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Crack propagation in a series of amine-cured epoxy resin adhesives in both the bulk material and 
adhesive joints has been studied as a function of the formulation of the resins and the conditions of 
testing using a linear elastic fracture mechanics approach. In both cases propagation was found to 
take place in either a stick-slip (unstable) or a continuous (stable) manner; the particular type of 
propagation depending upon the amount and type of hardener used and the temperature and rate of 
testing. A constant crack opening displacement (5) has been shown to be a unique failure criterion for 
continuous propagation with ~ having approximately the same value in both bulk material and joints, 
However 8 was found to increase in the stick-slip mode of propagation. These crack propagation 
characteristics have been related to the compressive yield behaviour of each material as determined by 
uniaxial compression tests performed on the epoxy resins, Possible mechanisms of crack propagation 
have also been discussed. 

INTRODUCTION 

The use of epoxy resins in structural engineering applica- 
tions has increased greatly in recent years and the prediction 
of the strengths of components incorporating these materials 
is becoming vitally important. Crack propagation in epoxy 
resins is now generally studied using a linear elastic fracture 
mechanics approach ~ since they are normally brittle and 
general yielding does not occur. This approach has been 
used by several workers for bulk materials 2-8 and for adhe- 
sive joints 9-16 and a wealth of information has been accumu- 
lated. However, in spite of this no general picture has evolved 
and in fact much confusion has arisen concerning the propa- 
gation of cracks in epoxy resins. 

It is found that crack growth may occur in one of two 
basic modes. 

(i) In a continuous, steady manner at a constant load with 
the rate of crack growth being dependent upon the rate of 
crosshead displacement employed. This is commonly termed 
'stable' crack growth and a typical load-displacement trace 
for a specimen exhibiting this type of behaviour is shown in 
Figure la. 

(ii) Alternatively, crack propagation may occur intermit- 
tently in a stick-slip manner exhibiting load values approp- 
riate to both crack initiation and crack arrest. This is termed 
'unstable' crack growth and a typical load-displacement trace 
is shown in Figure lb. 

The conditions under which these two types of behaviour 
occur have been only identified empirically and no theories 
have been advanced to predict when each type of behaviour 
will arise. For example, Yamini and Young ~7 have shown 
recently that the stability of crack propagation in an epoxy 
resin is governed by the type of hardener employed, tempe- 
rature, rate of testing and environment. Gledhill and 
Kinloch 14 have shown that in the case of adhesive joints 

undergoing centre-of-bond failure different curing agents 
promote different types of propagation behaviour. In this 
paper it is the intention to show that crack propagation in 
both bulk and joints is related and that they may both be 
controlled by the same basic mechanisms. 

Very little attention has been paid to the mechanisms of 
propagation in epoxy resins or the processes that take place 
at the crack tip during propagation. Since the fracture 
energies (typically 100 J/m 2) are at least one hundred times 
the energy required to break covalent bonds (less than 
1 J/m 2) other energy absorbing processes, such as plastic 
deformation, must take place at the crack tip. In thermo- 
plastics this deformation often manifests itself as crazing 18'~9. 
Although there is some evidence for crazing on a small scale 
in epoxy resins 2°'21 there is no evidence that cracks propa- 
gate in fully cured resins with crazes at their tips as in, for 
example, poly(methyl methacrylate) ~8-2°. It is normally 
thought that shear yielding occurs at crack tips in epoxy 
resins and we have therefore attempted to correlate the 
yield behaviour with crack propagation in these materials. 

EXPERIMENTAL 

Specimen preparation 
Bulk material The resin used for the crack propagation 

samples of bulk material was a commercial diglycidyl ether 
of bisphenol A (DGEBA) epoxy resin cured with triethylene- 
tetramine (TETA) a mixed primary and secondary amine. 
The details of the preparation of the sheets of material have 
been given in a recent publication 17. Different quantities of 
hardener were used namely 7.4, 9.8, 12.3 and 14.5 phr*. In 
all cases the initial hardening reaction was allowed to pro- 
ceed for 23 h at room temperature followed by post-curing 

* Parts by weight of hardener to 100 parts by weight of resin. 
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Figure I Typical load--displacement curves for both bulk and joints. 
(a) Continuous crack propagation; (b) crack jumping or stick--slip 
crack propagation 

for 3 h at 100°C and slow cooling to room temperature. 
The specimens for crack propagation experiments were 

cut in the form of rectangular plates 3 x 30 x 60 mm from 
the cast sheets. They were notched at one end and a v-shaped 
groove 0.5 mm deep was made along the centre of  one face. 
To ensure that the cracks would propagate along the centre 
of  the specimens a sharp blade was pressed into and run along 
the groove. 

