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Effect of temperature on fracture properties

of an amorphous poly(ethylene terephthalate)
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Fracture behaviour of an amorphous polyethylene terephthalate (PET) film with a glass
transition temperature (Tg) of 72◦C and a thickness of 0.21 mm was studied between 23 and
70◦C using Double Edge Notched Tension (DENT) specimens. Within this temperature
range, DENT specimens fractured by ductile tearing of the ligament region after ligament
region had been fully yielded. The load-displacement curves obtained for different ligament
lengths were geometrically similar to one another. On the basis of these, Essential Work of
Fracture (EWF) methodology was used to determine fracture toughness of the PET film as a
function of temperature. A linear relationship was obtained between the total specific work
of fracture, wf , and ligament length, L, at temperatures under consideration. Results
showed that specific essential work of fracture, we, is independent of temperature but the
specific non-essential work of fracture (βwp) increases with increasing temperature and
drops in value near the glass-transition temperature. A linear relationship was also found
for yielding (wy ) and necking/tearing (wnt) components of wf as a function of ligament
length. The specific essential work components were found to be temperature dependent
and whilst component wey decreased component went increased with increasing
temperature. The contribution of went to we was substantially greater than that of wey at all
temperatures. C© 2002 Kluwer Academic Publishers

1. Introduction
The linear elastic fracture mechanics (LEFM) approach
is generally used to study fractures occurring at nom-
inal stresses well below the yield stress of the mate-
rial. Under this condition, the area in which energy is
dissipated near the crack tip is so small that the en-
tire specimen is assumed to exhibit Hookean elasticity.
However, in characterising the failure of ductile mate-
rials, the LEFM approach becomes redundant mainly
due to development of a large plastic zone at the crack
tip. As a consequence of this, the energy dissipation is
no longer confined to a small local zone near the crack
tip.

For materials that show significant crack tip plas-
ticity, other techniques such as the J-integral and the
Essential Work of Fracture (EWF) must be used to
quantify fracture toughness. Although the J-integral ap-
proach has been used traditionally for this purpose, the
EWF method has gained popularity due to its experi-
mentally simplicity and used extensively to study frac-
ture behaviour of wide range of polymeric materials
[e.g., 1–20].

The present work applies the concept of EWF for
characterising plane-stress ductile fracture of PET film
of thickness 0.210 mm as a function of temperature.
In addition, partitioning of the EWF into yielding and
necking/tearing related terms is also considered and the

effect of temperatures on these terms is investigated.
The PEN material used in this study is an amorphous
material with a glass transition temperature of 72◦C
as indicated by the Differential Scanning Calorimeter
(DSC) trace in Fig. 1.

2. Deformation behaviour
The uniaxial tensile yield stress (σy) and modulus (E)
of the PET material was measured between 23 and 70◦C
in an Instron testing machine at a constant crosshead
speed of 5 mm/min, using dumbbell-shaped specimens
having constant width of 4 mm and length of 56 mm
within the gauge length region.

The tensile load-displacement (P-δ) curves, typical
examples of which are presented in Fig. 2 show that
within the temperature range selected for this study,
failure of the PET specimens occurred after extensive
amount of plastic deformation. It can be seen from
Fig. 2 that load-displacement diagrams show a clear
yield point (maximum load) and a drop in load after
yield owing to strain softening (shear band formation).
A sudden rise in load was then registered (except at
70◦C) and followed by a region of cold drawing (draw-
ing of the necked region) during which tensile defor-
mation continued at a constant stress level until failure
point was reached.
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Figure 1 DSC trace for PET.

Figure 2 Tensile load-displacement curve s at different testing temperatures.

Results obtained from tensile tests are summarised
in Table I where it can be seen that tensile yield stress
(σy) and modulus (E) both decreased with increasing
temperature as expected, owing to the temperature de-
pendence of the viscoelastic response of the material.

3. Fracture behaviour
To study the effect of temperature on fracture be-
haviour of PET film, rectangular coupons with a width
(W ) of 35 mm and length (H ) of 70 mm were cut
from A4 size sheets having nominal thickness (B) of
0.210 mm. The coupons were then notched to produce
series of Double-Edge Notched Tension (DENT) spec-
imens as shown in Fig. 3a with ligament length (L) in
the range of 3 to 15 mm. To ensure the two notches

were aligned, a line was drawn across the width of the
specimen at its mid-point prior to notching. After notch-
ing, DENT specimens were tested to complete failure
in an Instron testing machine using pneumatic clamps
with an initial separation (Z ) of 35 mm. The fracture
tests were performed at a constant crosshead displace-
ment rate of 5 mm/min between 23◦C and 70◦C. The
load-displacement (P-δ) curve for each specimen was
recorded using a computer data logger.

