack opening displacement &, and
the displacement rate y for specimens of cure cycle (1). The arrow
indicates the type A/type B transition of the failure mode. Symbols as
in Figure 6

specimens (15 phr rubber) there exists a sudden decline
in §, at the transition due to a substantial decrease from
K, of type A to K| of type B.

Arrest line of type B crack growth (stick/slip)

The arrest line of stick/slip propagation of unmodified
epoxies has been examined in detail by Yamani and
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Young*, and Phillips er al?”’. These authors have
suggested that when stick/slip crack propagation occurs
the crack propagates slowly through a region having the
size of a Dugdale plastic zone A after the crack arrest
line. The size of the slow-growth zone I, which is in good
agreement* with the theoretical A, is a useful parameter
to identify the actual size of the plastic zone. Nevertheless,
the fracture pattern of the unmodified epoxies, as
observed with a scanning electron microscope, presents
various features, such as fine markings, secondary arrest
lines and longitudinal lines, which cause considerable
difficulties in determining the size of the slow-growth
zone. On the other hand, the arrest line of the
rubber-modified epoxies is characterized by stress
whitening. The arrest region reveals massive cavitation
of the rubber particles, indicating failure and deformation
mechanisms of type A crack growth.

Stick/slip propagation undergoes the following steps
of crack growth. After the crack arrest, the crack tip
becomes blunt and the plastic zone, characterized by the
cavitation of the rubber particles, is formed ahead of the
blunt crack tip. As the load increases, a new crack is
initiated and propagates through the plastic zone. The
crack growth is type A and therefore the crack
propagation velocity a through the plastic zone is directly
proportional to the displacement rate y. When the crack
tip reaches the undeformed bulk material the crack tip
rapidly jumps forward because the external energy is
wholly converted into kinetic energy of crack propaga-
tion. From this argument, the failure modes seem to be
controlled by a competition between a and the formation
rate of the plastic zone. When ¢ is lower than the
formation rate, type A failure is predominant. Conversely,
at high displacement rate the crack is initiated and

d; (um)

log(y/ms~')

Figure 8 Relationship between the crack opening displacement §, and
the displacement rate y for specimens of cure cycle (2). The arrow
indicates type A/type B transition of the failure mode. Symbols as in
Figure 6

Table 5 Comparison of the K, ratio and the §, ratio

Rubber content (phr) K,/K,° (8,2/8,,)42°
5 3.0/25=12 1.35

10 3.1/25=12 1.35

15 3.0/22=14 1.35

“1 and 2 denote cure cycles (1) and (2); 6,, =140 um and &,; =80 um;
K, values are as in Table 4
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Figure 9 Relationship between the length of the slow growth zone in
type B failure, I, and the displacement rate y of the rubber-modified
epoxies: (A, a) 5 phr of rubber; (O, ®) 10 phr of rubber; (v, ¥) 15 phr
of rubber. Open symbols, cure cycle (1); full symbols, cure cycle (2)
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Figure 10 Plot of (K,/0,,)? versus the size of the slow-growth zone
I, for the rubber-modified epoxies: (a) 5 phr of rubber; (O) 10 phr of
rubber; (¥) 15 phr of rubber. The straight line is equation (12)

Table 6 Comparison of [, and A, at the transition of the fracture mode

Cure cycle (1) Cure cycle (2)

Rubber content

(phr) } (mm) A, (mm)  } (mm) A, (mm)
5 0.84 0.55 1.20 0.95

10 0.80 0.55 1.10 0.95

15 0.76 0.55 1.00 0.95

propagates so rapidly that there is insufficient time for
the formation of the plastic zone. In this case type C
failure occurs. A typical fractured surface of this type is
featureless in unmodified epoxies or a smooth surface
with uncavitated rubber particles in rubber-modified
epoxies. As a result, type B failure can be considered as
a mixed mode of type A and type C.

