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The mechanical properties of epoxy resins
Part 1 Mechanisms of plastic deformation

SALIM YAMINI, ROBERT J. YOUNG

Department of Materials, Queen Mary College, Mile End Road, London, E1 4NS, UK

The yield stress, oy, and Young’s modulus, £, of a series of triethylenetetramine-cured
epoxy resins have been measured as a function of resin composition and testing rate
and temperature. It is found that for a given composition, both o, and £ increase as
the testing rate is increased and as the temperature is decreased. It is also found that
under the same testing conditions, g, and £ both decrease as the amount of curing
agent in the resin is increased. The relationship between o, and £ has been analysed
using the theories of plastic deformation in glassy polymers of Argon and Bowden.
Good agreement has been found with the Argon theory at low temperatures whereas
the agreement with the Bowden theory is found to be good at all temperatures up to
T4. It appears therefore that the plastic deformation of epoxy resins which are thermosets
is similar to that of glassy thermoplastics. The significance of the parameters derived
from the two theories has been discussed in terms of the molecular structure of the

resins.

1. Introduction

Epoxy resins are inherently brittle materials but
under certain circumstances they can undergo a
suprising degree of plastic deformation. The ad-
dition of plasticizing agent will allow plastic flow
to occur at ambient temperature under a variety
of test modes such as tension [1], compression
[1, 2] or flexure [1]. Non-plasticized epoxy
resins display rather more limited ductility but
will undergo deformation in uniaxial compression
because there is a large component of hydrostatic
compression in this testing mode. The plastic de-
formation of glassy polymers has received con-
siderable interest recently. Two important theories,
based upon physical descriptions of plastic flow
upon molecular level, have been developed by
Bowden [3-5] and Argon [6—8]. Earlier ap-
proaches to this problem had been based upon
modifications of viscoelastic models using the
Eyring theory of viscous flow [9]. The Bowden
and Argon theories, which are different from each
other in approach, do not use the Eyring model
and are both concerned with the thermal acti-
vation of the molecular displacements that take
place during plastic flow. The two theories have
been tested using plastic flow data from a variety
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of glassy thermoplastic polymers such as poly-
styrene [4, 6] polymethylmethacrylate [4—6],
polyethylene teraphthalate [6] polycarbonate [6]
and a series of aromatic polymides [7, 8].0On the
whole, both theories have met with a considerable
degree of success, predicting the yield stresses of
these polymers over a wide range of temperatures
from very low temperatures to near 7.

The relationship between plastic deformation
and the microstructure is well-established in metals
{10] . However, it is usually difficult to produce
sufficient structural variations in glassy polymers
to enable the parameters obtained from the
theories to be related to the molecular structure.
For example, the molar mass of the polymer has
very little effect upon plastic deformation. There
have been attempts to relate the plastic flow be-
haviour of glassy thermo-plastics to their chemical
structure. Argon and Bessonov [7, 8] looked at
the effect of introducing long stiff units into the
molecules of aromatic polymides. They assumed
that this had the effect of increasing the spacing
between the natural hinges on the polymer mol-
ecules and showed that it had the effect of causing
the plastic deformation to become less local.

All of the work so far reported on the plastic
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deformation glassy polymers has been concerned
with thermoplastics. In this present study, we have
looked at the plastic flow behaviour of epoxy
resins which are cross-linked thermosetting poly-
mers. With these materials it is possible to vary
the structure, in particular the density and nature
of the crossdinks, using different quantities and
types of curing agent and different cure schedules.
In the first part of this presentation we report the
effect of varying the amount of curing agent and
post-cure temperature upon the plastic deformation
of a commercial epoxy resin and interpret it in
terms of the various theories that have been de-
veloped to explain the plastic deformation of
glassy polymers. In the second part we show how
crack propagation in these materials is controlled
by the plastic deformation behaviour of the resin.

2. Experimental procedure

2.1. Moulding and specimen preparation
The resin used for this present study was a com-
mercial diglycidyl ether of bisphenol A (DGEBA),
Epikote 828 (Shell) cured exclusively with various
amounts of triethylene tetramine (TETA), a mixed
primary and secondary amine. Details of the
moulding conditions are given in previous pub-
lications [11-13]. Four different quantities of
the curing agent were used: 7.4, 9.8, 12.3, and
14.7 phr”. For all mouldings the initial hardening
reaction was allowed to proceed for 24 h at room
temperature before curing at elevated temperatures
for different periods of time. The cast resins were
in the form of sheets of two different thicknesses:
3.9 and 6.3 mm.