Adhesive joints. The specimen geometry employed for 
the adhesive joints was a tapered double cantilever beam 
joint. The substrate material was aluminium alloy, to speci- 
fication British Standard 1474 NE4, which was machined 
into cantilever beams 308 mm long, 12.7 mm thick and with 
a height, h, varying between 16.0 and 47.8 mm. The surfaces 
to be bonded were f r s t  subjected to a liquid- and vapour- 
degreasing bath of  trichloroethane, then grit blasting with 
180-220 mesh alumina, then after degreasing again were 
finally allowed to air-dry. The epoxy adhesives employed 
were again based upon DGEBA resin and were formulated 
as shown in Table 1. Immediately prior to joint preparation 
the aluminium alloy substrates were treated, as described 
above, adhesive was spread on the treated faces and the two 
beams pressed lightly together. Small pieces of  plastic sheet, 
previously inserted in the adhesive at the wide end of the 
joint, were employed to control the thickness of the epoxy 
resin layer to 0.50 -+ 0.06 mm. Further, a piece of  Teflon 
tape, about 30 mm long, 12.7 mm wide and 0.08 mm thick 
was previously placed, approximately in the centre of  the 
adhesive and at the narrow end of the joint, to assist in pro- 
pagating a 'starter'  crack. Excess adhesive on the beam side 
was removed and the adhesive cured as indicated in Table 1. 

Crack propagation 
Bulk material. Crack propagation in the bulk material 

was studied using the double torsion (DT) test which has 
been described elsewhere 22. The DT specimen is particularly 
useful for crack propagation studies since the stress intensity 
factor Klc is independent of  crack length, c, and for an elas- 
tic material is given by: 

[ ( 1  + u ) ] 1 / 2  

gIc = Pc lVm i.~-3t~j (1) 

where Pc is the applied load, Wrn is the moment  arm 
(10.4 mm), o is Poisson's ratio (assumed to be constant for 
the epoxy resins at 0.35 17), W is the bar width (30 ram), t is 
the bar thickness (3.7 mm) and tn the plate thickness in the 
plane of the crack, k 1 is a constant which depends upon the 
ratio (W/2)/t and is 1/3 when this ratio is infinity 23. In our 
case (W/2)/t is 4 and k 1 is 0.282. 

The DT specimens were tested in an Instron mechanical 
testing machine using a constant crosshead displacement 
rate @) for each specimen. Under these conditions it can 
be shown that when propagation is stable: 

=BPck = constant (2) 

where B is the slope of the compliance calibration curve for 
the specimen and ~ is the crack velocity. In epoxy resins crack 
propagation is often unstable and occurs in a ' s t ick-s l ip '  
manner. In this case the crack velocity varies and is not con- 
stant. Consequently there is not a simple relationship bet- 
ween crack velocity and crosshead displacement rate. All 
experiments were carried out at 22 ° + 2°C. 

Adhesive joints. To obtain natural starter cracks for sub- 
sequent experiments the arms of the specimens were separated 
at a constant rate of 8.5 x 10 -3 mm/sec using an Instron ten- 
sile testing machine until the crack was about 70 to 100 mm 
long. The specimens were then reloaded at various constant 
rates of displacement, j~, at 22 ° + 2°C and 55% r.h. until 
crack propagation was observed. 