The DENT load-displacement curves in Fig. 4 indi-
cate that failure of the DENT specimens closely resem-
bles that of tensile specimens (see Fig. 2). It can be seen
from the curves in Fig. 4 that the length of the ligament
region had no major influence on the fracture behaviour
of the PET film. As ligament length increased, so did
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T ABL E I Summary of the fracture data at different temperatures

Fracture parameters T = 23◦C T = 40◦C T = 60◦C T = 70◦C

σy (MPa) 63 55 44 33
E (GPa) 3.11 3.05 2.96 1.87
we (kJ/m2) 81 80 80 82
wey (kJ/m2) 16 11 9 7
went (kJ/m2) 65 68 72 75
βwp (MJ/m3) 10.7 11.3 11.1 10
βywpy (MJ/m3) 0.79 0.60 0.23 0.10
βntwpnt (MJ/m3) 9.9 10.7 10.9 9.9
β 0.07 0.09 0.11 –
wp (MJ/m3) 147 126 101 –
2Rp (mm) 20 25 41 45
eb (mm) 1.9 2.1 2.7 3.2
ep 0.49 0.63 0.77 1.20
we (kJ/m2) (λ = 1.15) 134 133 135 121

(λ = 0.67) 78 77 78 70
(λ = 0.77) 90 89 90 81

Figure 3 (a) Double edge notched tension specimen. (b) Partitioning of
the total work of fracture, Wf .

the area under the curve, the maximum load and the
extension at break. However, whilst maximum load de-
creased, extension at break increased with increasing
temperature.

The visual observation of the specimens during
the tests and the general behaviour of the load-
displacement curves in Fig. 4 were both indicative of
a failure that involves extensive crack tip yielding and
slow crack growth. The sequence of events that led
to the final fracture of the DENT specimens can be
described as:

(i) Opening and blunting of the initial crack.
(ii) Development of a duckbill-shaped plastic zone

at each crack tip.

(iii) Full-yielding of the ligament length region.
(iv) Ductile tearing of the ligament region and the

eventual failure of the test specimen.

It was noted that at maximum load, the two plastic zones
met mid-way along the ligament region. At this point,
plastic zones overlapped and ligament region necked
down giving rise to a very prominent load-drop after
maximum. However, in the temperature range between
23◦C and 60◦C, this load drop was not sufficient to tear
the whole ligament and therefore to maintain tearing
of the ligament region, the load had to increase again
before decreasing towards zero.

Fig. 5 shows typical examples of the fractured spec-
imens as a function of test temperature. It is notable
that at 70◦C, the boundary of the plastic deformation
zone can not be clearly defined as test temperature ap-
proaches the glass transition temperature of the material
(i.e., Tg = 70◦C). The DENT specimens tested above Tg

did not show any evidence of crack propagation.

4. Fracture toughness evaluation
To assess fracture toughness, test data were analysed
using the Essential Work of Fracture (EWF) method-
ology. This method was used for two reasons; (i) the
geometric similarity during crack growth existed be-
tween specimens of different ligament lengths, as re-
vealed by the load-displacement curves in Fig. 4, and
(ii) the ligament length had been fully yielded prior to
crack initiation.

The EWF concept was first proposed by Broberg [21]
who suggested that when failure of the test specimen is
preceded by extensive yielding and slow crack growth,
as in this study, a toughness parameter called Specific
Essential Work of Fracture, we can be evaluated. It has
been shown that the specific essential work of fracture
(we) is a material constant for given thickness repre-
senting the work required for crack initiation or, as the
case may be, crack propagation.

According to EWF, the non-elastic region at the tip
of crack may be divided into two regions as illustrated
in Fig. 3a—An inner fracture process zone (IFPZ) and
an outer plastic deformation zone (OPDZ). The total
work of fracture, Wf , can then be partitioned into two
components, i.e.,

Wf = We + Wp (1)

The term We is the work expended in the IFPZ to form a
neck and its subsequent tearing and the term Wp is the
work dissipated in the OPDZ where various types of
deformation such as shear yielding and microvoiding
may be operating.