2.2. Young's modulus determinations

The 3.9 mm sheets of moulded resin were cut into
rectangular plates 30 mm by 70 mm. The modulus
of the resin was determined in three-point bending
using an Instron mechanical testing machine op-
erated at different cross-head speeds. The speci-
men loading is ilustrated schematically in Fig, 1a.

% P 1 IZ
y
PI2 PI2
(a) (b}

Figure I Young’s modulus determination. (a) Three-
point bend test, (b) schematic load—displacement curve.

The relationship between the applied load, P, and
the displacement of the centre of the specimen,
¥, was found to be linear as shown in Fig. 1b and
the ratio P/y is related to the Young’s modulus
of the resin through the equation [14]

Ply = 4Ebh*|L> (1)

for a rectangular cross-section specimen of thick-
ness 4 and breadth b. The distance between the
supports is L and the modulus of the resin is £.
The displacement y was determined from the
movement of the cross-head taking into account
corrections for machine softness. Tests were carried
out at a variety of rates controlled by the cross-
head speed used, and at different temperatures in
an Instron environmental chamber. The tempera-
ture was controlled by electrical heating at elavated
temperatures and using carbon dioxide at low tem-
peratures, both to an accuracy of + 2° C.

2.3. Yield stress measurement

Cylindrical specimens, 10 mm long and 5 mm
diameter, were machined from the 6.3 mm plates
of resin. They were deformed in uniaxial com-
pression between polished lubricated steel plates
in the environmental chamber of the Instron
testing machine as shown in Fig. 2a. The nominal
strain, e, was determined from the cross-head dis-
placement, corrected for machine softness. The
load, P, was converted into true stress op using
the initial cross-sectional area A, in the equation

op = P(1 —e)/4, (2)

which is derived assuming constant volume de-
formation. A typical stress—strain curve is shown
in Fig. 2b. The yield stress has been taken as the
maximum stress in such a curve,

3. Results
3.1. Young’s modulus measurements

The variation of the Young’s modulus of the

epoxy resins with various material and testing

P Tcr

.-Gy

(a) (b)

Figure 2 Yield stress measurement. (2) Uniaxial com-
pression specimens, (b) schematic stress—strain curve.

*Parts by weight of hardener per 100 parts by weight of resin.
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Figure 3 Variation of Young’s modulus, £, with cross-
head speed for a series of resins post-cured at 100° C for
3h and tested at 22 + 2° C.

variables was determined. Fig. 3 shows the variation
of E with curing agent content and cross-head
speed (strain rate) for samples tested at room tem-
perature (22 £2° C). In all cases the modulus in-
creases slightly with increasing cross-head speed.
It is also found to fall as the amount of hardener
in the resin is increased. Fig. 4 shows the variation
of E with cross-head speed for a series of resins
containing the same quantity of hardener but
cured at different temperatures for 3 h, They were
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Figure 4 Variation of Young’s modulus, E, with cross-
head speed for a series of resins containing 9.8 phr of
TETA and post-cured for 3h at different temperatures.
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Figure 5 Variation of Young’s modulus, E, with testing
temperature for a series of resins containing different
amount of TETA and post-cured at 100° C for 3h. The
cross-head speed used was 0.5 mmmin ™. The Tgs of the
12.3 and 14.7 phr resins are 102 and 109° C, respectively.

all tested at room temperature and it can be seen
that modulus tends to increase with increasing cross-
head speed and decreasing curing temperature.

The moduli of the epoxy resins were also mea-
sured at a constant cross-head speed using dif-
ferent testing temperatures. These results are
given in Fig. 5. It can be seen that in each case the
modulus of the resin decreases steadily as the
testing temperature is increased. There is a more
abrupt decrease as the glass transition tempera-
ture Ty of the resin is approached. The values of
T, were measured for each resin using differential
scanning calorimetry, DSC [15].

3.2. Yield stress measurements

The yield stresses, oy, of the different resins were
measured at similar cross-head speeds and tempera-
tures to those used in Section 3.1. The variation
of yield stress with cross-head speed for resins of
different hardener content is given in Fig. 6. As
for the modulus data in Fig. 3, it is found that
the yield stress increases with increasing cross-
head speed and decreases as the amount of hard-
ener in the resin is increased. The effect of post-
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Figure 6 Variation of yield stress, oy with cross-head
speed for a series of resins post-cured at 100° C for 3h
and tested at 22 + 2° C.
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Figure 7 Variation of yield stress, oy with cross-head
speed for a series of resins containing 9.8 phr of TETA
and post-cured for 3 h at different temperatures.
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Figure 8 Variation of yield stress, oy, with testing tem-
perature for a series of resins containing different
amounts of TETA and post-cured at 100° C for 3 h. The
cross-head speed used was 0.5 mm min ",

cure temperature upon the yield stress of a resin
containing 9.8 phr of hardener is shown in Fig. 7.
Again the behaviour is similar to the corresponding
variation in modulus.

