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The mechanical properties of epoxy resins
Part 2 Effect of plastic deformation upon crack propagation

SALIMYAMINI, ROBERT J. YOUNG
Department of Materials, Queen Mary College, Mile End Road, London E1 4NS, UK

Crack propagation in a series of epoxy resins described in Par: 1 has been studied as a
function of testing rate and temperature. It has been found that crack propagation is con-
tinuous at low temperatures but that as the temperature is raised the mode of propa-
gation becomes unstable (stick/slip). Features on the fracture surfaces at the crack arrest
lines have been shown to be of the same dimensions as those expected for a Dugdale plastic
zone. it has been suggested that the “‘slip’’ process takes place by slow growth of a crack
through the plastic zone followed by rapid propagation through virgin material. 1t has
been shown that the stick/slip behaviour is due to blunting of the crack which is con-
trolled by the yield behaviour of the resin. A unique fracture criterion has been shown to
be applicable to epoxy resins which is that a critical stress of the order of three times the
yield stress must be achieved at a critical distance ahead of the crack. Electron micro-
scope replicas of the fracture surfaces have been obtained and an underlying nodular
structure can be resolved. However, no direct correlation between the nodule size and

fracture properties has been found.

1. Introduction

There is currently a great deal of interest in the
mechanisms of crack propagation in brittle poly-
mers. The general subject of crack propagation in
thermosetting polymers has been reviewed re-
cently by one of the authors [1] and this particu-
lar paper is concerned with the propagation of
cracks in epoxy resins.

In certain polymers such as polymethylmetha-
crylate (PMMA) cracks tend to propagate in a
stable, continuous way through a constant crack-
opening displacement (8.) criterion [2, 3], where-
as in other polymers such as epoxy resins [4],
crack propagation tends to occur in an unstable
stick/slip manner. It is known [5] that unstable
propagation is suppressed in epoxy resins if the
cracks are propagated at low temperatures, when
the material is well below its T,. It has been shown
recently [6] that under these conditions a con-
stant & criterion also holds for an epoxy resin. It
has been recognized for several years that there is a
relationship between the crack propagation be-
haviour and the plastic flow properties of an
epoxy resin [6, 7] but it is only very recently that
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quantitative theories have been developed to ac-
count for this relationship. Following a suggestion
from Williams [8], the authors have been able to
show that stick/slip propagation in one particular
epoxy resin system could be explained through a
crack blunting mechanism [9]. The same approach
has been developed more formally by Kinloch and
Williams [10] who found that the crack blunting
mechanism could successfully explain the modes
of crack propagation in a wide variety of epoxy
resins.

The plastic deformation of a series of epoxy
resins has been carefully investigated in Part 1 and
explained in terms of current theories of plastic
deformation in glassy polymers. In this second
paper the relationship between the flow behaviour
and crack propagation has been analysed in detail
as a function of the amount of curing agent used
with the resin and post-cure temperature.

2. Experimental

The epoxy resin used in this study was Epikote
828 hardened with different amounts of triethy-
lenetetramine (TETA) and cured for 3h at dif-
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ferent temperatures as described in a previous
publication [5]. The crack propagation was
studied using the double torsion (DT) test which
is described in detail elsewhere [11, 12]. This test
is particularly useful since the critical stress in-
tensity factor Kj¢ is proportional to the load
needed to propagate the crack [11]. For the DT
tests 3.9 mm sheets of resin were used and they
were deformed in the environmental chamber of
an Instron mechanical testing machine.

The fracture surfaces were examined in re-
flected light in an optical microscope. Features on
the fracture surface were measured from photo-
graphs taken at standard calibrated magnifications.
Two-stage replicas of the fracture surfaces were
also made using polyacrylic acid (PAA). A few
drops of* the PAA were placed in the areas of
interest in the fracture surface and allowed to dry.
The PAA was then removed, shadowed with gold—
palladium and coated with carbon. The shadowed
carbon film was removed from the PAA by float-
ing the coated replica upon water. The replicas
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Figure 1 Variation of Ky with testing temperature for
epoxy resins containing different amounts of TETA. The

cross-head speed used was 0.5 mm min~*. ® Kj¢;, © Kica,
o Kic continuous.
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were examined in a JEOL JEM-7 electron micro-
scope operated at 80kV.