The adhesive fracture energy, Glc, was determined from 
the relationshipll: 

4p2m 
Glc - Es b 2 (3) 

where Pc is the applied load, E s is the modulus of  the sub- 
strate, b is the specimen thickness and m is the geometry 
factor given byl2: 

Table I Formulations and cure schedules for epoxy adhesives 

Parts per 
hundred of 

Epoxy resin Curing agent resin used Cure schedule 

DGEBA Triethylenetetramine 9.8 23 h/23°C + 
(TETA) 3 h/100° C 

DGEBA Tetraethylenepentamine 10.0 23 h/23°C + 
(TEPA) 8 h/80° C 

DGEBA Tri-2-ethyl hexanoate of 9.4 
2,4,6-tris(dimethylamino- 
methyl phenol) (a 3 ° amine) 

96 h/23°C + 
1¼ h/lO0°C + 
2¼ h/180°C 
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Figure 2 
• Klci; o, K/ca; Q, KI c continuous propagation. 

d 

3c 2 1 
= + _  

m--£-g h (4) 

The corresponding value of stress intensity factor, Klc, 
cas calculated fromt: 

EGIc 
K]c=(T-;2 ) (5) 

where o is Poisson's ratio (0.35) and E taken as the compres- 
sive modulus of the adhesive. 

The initial crack velocity was measured either by visual 
observation or, for crack velocities in excess of about 
0.01 m/sec, by the crack progressively rupturing a conduc- 
tive paint grid on the side of the specimen and recording the 
associated voltage change on an oscilloscope. 

Compression testing 
The resins used for crack propagation studies in both the 

bulk and the adhesive joints were tested in uniaxial compres- 
sion. They were either machined or case into cylindrical 
blocks with a height to diameter ratio of 2 to 1. The blocks 
were deformed in a compression cage between polished steel 
plates, lubricated with molybdenum disulphide grease, in an 
Instron mechanical testing machine. A constant crosshead 
displacement rate, j,, was used for each test and this was con- 
verted to a strain rate using the specimen dimensions. The 
Instron had an environmental chamber which enabled some 
tests to be carried out either above or below room tempera- 
ture. The nominal strain, e, was determined from the cross- 
head displacement corrected for the machine deflection using 
a steel blank. The load, P, was measured from the Instron 
chart and converted into a true stress, o T, using the initial 
specimen cross-sectional area, A 0, in the equation: 

P 
OT=~00(1 --e) (6) 

which assumes constant volume deformation. 

RESULTS 

Crack propagation in bulk 
Effect of  hardener content. Crack propagation in the 

DGEBA resin cured with TETA was studied at 22 ° + 2°C 
using a range of crosshead displacement rates and different 
amounts of curing agent. The effect of changing these 
variables is shown in Figure 2. Kic i and Klc a are the stress 
intensity factors for initiation and arrest, respectively and 
the differences between them characterizes the amount of 
jumping whichhas taken place. When the difference is large, 
propagation occurs by means of large jumps, whereas when it is 
small the jumps are small and when Klc i is equal to Klc a 
propagation is continuous. In all cases it was found that 
the tendency for cracks to jump increased with increasing 
hardener content and with decreasing crosshead displace- 
ment rate, j~. 

Effect of  temperature. The effect of changing the tem- 
perature upon crack propagation in the DGEBA/9.8 phr 
TETA resin has been reported in a recent publication .7 
where the results are given for a fixedj~ of 8.3 x 10-6 m/sec. 
Figure 3 shows the effect of changing j~ upon crack propaga- 
tion at different temperatures. At room temperature there 
is a transition between crack jumping and continuous Fro- 
pagation at a value ofj~ of about 10 -5 m/sec. At - 4 0  C 
propagation appears to be entirely continuous and the value 
of Kic required for crack propagation increases slightly with 
increasing)). On the other hand at + 67°C propagation is by 
jumping and the value of Kic required to initiate propagation 
decreases with increasing j~. At this temperature the jumps 
are so large that the cracks are not able to arrest before reach- 
ing the end of the specimens. 

Crack propagation in joints 
Effect of hardener type. The adhesive fracture energy, Gic, 

and crack velocity, k, were measured over a range of constant 
displacement rates, j~, for joints bonded with either the 
DGEBA/10 phr TEPA or DGEBA/9.8 phr TETA adhesives. 
Those data, together with the values of true compressive 
yield stress, Oy, and compressive modulus, E, as a function 
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bulk DGEBA/9.8 phr TETA at different temperatures. @, Kic E 0 
Klca; 6), Kic continuous propagation. (a) --40°C; (b) 22°C; (c) 67°C 

of strain rate, e, for these epoxy resins are shown in Tables 2 
and 3, respectively. The values of stress intensity factor, Klc, 
for joint failure were calculated using equation (5) and are 
plotted as a function o f )  in Figure 4. 