The work We is termed Essential Work of Fracture
(EWF). It is essentially a surface energy term whose
value under plane-stress conditions is proportional to
the ligament area (L B), i.e.,

We = we BL (2)

The work Wp in Equation 1 is termed the Non-Essential
Work of Fracture. It is assumed that under plane-stress

3677



conditions, Wp is proportional to the volume of the
yielded zone (BL2), i.e.,

Wp = wpβ BL2 (3)

where wp is the plastic work done per unit volume and
β is a proportionality constant or shape factor associ-
ated with the volume of the plastic deformation zone.
Introducing Equations 2 and 3 into Equation 1 gives:

wf = Wf

LB
= we + βwp L (4)

where wf is termed the Specific Work of Fracture.
Equation 4 suggests w f is a linear function of liga-

ment length, L . The specific essential work of fracture,
we, is given by the positive intercept at L = 0 of the
linear regression interpolating the data and the specific
non-essential work of fracture, βwp, is given by the
slope of the regression line.

Figure 4 Typical DENT load-displacement curves at various ligament lengths as a function of test temperature. (Continued.)

Since DENT load-displacement curves for PET
showed a prominent load drop after maximum, it
was considered worthwhile to partition Wf into two
components as shown in Fig. 3b:

(i) Work required for complete yielding of the liga-
ment length region, Wy

(ii) Work required for necking/tearing of the ligament
region, Wnt

i.e.,

Wf = Wy + Wnt (5)

Previous studies [8, 9, 12, 14] have shown that when
Wf is partitioned in this way, variation of the specific
work terms wy and wnt with L follows that of w f with
L . Equation 4 was then split into:

wy = Wy

LB
= wey + βywpy L (6)
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Figure 4 (Continued.)

wnt = Wnt

LB
= went + βntwpnt L (7)

The terms wey and went represent the yielding and the
necking/tearing components of the specific essential
work of fracture respectively i.e.,

we = wey + went (8)

The terms βywpy and βntwpnt represent the yielding
and the necking/tearing components of the specific non-
essential work of fracture respectively, i.e.,

βwp = βywpy + βntwpnt (9)

Fig. 6a–d shows plots of the specific work of fracture
parameters (wf , wnt and wy) versus ligament length be-
tween 23 and 70◦C. It can be seen that within this tem-
perature range, specific work terms are linearly depen-

dent upon ligament length as suggested by Equations 4,
6 and 7. It is evident from these plots that the amount of
work contributing to w f by each component varies with
test temperature. It is realised that whist wy decreases,
wnt increases, with increasing temperature. As clearly
demonstrated in Fig. 6a–d wy is always smaller than
wnt . This is also apparent from the load-displacement
curves in Fig. 4, where it can be seen that extension at
maximum load is very small compared to that at break.
Consequently, a greater proportion of the specific work
of fracture (w f ) stems from the necking/tearing part of
the fracture process rather than its yielding part.

To determine values of specific essential and non-
essential work of fracture parameters, the best linear
regression line was drawn through each set of data in
Fig. 6. The intercept values at zero ligament length
(i.e., we, went and wey) and the slope of the lines (i.e.,
βwp, βywpy and βntwpnt ) are given in Table I and plot-
ted as a function of temperature in Fig. 7a and b.
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Figure 5 Typical DENT fractured specimens at different temperatures.

According to Fig. 7a, we is independent of tempera-
ture but its components wey and went both change with
temperature. It can be seen that whilst wey decreases,
went increases with increasing temperature. Clearly,
went term is substantially greater than wey term at all
temperatures. It can be deduced that at 23◦C approx-
imately 80% of we is contributed by the necking/tearing

Figure 6 Specific work of fracture parameters versus ligament length at different temperatures.

Figure 7 (a) Specific essential work of fracture parameters versus tem-
perature. (b) Specific non-essential work of fracture parameters versus
temperature.
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component whereas at 70◦C, this value rises to approx-
imately 93%.

It is worth noting that since crack initiation occurred
at maximum load, values of wey reported in this study
can be regarded as specific essential work of fracture
for crack initiation.

As regards non-essential work terms, it can be seen
from Fig. 7b, that βwp and its component βntwpnt ,
both increase with temperature and decrease in the
vicinity of the glass transition temperature. In contrast,
βywpy component decreases with increasing tempera-
ture over the whole temperature range under consid-
eration. Evidently, βywpy decreases linearly with tem-
perature, predicting that βywpy = 0 at 76◦C. Specimens
tested around this temperature showed no evidence of
cracking. It is worth noting, that since βywpy contribu-
tion to βwp is very small compared to that of βntwpnt ,
variation of βwp term with temperature closely resem-
bles that of βntwpnt with temperature.