Figure 9 illustrates the relationship between the
experimental value of I, and y. Since I, is theoretically
proportional to the crack opening displacement, the
decreasing zone size, with the displacement rate y, is
consistent with the relationship between J, and y (Figures
7 and 8). Compared to specimens of cure cycle (1),
specimens of cure cycle (2) have higher values of [,
demonstrating a larger plastic deformation, which is
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consistent with a higher fracture toughness of the cure
cycle (2) materials. Furthermore, a substantial increase
in I, is observed when the rubber content is increased.
For example, for specimens of cure cycle (1) at
$=3.33x 1073 m s~ ! the value of I, increases from 80 to
760 um as the rubber content increases from 5 to 15 phr.
Since A can be expressed by?®:

A={n(Kyfo,)? (12)

it is of interest to examine the correlation between A and
I, by plotting I, against (K,.;/6,,)* for the rubber-modified
epoxies of two cure cycles (Figure 10). In this figure,
deviations from the straight line of exact equivalence
increase as the fracture mode approaches the fracture
transition from type B (I,>0.5 mm), but the observed
slow-growth zone (l,) is in good agreement with A below
1,=0.5 mm. Since (K,C/crty)2 is a function of y, scatter of
data in the high I, region (I.>0.5 mm) results from the
strong dependence of /, on rubber content and cure
schedule as illustrated in Figure 9.

In the previous section, a constant crack opening
displacement has been found at the type A/type B
transition. Since the crack opening displacement J, is
proportional to the plastic zone size (A) (equations (9)
and (12)), a corresponding constant for A at the fracture
mode transition should exist. Indeed, by using
6,1 =80 um for cure cycle (1) and J,, =140 um for cure
cycle (2), the calculated values of the plastic zone size at
the transition A, are 0.55 and 0.95 mm, respectively. Table
6 compares the calculated A, and experimental /, (/, value
at the type A/type B transition). The good agreement
between the values further confirms the concept of
constant crack opening displacement and plastic zone
size at the transition of fracture mode.

CONCLUSIONS

Crack propagation in unmodified and rubber-modified
epoxies has been shown to be a function of the
displacement rate y (or the crack propagation velocity a
for type A crack growth). Within y=83x10"7 to
8.3 x 1073 m s~ ! and at room temperature the unmodified
epoxies exhibit type B/type C crack growth, whereas the
rubber-modified epoxies show type A/type B crack
growth. Although the rubber content has little influence
on the fracture toughness of the rubber-modified epoxies,
the most striking effect of the rubber content on the
fracture behaviour is on the transition of the fracture
modes. The transitional displacement rate y, (or the
transitional crack propagation velocity &,), at which the
fracture mode changes from type A to type B, increases
with increasing rubber content. This implies that the
rubber second phase not only enhances the fracture
toughness but is also involved in the stabilization of the
crack growth. On the other hand, the cure schedule has
a profound effect on the fracture behaviour of the
rubber-modified epoxies but not the unmodified
materials. In particular, by using a high-temperature cure
cycle (cycle (2)), not only did K, reach 4 MN m ™~ %2, but
also the transitional rate parameter (4, or Jy,) was
enhanced compared to that of the sample of the same
composition cured at lower temperature (cycle (1)). The
fracture toughness of epoxy system can be influenced by
two factors: (a) ductility of the matrix relating to M, of
the networks, and (b) the second-phase morphology. In
this study, however, it has been found that M, remains



unchanged under two different cure cycles, but larger
uncavitated and cavitated rubber particles were observed
in the cure cycle (2) materials. At present, the relation
between cure history, second-phase morphology and
fracture behaviour of the present epoxy system is unclear.
Further study to investigate the enhancement of fracture
toughness in terms of degree of cavitation in the rubber
phase and the influence of cure history on the
rubber/matrix interfacial bonding is necessary.

Data on the yield behaviour, Young’s modulus and
the interrelation among the crack propagation velocity,
displacement rate and strain rate at the crack tip have
been used to calculate the crack opening displacement
. as a function of the displacement rate y. The size of
the arrest line in type B crack growth is comparable to
the theoretical Dugdale plastic zone, although deviation
from the exact equivalence was observed as type B
approaches type A. Furthermore, a constant crack
opening displacement and plastic zone size was found at
the type A/type B transition. Also, some evidence for the
time—temperature equivalence in the fracture behaviour
has been revealed from the fracture toughness and crack
opening displacement data.
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