In the case of the DGEBA/10 phr TEPA Joints continuous 
crack growth was observed over the complete range of dis- 
placement rates employed and Klc increased slightly as the 
rate was increased. For the DGEBA/9.8 phr TETA joints 
stick-slip growth was observed below displacement rates of 
about 10 -5 m/sec while above this value continuous crack 
growth occurred. For both of these adhesives centre-of-bond 
failure occurred and when continuous crack growth resulted, 
the crack velocity was found to be directly proportional to 
the displacement rate employed and the relationship between 
these parameters was in good agreement with that previously 
established 14 for other DGEBA/polyamine cured adhesives. 

However, previous work ~4 has shown that if the hardener 
employed is the tertiary (3 ° ) amine only stick-slip crack 
growth is observed and the initial crack velocity was always 
greater than about 20 m/sec. For these unstable cracks 
values Of Klc for crack initiation and arrest could be identi- 
fied and the results have been presented previously else- 
where ~4. 

Uniaxial compression tests 
Effect of type and amount of  hardener. Compressive 

stress- strain curves were obtained for the DGEBA resins 
cured with different types of hardener and the results are 
shown in Figure 5 for an initial strain rate of 6 x 10 -4 sec -1 
at room temperature (22 ° + 2°C). The two resins cured 
with the polyamines (TETA and TEPA) had yield stresses 
in excess of 100 MPa and" yielded at strains of less than 0.08. 
In contrast the tertiary amine cured material had a yield 
stress of the order of 85 MPa and yielded at a strain of 0.08. 
It also flowed to a higher strain before finally fracturing. 

The amount of TETA hardener in the DGEBA resin was 

Table 2 Fracture data for joints and uniaxial compressive properties of epoxy resin for DGEBA/10 phr TEPA adhesive (Tests conducted at 
22 ° +- 2 ° C) 

Log]o ~ Logto ~" Gic ^ Kic ~/~ Logt0 ~ Oy E 6 
(m/sec) (m/sec) (kJ/m z) (MN/m ~ ) (sec -1) (MPa) (GPa) (#m) 

-6 ,07  -3.71 0.064 0.45 -4 .84  109 2.75 0.67 

-5 .67  -3 .38  0.050 0.40 -4 .44  111 2.81 0.51 
-5 .67  -3.41 0.052 0.41 0.53 
-5 .67  -3 .56  0.051 0.40 0.52 

-5 .37  -3 .25  0.055 0.42 -4 .14  112 2.86 0.56 

-5 .07  -2 .74  0.054 0.42 -3 .84  114 2.90 0.54 
-5 .07  - 2 . 7 2  0.069 0.48 0.69 

--4.67 -2 .34  0.052 0.42 -3 .44  116 2.96 0.51 
-4 .67  -2 .39  0.053 0.42 0.52 
-4 .67  -2 .85  0.050 0.41 0.49 

--4.37 -2 .08  0.054 0.43 -3 .14  117 3.00 0.48 
-4 .37  -1 .95  0.052 0.42 0.51 

-3 .67  -0 .93  0.058 0.45 -2 .44  120 3.11 0.58 

-3 .37  -1 .29  0.055 0.44 -2 .14  121 3.15 0.52 

--3.07 --0.60 0.055 0.45 --1.04 123 3.20 0.51 

-2 ,37  0.60 0.059 0.47 --1.14 126 3.31 0.53 

--2.07 0.90 0.065 0.50 --0.84 127 3.35 0.58 
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Table 3 Fracture data for joints and bulk specimens and uniaxial compressive properties of epoxy resin for DGEBA/9.8 phr TETA materials. 
(Tests conducted at 22 ° ± 2°C) 