The effect of testing temperature upon the
yield stress of four different formulations of resin
is shown in Fig. 8. The behaviour is again similar
to that of the Young’s modulus of similar resins
(Fig. 5) but the drop in yield stress with increasing
temperature is proportionately much more rapid
than that of the modulus.

Specimens were sectioned after deformation
and examined in a polarized light microscope. The
deformation was found to be homogeneous with
no evidence of shear band formation {16, 17].

4. Discussion

At first sight the variation of the modulus and
yield stress of the epoxy resins with different
testing variables shows a similarity to the be-
haviour of glassy thermoplastics. The epoxy resins
appear to obey the empirical rules set out by
Brown [18] some years ago governing the yield
behaviour of glassy polymers. Any variable which
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increases £ also increases oy and the ratio of the
yield stress to the modulus is in the range 1/60 to
1/30. It has been possible to successfully explain
the yield behaviour of glassy polymers in terms
of molecular theories [3—8] that have been put
forward more recently. The critical test of such
theories is to look at the relationship between £
and oy over as wide a range of temperatures as
possible when significant changes in the values of
these parameters occur.

4.1. Argon’s theory

The theory of yielding in glassy polymers put
forward by Argon and Bessonov [6—8] proposes
that this occurs by the thermally activated pro-
duction of local molecular kinks which they
modelled by the formation of wedge disclinations.
The mathematical analysis is somewhat complex
but the final equations predicting the relationship
between the shear yield stress 7 and the shear
modulus u are relatively simple. It can be shown
[8] that

(r/w)*® = A—B(T/w, 3

where T is the absolute temperature. The con-
stants 4 and B are given by

0.077 {¥¢
4= [(1 —v)] “)
and 16(1 — vk
B =4 [m 111(')"0/’)7)] 5 (5)

where v is Poisson’s ratio, k Boltzmann’s constant,
w the net angle of rotation of the molecular
segment between the initial configuration and the
activated configuration, and ¢ the mean molecular
radius. The shear strain rate is given by 7, and 7y,
is a pre-exponential frequency factor usually taken
as about 10™3sec™ . These equations predict that
plots of (r/u)¥® against (T/u) should be linear.
Also since for most glassy polymers v is of the
order of 0.3 it is expected that they should all
have a common intercept, 4 of the order of 0.16
asT—0,

In order to test the applicability of this theory
to the data in Section 3 it is necessary to convert
the moduli and yield stresses into the corresponding
shear moduli and shear yield stresses. This can be
done using the equations [8]

WT) = E(D/2(1 +v)
o(T) = o(DIV3.

(©)
(M
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The value of Poisson’s ratio » for the epoxy resins
has been taken as 0.35 [11] and the relationship
in Equation 3 is obtained by assuming that yielding
obeys a von Mises criterion [19] . Strictly speaking,
both £(T) and 0y(T) should be measured at the
same strain rate. In the calculations described be-
low, the same cross-head speed has been used but
it is not envisaged that significant error will be
introduced.

Fig. 9 shows the variation of (7/u)%® with
T/u for the resins of different formulation. The
data used were taken from Figs. 5 and 8. The lines
are drawn as a best fit of the low-temperature
data. It can be seen that Equation 3 is obeyed at
low temperatures but as the Ty of the resin is ap-
proached and the polymer becomes leathery, the
data points tend to become parallel to the T/u
axis. This deviation was also observed by Argon
and Bessonov [6—8] for a series of different
glassy thermoplastic polymers. The deviation tends
to be affected by the formulation of the resin. For
the resin containing 7.4 phr hardener, Equation 3
is obeyed up to its 7. The temperature to which
the equation holds is reduced progressively as the
amount of hardener is increased until, for the resin
with 14.7 phr hardener, deviation occurs above
5° C which is over 100 degrees below the Ty of
this strain.

The Argon theory is particularly useful for the
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Figure 9 Variation of (r/u)*/® with T/u derived from the
data in Figs. 5 and 8. The straight lines have been plotted
according to Argon’s theory [6—8] and Equation 3.



TABLE I Values of the various parameters derived from Argon and Bowden’s theories of plastic deformation in

glassy polymers.