3. Results

3.1, Crack propagation

Most of the results of crack propagation experi-
ments used in this present paper have been given in
previous publications [5—7,9, 12]. The only data
used that have not been presented before are given
in Fig. 1. This shows the variation of Ko with
temperature for the Epitoke 828 hardened with
different amounts of TETA. It can be seen that in
each case propagation is continuous at low tem-
peratures (Kyo; = Kica) whereas when the tem-
perature is raised crack jumping takes place
(K1ci > Kica)- The size of the crack jump increases
as the temperature approaches the T, of the resin
(Part I). In the case of the resin containing only
7.4 phr hardener, the Ty is very low (~ 63° C) and
DT tests could not be carried out much above
room temperature,

3.2. Fractography

It has been found in earlier investigations [7, 13]
that there are several characteristic features that
can be seen on the fracture surfaces of epoxy
resins. When crack propagation is continuous the
surface tends to be relatively smooth and feature-
less. On the other hand, when stick/slip propa-
gation takes place there are crack arrest features
on the surface. These features fall into three main
categories; namely, triangular markings, fine arrest
lines and broad rough area [7]. The presence of
each type of feature depends upon the state of
cure of the resin and the temperature of testing.

The triangular markings are typically found in
under-cured resins [7] (i.e. low curing temperature
and/or small amounts of curing agent). They ap-
pear adjacent to crack arrest lines as shown in
Fig. 2a. The electron micrograph in Fig. 2b is ob-
tained from the vicinity of a crack arrest line on
the same specimen. It can be seen that the surface
features are streaked in the crack propagation direc-
tion and that there is an underlying nodular
structure on the scale of ~ 1000 A. There is also
a broad band along the crack arrest line.

Fine arrest lines are found in specimens just
undergoing the transition from stable to unstable
propagation. Fig.3 shows an optical micrograph
and an electron micrograph of the fracture surface
of a specimen cured with 9.8 phr TETA and
heated for 3h at 100° C which has been fractured



Figure 2 Fracture surfaces of an epoxy resin cured with 9.8 phr TETA. The specimen was post-cured at 50° C for 3h
and tested at a cross-head speed of 0.05 mm min~! at 22° C. (a) Optical micrograph of surface. (b) EM replica of crack

arrest line. (Crack growth direction indicated by arrows).

at room temperature. Fig.3a shows that the
specimen has a fine arrest line. The electron micro-
graph in Fig.3b shows the arrest line at a higher
magnification. It can be seen that the structure is
again streaked and the arrest line corresponds to
an abrupt change in direction of the streaks. There
appears to be an underlying nodular structure of
the scale of ~ 500 A.

A good example of a broader type of crack
arrest line is given in Fig. 4a. This type of feature
is typical of well cured specimens fractured at tem-
peratures close to Ty [7]. The fracture surface is
featureless until the crack arrest point. After crack
arrest there is a slow growth region [13] of closely
spaced striations parallel to the crack growth direc-
tion. Following the slow growth region there is a
rougher hackled region where the crack accelerates
during the “slip” process. Examination of the frac-
ture surface by EM replicas has shown that the
smooth areas of such specimens are relatively

featureless in contrast to the slow-growth region
which is shown in Fig. 4b. In this area there are
V-shaped features which appear to be caused by
the crack propagating on different levels. It was
not possible to resolve any underlying nodular
structure on the specimen used in Fig. 4.