J o i n t s  B u l k  s p e c i m e n s  

Log I~ Log b o E GIc . Kic Log ~ 6 Kic Log ~: 6 
(m/sec) (sec -1) (l~Pa) (GPa) (k Jim z) (MN/m 3/2) (m/sec) (p,m) (MN/m 3/2) (m/sec) (p.m) 

- -6.07 --4.84 101 2.91 0.112(i)  0.61(i)  $/S 1,26(i) 0.80(i)  S/S 2.18(i) 
0.070(a) 0.48(a) 0.79(a) 0.55(a) 1.03(a) 

- 5 . 0 7  - 3 . 8 4  106 3.11 0.074(i)  0.51 (i) S/S 0 .80(0 0.62(i)  S/S 1.40(i) 
0,070(a) 0,50(a) 0.75(a) 0.60(a) 1.17(a) 

- 4 . 7 8  - 3 . 5 5  108 3.17 . . . .  0.63 - 3 . 1 5  1.16 

- 4 . 6 7  --3.44 108 3.19 0.079 0.54 - 2 . 4 0  0.83 - - - 

- 4 . 4 7  - 3 . 2 4  110 3.23 . . . .  0.61 - 2 . 7 6  1.05 

- 4 . 0 7  --2.84 112 3.31 0.079 0.55 - 1 . 8 0  0.80 0.64 - 2 . 4 6  1.10 

- 3 . 0 7  --1.84 118 3.51 0.089 0.60 - 0 . 6 0  0.86 - - - 

- -2.67 - 1 . 4 4  120 3,59 0.084 0.59 - 0 . 2 0  0.80 - - - 

(i) = initiation; (a) = arrest 
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Figure 4 Variation of Kic with crosshead displacement, I~, for joints 
bonded with either (a) DGEBA/10 phr TEPA or (b) DGEBA/9.8 phr 
TETA. &, KIci; ~, K/ca; ~, Kic continuous propagation 

varied between 7.4 and 14.5 phr to observe the effect of 
hardener content upon a particular resin/hardener system 
and to obtain compressive data upon the same formulations 
as used for the crack propagation studies. The resulting 
compressive stress-strain curves are given in Figure 6. It 
can be seen that the yield stress and compressive modulus 
fall with increasing hardener content over the range of 
hardener content investigated. The yield strain on the 
other hand increases with increasing hardener content from 
about 0.05 for the 7.4 phr TETA resin to about 0.09 for the 
14.5 phr TETA material. 

Effect of testing rate and temperature. For all the mate- 
rials it was found that both the yield stress and modulus in- 
creased with increasing crosshead displacement rate. The 
results are given in detail in Tables 2 and 3. The strain rate, 
b~ is the initial strain rate calculated by dividing~ by the 
initial specimen height. Some values at very low and high 
strain rates have been extrapolated so that they can be used 
to calculate the parameters of interest. Figure 7 shows the 
measured variation of yield stress with strain rate for the 
polyamine (9.8 phr TETA) and tertiary amine cured 
materials over several decades of strain rate. 

A 

I 0 0  

B c 
5O 

, 0 ~ , 0 01 .2 0.3 
Nominol  stroin, e 

Figure G True compressive s t r~ /nomina l  strain curves forvarious 
DGEBA based epoxy resins at 22 ° ± 2°C. (~ = 6 X 10 -4 sec" I). A, 
DGEBA/10 phr TEPA; B, DGEBA/9.@ phr TETA; C, DGEBA/9.4 
phr 3 ° amine 

The effect of testing temperature upon the compressive 
deformation of the DGEBA/9.8 phr TETA resin was also 
investigated. The yield stress, yield strain and compressive 
modulus increased as the temperature of testing was de- 
creased. Stress-strain curves obtained at four different 
temperatures are given in Figure 8 for an initial strain rate 
of 6 x 10 -4 sec - I .  

DISCUSSION 

Comparison of bulk and joint fracture 
Comparison of Figures 2 and 4 clearly reveals that the 

fracture of bulk specimens and joints has the same general 
characteristics, i.e. stick-slip crack growth being favoured 
at lower crosshead displacement rates while continuous 
crack propagation occurs at higher displacement rates. 