Polymer* A B a z¥ b
(MPaK™) (10 1%m) (10 °m) (107 m)

PC 0.176 0.129 5.77 11.6 4.25
PET 0.169 0.138 5.64 11.4 4.9
PS 0.180 0.480 3.72 7.44 2.8
PMMA 0.171 0.364 4.08 8.24 2.7
Epoxys

7.4 phr 0.120 0.258 4.10 8.97 3.0

9.8 phr 0.158 0.369 3.98 8.25 3.8
12.3 phr 0.160 0.289 4.34 8.97 4.2
14.7 phr 0.162 0.285 4.38 9.03 4.3

*The values for PC, PET, PS and PMMA have been taken from previous publications {3—7] . The parametersa and z*
are the mean molecular radius and critical separation of a pair of molecular kinks respectively, from Argon’s theory.
The Burgers vector b has been derived from Bowden’s theory.

description of yield processes in glassy polymers as
it allows molecular parameters to be determined
from the values of 4 and B which are measured ex-
perimentally. Table I shows the values of 4 and B
obtained for the four different formulations of
resin along the measurements of 4 and B deter-
mined by previous investigators [6—8] for dif-
ferent glassy thermoplastics. It can be seen im-
mediately that the values of the parameters for
the epoxy resins are within the range of those
obtained for other glassy polymers. Rearrange-
ment of Equation 5 allows the mean molecular
radius to be determined as
—v

@ =2, ®
Values of a determined experimentally for the
four formulations of resin are given in Table I
using a value of w=2 and y=4x 10" sec 1.
It can be seen that for all of the resins, a is of the
order of 4.2 £0.2 A and similar to values obtained
for other carbon chain polymers. Since the epoxy
resin and PC are both derivatives of bisphenol A
it might be expected that their molecular para-
meters may be similar, Even the uncured epoxy
resin has a rather complex chemical structure

and curing produces a complicated network. On
the other hand PC is a similar molecule but con-
tains a smaller proportion of C atoms in the chain:

CH,

~c0-0-(3)-¢ ()01

CH,

Since the PC molecule is bulkier than the epoxy
molecule it would be expected that the mean
molecular radius of the epoxy molecule would
be less than that of the polycarbonate molecule.
This is precisely what is found, 2 is 5.77 A for
PC and only ~ 4.2 A for the epoxy resin.

Another parameter that can be determined
for the polymer is z+, which is the critical sep-
aration at yield of a pair of kinks (wedge dis-
clinations) on the polymer molecule. This is given
by absolute zero by [8]

8(1 —v) ©)

The value of z* is not expected to vary significantly
with temperature and it is found to be of the order
of 9 A for all the resins formulations studied. This
value lies between that of the very flexible mol-
ecules with a C—C backbone such as PMMA and
PS and stiffer molecules containing benzene rings
in the chain such as PET and PC. The epoxy resin

o)y = [—4—5—} )

?3
H, OH

C

CH, — CH — CH, — [0 —@-
\./

0 C

contains a few widely-spaced benzene rings along
a C—C chain and so this value of z* is not un-
reasonable.
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It is clear from Section 3 that under a given
set of testing conditions both £ and oy decrease
as the curing agent content and post-cure tem-
perature are both increased. This means that,
rather surprisingly, £ and gy both decrease as the
degree of cure and hence crossdink density are
both increased. However, it is perhaps more sig-
nificant that, as can bee seen from Table I, a and
z* do not vary significantly with the degree of
cure. This may be because the yield process as
conceived by Argon’s theory is controlled by the
main chain stiffness and so the degree of cross-
linking has very little effect upon the value of the
parameters that are measured.

4.2. Bowden's theory

An alternative model to predict the yield behaviour
of glassy polymers was developed independently,
at about the same time as Argon’s theory was
developed, by Bowden and co-workers [3—5].
This model is simple in concept and it envisages
the critical step in the yield process as being the
thermally activated nucleation under stress of
small disc-shaped sheared regions in the polymer.
The strain fields of the sheared regions are assumed
to be analogous to those of dislocation loops
with a Burgers vector equal to the shear displace-
ment. It must be stressed that the dislocation con-
cept is only an analogy and it is introduced be-
cause solutions for the energies of and stresses in
dislocation loops are readily available and at no
time is it suggested that dislocations are present
in glassy polymers.