3.3. Slow-growth region

It was pointed out in the previous section that in
well-cured specimens fractured at high tempera-
tures there is a characterisitc region of slow crack
growth which was first identified by Phillips e al.
[13]. It is found that the size of this region, Z,,
increases as the temperature of testing is raised.
This can be seen clearly in Fig. 5 for a resin con-
taining 14.7 phr TETA, where micrographs are
given for specimens which have been fractured at
two different temperatures. It was shown in Fig. 1
that for this formulation the critical stress inten-
sity factor for crack initiation Kig; also increases

Figure 3 Fracture surface of an epoxy resin cured with 9.8 phr TETA. The specimen was post-cured at 100° C for 3h
and tested at a cross-head speed of 0.05 mm min™" at 22° C. (a) Optical micrograph of fracture surface. (b) EM replica
of crack arrest line. (Crack growth direction indicated by arrows.)
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Figure 4 Fracture surface of an epoxy resin cured with 9.8 phr TETA. The specimen was post-cured at 150° C for 3h
and tested at a cross-head speed of Smm min™' at 22° C. (a) Optical micrograph of fracture surface. (b) EM replica of

slow growth region following the crack arrest line. (Crack growth direction indicated by arrows).

with increasing temperature. Fig. 6 shows that
there is a unique correlation between the length of
the slow growth regime, /, and Kjg; for different
formulations tested under a variety of experi-
mental conditions. The significance of this will be
discussed later.

4. Discussion

4.1. Mechanisms of crack propagation

It has long been recognized that crack propagation
in thermoplastics such as PMMA takes place by
the breakdown of crazes [2]. There have also been
suggestions that crazing occurs in thermosetting
polymers such as epoxy resins [14, 15]. It is un-
likely in fully cured materials that the amount of
local tensile drawing required to form a craze
would be possible and recent experimental obser-
vations [16] have tended to suggest that crazing
does not occur. It has also been suggested that
epoxy resins have a nodular structure and that this

affects the mechanisms of crack propagation [16].
The observations in Section 3.2 may help to shed
some light on both crazing and the effect of the
nodular structure.

It is clear from the electron micrographs in
Figs.2 to 4 that there is no evidence of craze
debris on the surface of these epoxy resins. This is
in agreement with Mijovic and Koutsky [16] who
came to a similar conclusion for DETA-cured
epoxy resins. We would therefore strongly disagree
with Morgan and O’Neal [14] concerning crazing
in epoxy resins. There now appears to be over-
whelming evidence against crazing in bulk
specimens of these polymers.

Koutsky and co-workers [16, 17] have recently
been concerned with the effect on nodules upon
the properties of epoxy resins. The existence of
nodules in glassy polymers is a matter of some
controversy with Uhlmann [18] suggesting that
they are artefacts and Yeh [19] and co-workers

Figure 5 Optical micrographs of the crack arrest tegion on fracture surfaces of an epoxy resin hardened with 14.7 phr
TETA and post-cured for 3h at 100° C. The length of the slow-growth region is given by I,. (a) Specimen fractured at
22° C using a cross-head speed of 0.5 mm min™*. (b) Specimen fractured at 60° C using a cross-head speed of 0.5 mm

min~!.
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Figure 6 Plot of Ky against /, for the specimens used in
Fig. 5 and other formulations of resin tested at different
rates and temperatures,