To determine the value of the plastic work per unit
volume, wp, height of the plastic deformation zone, h,
was measured as a function of ligament length. For a
diamond shaped plastic deformation zone of height, h
(see Fig. 3a) and volume Vp(L , B), we have;

Vp(L , B) = BLh/2 = β BL2 (10)

giving a linear relationship between h and L , with slope
of 2β, i.e.,

h = 2βL (11)

Fig. 8a shows plots of h versus L between 23◦C and
60◦C. It can be seen, as suggested by Equation 11, varia-
tion at any given temperature is linear over the entire lig-
ament length range under consideration. Values of β de-
rived from the slope of the lines in Fig. 8a are plotted as
a function of temperature in Fig. 8b where it can be seen
that β increases linearly with increasing temperature.
It is worth noting that linear extrapolation of the line
in Fig. 8b suggests that β = 0 at −50◦C. This suggests
that the plastic flow in the ligament region becomes very
negligible and a horizontal line is obtained when wf is
plotted against L . This means that wf = we at −50◦C
and therefore a brittle fracture is expected for PET.

Values of plastic work per unit volume (wp) are given
in Table I and as expected they decrease with increasing
temperature as shown in Table I.

5. Validity of the EWF measurements
Although the linearity of the plots in Figs 6a and 8a
implies that EWF measurements reported in this work
relate to plane-stress fracture and therefore valid, it is
nonetheless interesting to examine the validity of the
measurements in terms of conditions imposed on the
length of the ligament region.

It has been proposed that for valid measurements of
plane-stress we, the ligament length has to satisfy the
following pre-requisites [e.g., 22]:

3B − 5B ≤ L ≤ min

(
W

3
, 2Rp

)
(12)

Figure 8 (a) Height of the plastic deformation zone versus ligament
length at different temperatures. (b) Plastic zone shape factor versus
temperature.

where 2Rp is the size of the plastic deformation zone
give by:

2Rp = Ewe

πσ 2
y

(13)

According to Equation 12, to maintain the state of pure
plane-stress in the ligament region, the smallest liga-
ment length value (Lmin) for EWF testing should be
greater than three to five times the specimen thickness.
For the case in which L < Lmin, the state of stress in
the ligament region becomes one of mixed mode (i.e.,
having both plane-stress and plane-strain characteris-
tics) in which case the linear relation between wf and
L may not be valid and the stress state become pure
plane strain as L approaches zero. Realising that in the
mixed-mode region we = we(L , B)—but that βwp is
invariant with L , Mai and Cotterell [1] proposed that
the plane-strain specific essential work of fracture (wIe)
can be obtained by linear extrapolation of wf in the
mixed-mode region (region B in Fig. 9a) to a ligament
length of zero. Saleemi and Nairn [2] later developed
a modified methodology in which they determined that
we(L , B) = (wf − βwp L) and plotted it against liga-
ment length. This gave a straight line that on extrapolat-
ing to L = 0 yielded the plane-strain specific essential
work of fracture, we(0, B) = wI e.

According to the pre-requisite Lmin = 3B − 5B, for
thickness value of 0.21 mm, the length of the ligament
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Figure 9 (a) Schematics representation of net-section stress and specific
work of fracture versus ligament length. (b) Net-section stress versus
ligament length at different temperatures.

region should be greater than 1.05 mm to ensure plane-
stress fracture, which of-course has been through out
this study.

Another indication of the type of stress state in the
ligament region is the way in which net-section stress
(σn) at maximum load varies with ligament length. Ac-
cording to analysis by Hill [23], in the plane-stress re-
gion, σn becomes independent of ligament length and
for DENT type specimens attains a value of 1.15σy ,
where σy is the uniaxial tensile yield stress of the ma-
terial. In the mixed mode region however, σn increases
with shortening of the ligament length region as plas-
tic constraint effect rises. As shown schematically in
Fig. 9a, this increase in σn often leads to a decrease in
the wf value.

The effect of ligament length on σn at all four tem-
peratures is shown in Fig. 9b where it can be seen that
σn decreases with increasing L . Although it is difficult
to locate precisely at what ligament length stress-state
transition occurs, tentatively it seems that this transi-
tion occurs at a ligament length value of ≈6–8 mm, in
which case, L/B ratio at transition point is ≈35 and
not 3 to 5, as recommended. However, bearing in mind
that w f -L and h-L plots were reasonably linear even
for ligament lengths less than 6 mm, the observed vari-
ation in σn with L may well be due to factors other than
the transition in stress-state. Moreover, given that val-
ues of σn are consistently lower than the 1.15σy (shown

as broken line in Fig. 9b), the likelihood of plane-stress
failure outweighs that of the mixed mode type failure.
If failure of specimens was indeed under mixed mode
conditions, then the implications are that either the re-
quirements 3B-5B is not sufficient to guarantee plane-
stress conditions or that increases in constraint factor
were small enough not to affect the plots.