The energy of a dislocation loop of radius R
and Burgers vector b in a solid with shear modulus
of p under an applied stress 7is given approximately
by the relation:

U = QaR)Gb?[4m) In (2R/rq) — nR%*1h, (10)

where r, is the core radius of the dislocation. The
energy of the loop U increases as R increases until
it reaches a maximum value U, at R, which can be
found by differentiating Equation 10 and is given
by

Uc = (szRc/4)[ln (2Rc/r0) - 1]

R, = (Gb/4n7)[In QR /ro) + 1].

at

(11)
The core radius 7y can be eliminated by assuming
that at absolute zero 7 reaches a critical value of
G/v/3m [4] and this leads to a value of ry of
b\/3/e(=b). Bowden assumed that yielding will
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Figure 10 Variation of shear yield stress r with testing
temperature for resins of different formulations. The
squares are the experiment points and the curves are the
variation predicted from the modulus measurements using
the Bowden theory [3-5] using the values of Burgers
vector, b, indicated.

occur when U, reaches an energy of 50 kT, which
should be available from thermal fluctuations. If
this value of U, is used, Equation 11 can be solved
with suitably chosen values of b and experimental
values of u to predict the corresponding values of
7. The values of u determined from the modulus
data in Fig. 5 using Equation 6 have been used to
predict the variation of 7 with temperature rep-
resented as solid lines in Fig. 10. The measured
values of 7, calculated using Equation 7 are also
given in Fig. 10 and appropriate values of b have
been chosen to fit the theoretical lines to the ex-
perimental points. The value of Burgers vector b
increases as the amount of hardener in the resin
is increased and it can be seen that the agreement
between theoretical prediction and the experi-
mental data over a wide range of temperature is
extremely good. The theory appears to hold to
very near Ty in contrast to Argon’s theory (Sec-
tion 4.1) which does not apply near T,.

Table 1 compares the values of b determined
for the epoxy resins with different amount of
hardener with those found for other polymers
[3—5]. It can be seen that, as with the parameters
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Figure 11 Master curve for the relationship between u and
7 plotted according to Equation 12 in a log—log plot.
The straight line is drawn with a slope of 1.63 according
to the theory of Kitagawa [20].

derived from Argon’s theory, the values of b for
the epoxy resins are greater than those for PS and
PMMA but less that the values for PC and PET.
The fully cured resins (12.3 and 14.7 phr) have
Burgers vectors which are similar to that for PC.
Bowden [4] pointed out that polymers with small
side groups or small repeat units tended to have
small Burgers vectors whereas those with large side
groups or repeat units tended to have larger values
of b. The results of this present investigation are
consistent with this suggestion.

Kitagawa [20] has recently expanded and
generalized Bowden’s theory showing that the
relationship between u and 7 can be represented
by a power law relation of the form

- (Toﬁ)n

Tuo ) °
where 7, and u, are the values of shear yield
stress and shear modulus as some reference tem-
perature T, (conveniently taken as the ambient
temperature) and » is a temperature independent
exponent. Kitagawa [20] showed that a relation
of the form of Equation 12 held over a wide range
of temperature for most polymers. He also found
that it had a unique value of 1.63 for all amorph-
ous polymers between 0.8 and 0.9 for semicrystal-
line polymers. Fig. 11 is a log—log plot according
to Equation 12 for the values of 7 and u obtained
for the resins .of different formulation and tested

over a wide range of temperatures. The line drawn
on the graph has a slope of 1.63 and it can be seen

Tor

TTO (12)

that all the points fall close to this line. This is a
further indication that the yield behaviour of the
epoxy resins studied is identical to that found
for other glassy polymers and that the presence
of cross-links does not fundamentally affect the
yield behaviour of the polymer.

5. Conclusions

It has been shown that the plastic deformation of
a series of glassy epoxy resins containing different
amounts of curing agents can be explained in
terms of the yield theories of Argon and Bowden.
These two theories view the yield process as being
due to the thermal activation of local molecular
kinks and small disc-shaped sheared regions,
respectively. It has been found that Bowden’s
theory applies over a wide range of temperature
up to Tg. It has also been shown that the form of
the temperature variation of yield stress and
Young’s modulus is identical to that for glassy
thermoplastics. On the other hand, the theory of
Argon and Bessonov applies only at low tempera-
tures and does not, in general, give good agreement
close to T,. However, it does allow molecular
parameters to be generated and the values of the
parameters that have been obtained for the epoxy
resins are similar to those obtained previously for
glassy thermoplastics with similar chemical struc-
tures. It is clear, therefore, that the plastic deform-
ation of epoxy resins below T, is essentially
identical to that of amorphous glassy thermo-
plastics.
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