affirming that they are a representation of the true
structure of amorphous polymers. Although we
have no wish to become involved in this arguement
we feel that the results of small-angle X-ray scatter-
ing [18] strongly suggest that the nodular struc-
ture is an artefact in glassy thermoplastics. How-
ever, even Uhlmann suggests [18] that the SAXS
evidence is more ambiguous in epoxy resins and
that there could be inhomogeneities which give
rise to the nodular structure observed on fracture
surface replicas. In fact, since epoxy resins are
hardened by the addition of a curing agent, a two-
phase structure would appear to be highly likely.
Mijovic and Koutsky [16] have shown that the
nodule size decreases with an increase in the curing
agent concentration for a DETA cured resin, post-
cured at the same temperature and for identical
periods of time. The micrographs in Figs. 2 to 4
clearly show that the nodule size is also affected
by the post-cure temperature when the same con-
centration of curing agent is used. In the under-
cured resin (Fig. 2) the nodules are of the order of
1000 A diameter and their size decreases dramati-
cally as the temperature of the cure is raised (Figs.
3,4). It is known that the mechanical properties
of the resin are affected by the post-cure tempera-
ture [7]. The question that must be asked is does
the size of the nodules directly affect the mechan-
ical properties, or are both of these variables con-
trolled by the amount of curing agent used and the
post-cure temperature but are, in fact,independent
of each other? Mijovic and Koutsky [16] strongly
ascertain that the mechanical properties are con-
trolled by the morphology of the polymer and in
particular the nodule size. They show that Gig;
varies continuously with nodule size and has a

maximum value at a nodule diameter of ~ 300 A.
They do not explain why Gy should peak at this
diameter and we feel that such a correlation is
fortuitous and does not yet prove that the
morphology is controlling the mechanical proper-
ties. Nevertheless we think that this approach to
the structure/property relations in epoxy resins is
useful.

4.2, Plastic deformation at the crack tip

It is clear that plastic deformation must occur at
the crack tip during crack propagation in epoxy
resins 6,9, 10] . However, it is extremely difficult
to show directly that plastic deformation hastaken
place. It is possible to see blunt cracks with with
crack tip radii of the order of several microns [10]
but observation of plastic zones, which may be
present, has proved extremely difficult. It has been
shown by Phillips et al. [13] that when stick/slip
propagation occurs in epoxy resins there is a
characteristic slow-growth region after the crack
arrest line. They observed the growth of a crack in
an epoxy sample and found that after the “slip”
process the crack became stationary at the arrest
line. They observed that prior to the next “slip”
process it grew slowly through a small region simi-
lar to those shown in Fig.5 before bursting
through and jumping ahead. Fig. 6 shows that
there is a clear correlation between the size of the
slow growth region, /, and Kic;. In fact, rough
calculations showed that for most specimens show-
ing this feature I, was approximately the same
value as the radius of a Dugdale plastic zone r,
calculated using the equation [21].

m (ch)z
e
8\ oy
where oy is the yield stress of the material. Fig. 7
is a plot of (Kyci/o,)* against /. using the data in
Fig. 6. The values of ¢, have been taken from
Part 1 and previous publications [6,12]. The
straight line in Fig. 7 is drawn with a slope of
8/m (~ 2.55) and represents the relationship be-
tween ry, and (Kyc;/oy)? if a Dugdale plastic zone
is present at the crack tip. It can be seen that there
is a certain amount of scatter but the plot does im-
ply that the length of the slow-growth region I, is
closely related to ry,.

A clear picture of stick/slip propagation now
emerges. It appears that during the loading after
crack arrest a plastic zone forms at the tip of the
crack. Propagation then takes place by slow

@)
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Figure 7 Plot of (Kygyfoy)* against I, using some of the
data from Fig. 6. The straight line is drawn with a slope of
8/m according to Equation 1 assuming that I, ~ rp,.

growth through the plastic zone followed by rapid
propagation through virgin material. The slow-
growth region therefore defines the size of the
plastic zone at the crack tip and the characteristic
V-shaped marking in this area (Fig. 4b) are due to
slow crack growth through a plastically deformed
region. Although this is only indirect evidence of
the presence and size of the plastic zone it gives an
important new insight into the processes taking
place at the crack tip.

4.3. Crack blunting

Several years ago it was suggested [6] that it may
be possible to explain stick/slip propagation by a
crack blunting process. It is found [6] that if the
yield stress of the resin measured in compression,
Oy, is high then crack propagation is continuous,
whereas if ¢, falls due to changes in the compo-

sition of the resin or testing variables then propa-
gation tends to be stick/slip in nature. This be-
haviour is illustrated in Fig. 8 where K¢ is plotted
against oy, for a whole range of Epikote 828/TETA
formulations tested at different rates and tempera-
tures. The values of oy, have been taken from Part
1 and those of K¢y from this and previous publi-
cations. It can be seen that all of the data fall
approximately upon a master curve indicating a
unique relationship between K¢y and ay. It has
recently been possible to explain this behaviour
quantitatively in terms of a crack blunting process
[8-10].