A detailed comparison is given for the DGEBA/9.8 phr 
TETA epoxy resin in Table 3. There are several points of 
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Figure 6 True compressive stress/nominal strain curves for DGEBA 
cured with various amounts of TETA (tested at 22 ° + 9°C) (6 = 6 X 
I0-4 sec-1). A, 7.4 phr; B, 9.8 phr, C, 12.3 phr, D, 14.7 phr 

IIO 

B 

9 0  

1 
7(3 10-s 10_3 10_i 

Strain rate, ~, (sec -i) 

Figure 7 True compressive yield stress as a function of initial 
strain rate for A, DGEBA/9.8  phr TETA and B, DGEBA/3  ° amine 

interest that should be noted. First of all, the value o f f  at which 
the transition from stick-slip to continuous crack growth 
occurs is approximately the same in both joints and bulk speci- 
mens, namely about 10 -5 m/sec. Secondly, for continuous 
crack propagation at a given displacement rate the crack velo- 
city in the particular geometry of specimens chosen is of the 
same order for the epoxy resin in either the bulk or joint 
forms. Thirdly, the values Of Klc are within about 20% and 
this discrepancy may simply arise from the Kic (joint) values 
being deduced from equation (5) which requires a value of 
modulus, E, for the epoxy resin to be selected. In Tables 2 
and 3 the uniaxial compressive data, measured over a range 
of strain rates, has been related to the fracture data, measu- 
red over a range of displacement rates, by arbitrarily assign- 
ing a convenient strain rate, ~, of 1.4 x 10 -5 sec - t  to a dis- 
placement rate, j~, of 8.5 x 10 -7 m/sec. However, a more 
appropriate strain rate for volume elements close to the 
crack tip may be deduced by considering the strain rate near 
the tip, etip, which is given by: 

e y  
etip - -  (7) 

t 

where t is the time-scale of the deformation of such a 
volume element and ey the yield strain. In a period of time, 

t, the crack will have travelled a distance of the order of the 
plastic zone size 2rly c and so: 

r / y c  
t ~ (8 )  

b 

Thus combining equation (7) and (8): 

eyk 
e t i p  ~ (9) Z,/yc 

Taking ey as about 0.05 and riy c as 20 #m Is then for the 
range of continuous crack velocities measured in the ~resent 
experiments the value ofbti p lies between about 10- and 
104 sec -1. Strain rates of this magnitude are not readily 
accessible in uniaxial compression experiments but the 
values of modulus, E, appropriate to such strain rates would 
be expected to be somewhat higher than those used to de- 
duce Klc (joint). Indeed a rough extrapolation of the 
modulus-strain rate data given in Table 3 to obtain values of 
E at these high strain rates reveals that such values of E, to- 
gether with the appropriate values of Glc, would result in 
values of Kic (joint) virtually identical with K1c (bulk). 

Fracture criterion 
Recently a constant crack opening displacement has been 

suggested as a unique failure criterion for several different 
polymers under certain test conditions ls'~'2s. The crack 
opening displacement, 8, is given by: 

8 - ( 1 0 )  OyE 

and the usefulness of  this parameter to describe the fracture 
of epoxy resins, both in bulk and in joints, will now be 
examined. 

The crack opening displacement; 6, is shown as a function 
of crack velocity in Figure 9 for joints bonded with either 
the DGEBA/10 phr TEPA or the DGEBA/3 ° amine adhesives. 
The values OfKlc, Oy, E and 8 are detailed in Table 2 for the 
former adhesive andthe fracture data for the latter adhesive 
has been published previously 14. The DGEBA/10 phr TEPA 
joints exhibit continuous crack growth and the value of 8 is 

15O 

IOO 

b 

5C 

0 0'10 0 " 2 0  

Nominal strain, • 

Figure 8 True compressive-stress/nominal-strain curves for DGEBA/  
9.8 phr TETA at various temperatures. (e = 6 X 10 -4 sec -1 ). A, - 4 0 ° C  
B, 0°C; C, 40°C; D, 80°C 
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Figure 9 Crack opening displacement, ~, as a function of crack 
velocity, b, for joints bonded with (a) DGEBA/TEPA (~) or (b) 
DGEBA/3 ° amine (11) (test temperature 22 ° + 2°C) 

constant over five decades of crack velocity with a mean 
value of ~ of 0.54 + 0.06/am. However, for the DGEBA/3 ° 
amine joints the mode of crack growth was entirely s t ick-  
slip and 6 increases as the initial crack velocity rises. In this 
case 6 does not provide a unique criterion. 