As for the condition L ≤ min(W/3, 2Rp), this is pre-
scribed for two reasons. Firstly, to ensure that the size
of the OPDZ is not disturbed by the edge effect; hence
the pre-requisite L ≤ W/3. Secondly, to ensure that
complete yielding of the ligament region occurs be-
fore crack growth thereby the proportionality of Wp

and L2 is maintained; hence, the pre-requisite L ≤ 2Rp.
The plastic zone size values, 2Rp, calculated using
Equation 13 are given in Table I. It can be seen that
2Rp is greater than W/3(≈11.67 mm) at all test temper-
atures and therefore the upper threshold value for L is
determined by the length W/3. However, pre-requisite
L ≤ W/3 plays no significant role in this study as plots
of wf versus L and h versus L , remained linear for all
values of L tested here.

6. Crack opening displacement (COD)
Estimation of we via COD has received a considerable
attention by several investigators [e.g., 5, 10, 12, 14,
20, 22]. This estimation has been derived from a simple
relationship

we = λσyCOD (14)

where σy is the tensile yield stress and λ is a constant.
Although Equation 14 has been used with some success,
in its application, values of λ ranging from 1.15 to 0.67
have been used where λ = 1.15 takes into account notch
constraint effect (i.e., λσy = σn) and λ = 0.67 assumes
a parabolic shape for the load-displacement curves.

The crack opening displacement can be obtained by
plotting the extension at break, eb, versus ligament
length. It has been shown [e.g., 5, 10, 12, 14, 20, 22]
that variation of eb with L conforms to a straight-line
relationship of the form:

eb = eo + ep L (15)

where eo is the intercept value of eb at zero ligament
length representing the COD of the advancing crack tip
and ep is the plastic contribution to extension.

Fig. 10a shows the variation of eb with ligament
length as a function of temperature. It can be seen that
eb increases linearly with ligament length at all tem-
peratures. The intercept values at zero ligament length,
eo, are plotted as a function of temperature in Fig. 10b,
where it can be seen that it increases with increasing
temperature. A similar observation can be made for ep

(see Table I).
Table I gives estimated values of we for λ = 1.15,

0.67 and 0.77, where the latter takes into account notch
constraint effect as well assuming a parabolic shape
load-displacement curves. It can be seen that by and
large λ = 0.67 and 0.77 provide a reasonable estima-
tion of we. This suggests that there is competition
between yield stress and crack opening displacement
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Figure 10 (a) Extension to break versus ligament length at different
temperature. (b) Crack opening displacement versus temperature.

values, which determines we, and its dependence on the
temperature.

7. Conclusions
The effect of temperature on plane-stress ductile frac-
ture behaviour of an amorphous polyethylene tereph-
thalate film of thickness 0.210 mm was studied by the
essential work of fracture method using double edge
notched specimens.

Results indicated that the specific essential work of
fracture, we, is independent of temperature between
23◦C and 70◦C. It was found that when wf is parti-
tioned into yielding and necking/tearing components, a
linear relationship is obtained for each component with
respect to ligament length. The specific essential frac-
ture works for yielding (wey) and for necking/tearing
(went ) were found temperature dependent, the latter in-
creased and whereas the former decreased with increas-
ing temperature over the entire temperature range under
consideration. Moreover, it was found that the contri-
bution made to we by went was substantially greater
that made by wey .

The specific non-essential work of fracture, βwp,
and its components linked to yielding (βywpy) and
necking/tearing (βntwpnt ) were temperature dependent.
Results showed that βntwpnt is much greater than
βywpy . This suggested that the plastic zone develop-
ment in PET is linked mostly to the necking/tearing
processes. A linear relationship was also obtained be-
tween the height of the plastic deformation zone (h) and
ligament length below Tg. The plastic zone shape factor
(β) increased with temperature whilst the plastic work
done per unit volume (wp) decreased. Analysis further
demonstrated that there is competition between values
of the crack opening displacement and yield stress,
which determines the we value and its variation with
respect to temperature.
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