It can be shown [20] that for a crack under an
applied stress of o,, the stress oy, normal to the .
axis of the crack at a small distance  ahead of the
crack tip is given by

_oeve (14 ph)
T Jen a4+ eln?

where p is the crack tip radius and « is the crack
length. If it is postulated that fracture occurs when
a critical stress o, is reached at a distance r=¢
then Equation 2 can be written as

ov(ma) _ (1+p2c)"?

0.V (27c) (1+p/c)
The term g, v/(27¢) can be considered as the criti-
cal stress intensity factor for a “sharp” crack K¢

[201 and o +/(ma) as the stress intensity factor for
a blunt crack, Kyg [20]. Hence

K _ (1+p/2e)¥
Kic (1+pfc)

(2)

3)

4)
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Figure 8 Plot of Kyc;against oy for different formulations
of resin tested at a variety of rates and temperatures. The



This equation relates Ky for a blunted crack to
the crack tip radius p. It has already been
suggested that blunting occurs during stick/slip
propagation in epoxy resins [6] but it is very
difficult to measure p directly. Kinloch and
Williams [10] overcame this problem by measur-
ing Kig as a function of p for a series of epoxy
resin samples containing blunt cracks which had
been formed by drilled holes of known diameter at
a crack tip. They showed very clearly that a re-
lationship of the form of Equation 4 holds ex-
tremely well for these materials.

Yamini and Young [9] suggested that it might
be appropriate to take p equal to 7, but Kinloch
and Williams [10] showed that it might be more
reasonable to take p equal to the crack opening
displacement, §,. They also showed that extra-
polation of the relationship between Kjp and p
for artifically drilled holes would be consistent
with this approximation. It was suggested in
Section 4.2 that there is strong evidence that there
is a Dugdale plastic zone at the crack tip during
stick/slip propagation and so we have taken p to
be equal to &, using the standard relationship for
a Dugdale plastic zone [21]

p=by = e (EE>2 )

Oy

where ey is the yield strain of the material. It is
possible then to estimate p using Equation 5 and
so predict Kyg /K¢ for given values of c.

The theory can be tested by measuring the ratio
Kg/Kic as a function of p over a wide range of
temperature which produces large changes in the
values of these parameters. This has been done
using the data in Fig.1 for the resins containing
9.8 and 14.7phr hardener. The yield data for
these materials are given in Part 1.

The data points in Fig. 9 are the values of Kip/
Kjc measured as a function of (p/2c)"? for the
two formulations of resin. K¢ has been taken
arbitrarily as the value of K¢ at the lowest tem-
perature used (—60° C) and Ky as the value of
Kici at higher temperatures. The value of p has
been calculated using Equation 5 and the appro-
priate values of Kijp (=Kjci) and oy (Part 1).
Ideally the same strain rates should be used for
both Kjg; and oy. In fact, the same cross-head
speeds have been used instead. It is envisaged that
the error caused by this approximation will be
only small. The solid lines are the relationship be-
tween Kp/Kic and (p/2¢)V? predicted using

112
_ o (przd
o 1 2 3 4 5 6 7

Figure 9 (K1p/K1c) as a function of (p/2c)"2. The value
of p has been taken as & as given by Equation 5. The ex-
perimental points have been fitted to the theoretical
(solid) curve by assuming the values of ¢ given in Table 1.
The curve is assymptotic to the dashed line of slope = £.