The values of 6 for the DGEBA/9.8 phr TETA epoxy resin 
tested in both bulk and joint form are shown in Table 3 for 
a range of crosshead displacement rates. Again the value of 
5 is only constant when continuous crack propagation occurs. 
The mean value for bulk fracture is 1.10/am and that for joint 
fracture is 0.82/am. Considering the assumptions made in 
deducing the value of the parameters used in equation (10) 
to calculate 6, the near agreement of these values of ~ suggests 
that continuous crack propagation in both bulk specimens 
and joints may be governed by the attainment of a unique 
value of 6 of about 0.9/am. 

The crack opening displacement, 6, is shown as a function 
of temperature for the bulk fracture of DGEBA/9.8 phr 
TETA in Figure 10. These results confirm that a constant ~i 
provides a fracture criterion only when continuous crack pro- 
pagation occurs. The value of 6 in this case (below 10°C) is 
about 0.95/am and is in very good agreement with the values 
for different crosshead displacement rates in the bulk and 
joint cases at room temperature. 

Mechanisms of  crack propagation 
As we now have a semiquantitative idea of the fracture 

criterion in epoxy resin adhesives it would be useful to con- 
sider the mechanisms of crack propagation. It is clear that 
two mechanisms probably exist. Continuous propagation 
takes place with a constant ~ criterion and this can imply 
one particular mechanism. On the other hand stick-slip pro- 
pagation does not obey a constant 8 criterion and probably 
takes place through a different mechanism. 

Continuous crack propagation in the epoxy resins bears a 
strong similarity to isothermal crack propagation in 
poly(methyl methacrylate) (PMMA) which also occurs by 
means of a constant ~ criterion ~. In PMMA continuous pro- 
pagation takes place through a region of crazed material at 
the tip of the crack which can be accurately modelled by a 
Dugdale line plastic zone 2~'27. However, there is little direct 
evidence for crazing in epoxy resins. Lilley and Holloway 2~ 
have reported seeing crazes in the vicinity of crack tips in 
similar epoxy resin systems to those used in this work and 

the crazes were found to be arranged in a similar way as 
those around the tips of cracks in polystyrene (PS). How- 
ever, this particular geometry of crazing in PS tends to blunt 
the cracks and promote unstable rather than stable propaga- 
tion 28. Van den Boogaart 2° has observed crazes at the tips 
of moving cracks in under-cured epoxy resins and reported 
that these crazes were identical to those in PMMA although 
no micrographs were shown of the epoxy resin crazes. In 
fully cured resins the crazes were not present 2°. At room 
temperature, in this present work crack propagation was 
found to be more stable in formulations containing lower 
amounts of curing agents. This points to the possibility of 
continuous propagation taking place in the epoxy resins 
through crazes at the crack tip but more work is required 
before this suggestion can be confirmed. 

The epoxy resin formulations which have been found to 
give rise to stable propagation at room temperature also 
show larger load drops at yield than those which undergo 
stick-slip propagation (Figures 2 and 4-6). Haward, 
Murphy and White 29 have shown that thermoplastics which 
have large load drops when tested in compression also tend 
to craze more readily. Thus, this also points to the possibility 
of crazing taking place in the epoxy resins exhibiting conti- 
nuous propagation. 