Equation 4 and they are assymptotic to the dashed
lines since as pjc—>o then (Kip/Kic)~™
1 (p/2¢)Y?. The data points in Fig. 9 are fitted to
the theoretical curves by choosing appropriate
values of ¢ which is the only adjustable parameter.
The values of critical distance, ¢, used for the data
in Fig.9 are 06 and 1.6 um for the 9.8 and
14.7 phr TETA resins, respectively. Once the value
of ¢ has been determined, it is possible to calculate
the value of critical stress g, using the relationship
Kic = 0./ (27c). The values of ¢ and o, for the
TETA-cured resins are given in Table I for the two
sets of data in Fig. 9 and for similar calculations
on the resin cured with 12.3 phr TETA described
in an earlier publication [7]. Kinloch and Williams
[10] obtained values of ¢ and o, for a series of
resing cured with different hardeners but did not
look at the effect of varying the amount of
hardener. It can be clearly seen that increasing the
amount of hardener causes a large increase in the
critical distance, ¢ and a small reduction in o.. It
was shown in Part 1 that an increase in the amount
of curing agent in the resin caused a reduction in
the yield stress of the resin at a given strain rate
and testing temperature. Values of o, at 25° C for
the three formulations are also given in Table I and
it can be seen that the ratio o./0, for each one is
remarkably constant (~ 3.2). The temperature of
25° C is only an arbitrary reference but the constant
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TABLE 1 Derived values of ¢ and o, for the epoxy resins of different formulations. The values of oy at 25° C have

been taken from Part 1.

phr TETA ¢ (um) ae (MPa) oy (25° C) (MPa) agloy
9.8 0.6 360 112 3.2

12.3 1.1 300 91 3.3

14.7 1.6 270 86 3.2

ratio implies that the failure criterion is that a
stress of the order of three times the yield stress
must be reached in the plastic zone for failure to
occur, regardless of the resin composition or yield
stress. Inspection of the data of Kinloch and
Williams [10] has shown that this is also probably
the case for the different systems that they
investigated.

4.4. Adiabatic/isothermal transition

There have recently been suggestions [22] that the
transition from continuous to stick/slip crack pro-
pagation in epoxy resins is due to an adiabatic/
isothermal transition. This type of mechanism has
only been shown to be applicable in polymers for
the situation of a fast-running crack with a single
craze at the tip (e.g. PMMA [2]). The experimen-
tal observations strongly suggest that the adiabatic/
isothermal mechanism cannot explain the crack
propagation behaviour of epoxy resins. The most
obvious example is that at a given temperature
stick/slip propagation tends to occur as the rate
of crack propagation is decreased whereas the
adiabatic/isothermal transition in PMMA takes
place when the rate of crack propagation is in-
creased. The authors look forward with interest to
the explanation of stick/slip behaviour in epoxy
resins, through the adiabatic/isothermal mechan-
ism, that has been promised [22].

5. Conclusions
It has been shown that crack propagation behaviour
in epoxy resins is controlled by the plastic defor-
mation characteristics of the material. The stick/
slip propagation that is found in certain formu-
lations tested at high temperatures has been shown
to be caused by a crack blunting mechanism. A
unique failure criterion has been shown to apply
for the epoxy system studied. The criterion is
that failure occurs when a critical stress of the
order of three times the yield stress of the resin
must be achieved at a critical distance ahead of
the crack.

It has also been shown that the slow-growth
region that is found on fracture surfaces of speci-
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mens undergoing stick/slip behaviour is of the
same dimensions as that expected for a Dugdale
line plastic zone and it seems that the region is
caused by the slow growth of a crack through the
plastic zone before it accelerates rapidly through
virgin material.

No evidence has been found for crazing in
epoxy resins from optical investigations or by
taking fracture surface replicas and examining
them in an electron microscope. An underlying
nodular structure can be resolved from the replicas
and it is found that for a given amount of curing
agent the average nodule size decreases as the
curing temperature is increased. However, there is
no evidence of any direct correlation between the
nodule siz¢ and the fracture behaviour of the
materials.
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