Figure 10 shows that the crack opening displacement, 6, 
rises rapidly when a material undergoes a transition between 
stable and stick-slip propagation. This is a clear indication 
that blunting of the crack is taking place when stick-slip 
propagation occurs. The exact reason for this is at the too- 
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Figure I0 Crack opening displacement, 6, as a function of test 
temperature for bulk DGEBA/9.8 phr TETA. O, Continuous; o, 
stick--slip 
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ment not fully understood and it is possible to put forward 
several explanations for consideration. In the DGEBA/9.8 
phr TETA resin~ at low crosshead displacement rates, propa- 
gation tends to be stick-slip whereas at higher rates propa- 
gation is continuous (Figure 2). The yield stress of  this 
material decreases as the strain rate is reduced (Figure 7) 
which means that plastic deformation will be easier at low 
rates of  testing. The formation of a plastic zone should 
therefore be easier at lower crosshead displacement rates, 
Similarly, the reduction in yield stress as the temperature 
is increased (Figure 8) will also promote easier plastic zone 
formation which is again consistent with a greater tendency 
for crack blunting and, hence, for stick-slip behaviour is 
this material as the temperature is increased (Figure 3). 
Although this mechanism gives a good qualitative explana- 
tion of the experimental observations it does not explain 
why there is a transition between the two types of propaga- 
tion behaviour at particular temperatures for specific formu- 
lations of resin and hardener. "Ibis has been explained in a 
previous publication 17 in terms of  dGic/dk or dKlc/dk be- 
coming negative and so leading to stick-slip propagation. 
However, this is more likely to be a consequence of the tran- 
sition rather than a reason for it. It is now apparent that 
there must be slight and subtle changes in the structure and 
properties of the material at different testing rates and tem- 
peratures, and with different amounts and types of  hardener, 
which lead to the different types of crack propagation taking 
place. 

Implications for static fatigue 
In service conditions epoxy resins are often subjected to 

static loading and so the prediction of the static fatigue 
characteristics of these materials is of  immense importance. 

In one material which shows pronounced stick-slip 
behaviour in constant 33 tests it has been shown is that the 
logarithm of the time-to-failure, during static loading, is 
linearly dependent upon the applied adhesive fracture 
energy. The failure time was found to be controlled by an 
incubation period since when crack propagation did 
occur the crack velocity was extremely high (i.e. about 
20 m/sec) and thus the time during which the crack was 
actually propagating prior to complete failure was very 
small (of  the order of  milliseconds). 

However, recent work has shown that epoxy resins, both 
in the bulk 3° and in joints 31, do not always show this type 
of  static fatigue behaviour. Some resins, especially those 
which usually exhibit continuous crack propagation beha- 
viour in constant 3) tests, do not appear to suffer from time- 
dependent failure during a reasonable time scale even when 
loaded to about 95% of the short-term Klc value. It has been 
further shown 31 that if the static fatigue behaviour of  such a 
material is interrupted and a constant .P test performed, the 
epoxy resin shows stick-slip crack propagation rather than 
continuous propagation for the initial crack movement. 
This occurs at a much higher Klc value (up to about 100% 
higher) than for continuous propagation in the material be- 
fore being subjected to static loading. However, after the 
first jump propagation takes place in a continuous manner 
at the original level of Kic. 

Using the model proposed in the previous section static 
fatigue loading is equivalent to a very low strain rate test. 
Thus, the yield stress of  the material is reduced, local crack 
blunting occurs and the apparent toughness of  the material 
is increased and stick-slip propagation occurs. However, 
once the crack has propagated through the blunting region 

further propagation occurs in a stable continuous manner. 
Further, this tendency for the cracks to blunt and hence 

cause an increase in the apparent Klc after a short time 
under static load means that although the static load applied 
may initially represent about 95% of that required for frac- 
ture this percentage rapidly diminishes as the experiment 
proceeds. This explains why fracture is not observed within 
the expected time scale (i.e. several months). 

CONCLUSIONS 

Crack propagation in amine-cured epoxy resin adhesives in 
both bulk and joint specimens has been shown to take place 
in either a continuous or stick-slip manner depending upon 
the formulation of the resin and the experimental conditions. 
When propagation is continuous it has been shown that a 
constant crack opening displacement is a unique failure cri- 
terion. Crack propagation in the adhesive joints has been 
shown to be completely analogous to that in the bulk mate- 
rial. In both cases the transition between stick-slip and 
continuous propagation takes place at approximately the 
same rate of  testing and both types of propagation occur at 
about the same values of stress intensity factor and crack 
opening displacement. The resins used in the crack propaga- 
tion studies have also been tested in uniaxial compression. 
It has been shown that the formulation which have the high- 
est yield stresses tend to fail by continuous propagation 
whereas the materials with lower yield stresses undergo 
stick-slip crack propagation. 
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