
Molecular dependence of the essential and non-essential work of fracture
of amorphous films of poly(ethylene-2,6-naphthalate) (PEN)

J. Karger-Kocsisa,* , E.J. Moskalab

aInstitut für Verbundwerkstoffe GmbH, Universita¨t Kaiserslautern, Erwin-Schro¨dinger-Strasse, P.O. Box 3049, D-67653 Kaiserslautern, Germany
bEastman Chemical Co., Research Laboratories, P.O. Box 1972, Kingsport, TN 37662-5150, USA

Received 12 July 1999; received in revised form 8 November 1999; accepted 22 November 1999

Abstract

Plane stress fracture toughness of amorphous films of poly(ethylene-2,6-naphthalate) (PEN) with various molecular weights (MW;
characterized by the intrinsic viscosity, IV) was determined by the essential work of fracture (EWF) concept using tensile-loaded deeply
double-edge notched (DDEN-T) specimens. These PENs met the basic requirement of the EWF concept: full ligament yielding, which was
marked by a load drop in the force–displacement curves of the DDEN-T specimens, preceded the crack growth. This “load mark” allowed us
to partition between yielding and necking. The yielding-related EWF terms were not affected by the MW of the resins and thus served for the
comparison of the results. It is argued that the EWF response is governed by the entanglement network density. The role of entanglements
was substantiated by showing that the “plastic” zone developed via cold drawing and not by true plastic deformation. On the other hand, MW
influenced the necking related EWF terms. High MW PENs failed by stable crack growth, whereas low MW resins experienced unstable
crack growth (more exactly a transition from stable to unstable crack growth) in the necking phase. This was traced to the load distribution
capacity of the long entangled chains. Attempts were also made to estimate the essential and non-essential work of fracture parameters and
their constituents from uniaxial tensile tests performed on dumbbells.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The essential work of fracture (EWF) theory, credited to
Broberg [1,2] and recently reviewed by Mai et al. [3] is a
suitable technique to assess the toughness of ductile poly-
mers, and especially films in which plane stress conditions
prevail [4–7]. The EWF concept constitutes a difference
between the essential work required to fracture the polymer
in its process zone (We) and the non-essential or plastic work
consumed by various deformation mechanisms in the plastic
zone (Wp). The total work of fracture (Wf) is composed of
the two above terms:

Wf �We 1 Wp �1�

Taking into consideration thatWe is surface-related,
whereasWp is volume-related,Wf can be given by the
related specific work terms (i.e.we andwp, respectively):

Wf � welt 1 bwpl2t �2�

wf � Wf

lt
� we 1 bwpl �3�

wherel is the ligament length,t the thickness of the speci-
men andb a shape factor related to the form of the plastic
zone. Based on Eq. (3) the specific essential work of fracture
(we) can be easily determined by reading the ordinate inter-
cept of the linear plotwf vs l. It was recently shown that the
amorphous copolyesters are likely the best model
substances when adopting the EWF method [7–9]. This
was argued by the easy yielding (which occurs via shear
banding and shear yielding [7,10]) of amorphous copoly-
esters where the specimen ligament is fully yielded prior to
crack growth [7–9,11]. Note that this behavior is still very
seldom observed in the present EWF literature [6,12]. On
the contrary, this is a must if the morphological or molecular
dependence of the EWF parameters is targeted. This beha-
vior allows us to make a clear distinction between the effects
of the initial (preyielding) and loading-induced structural
changes (postyielding).

The molecular and morphological dependence of the
fracture mechanical parameters is currently of great interest
[13,14]. Some preliminary results, achieved on amorphous
copolyesters, suggest that it is not the molecular weight
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(MW), but the MW between the entanglements (Me) or
entanglement density that governs the yielding-related
specific essential work of fracture�we;y� [9,11]. The latter
parameter was believed to agree with the plane strain value
we;I ; where I stands for mode I type crack tip opening [8].
The dependence of fracture-related mechanical parameters
on molecular entanglements is in concert with some predic-
tions deduced for amorphous glassy polymers undergoing
crazing during fracture [15,16]. Apart from the entangle-
ment density, the MW of the polymer is also believed to
be a critical parameter [17].

The objective of this work is to determine the EWF para-
meters of films of amorphous poly(ethylene-2,6-naphtha-
late) (PEN). This material was selected because it shows
full ligament yielding prior to crack growth and thus
meets the aforementioned application requirements of the
EWF, and its fracture behavior is very sensitive to changes
in the MW. The main aim of this study was to establish
which EWF parameters, if any, depend on the entanglement
network and MW characteristics.

2. Experimental

2.1. Materials

Films with a thickness of ca. 0.5 mm (except of PEN-1 of
ca. 0.2 mm) were produced from homopolymer grades of
PEN with varying MW and supplied by the Eastman Chemi-
cal Company, Kingsport, TN, USA. The inherent viscosity
(IV) of the PENs was determined at 258C using solutions
containing 0.5 g of polymer per 100 ml of a 60/40 penta-
fluorophenol/trichlorobenzene mixture. IV ranged from
0.588 to 0.963 dl/g (see Table 1).

2.2. Tests

2.2.1. Material characterization
The thermal response of the PEN films was studied by

differential scanning calorimetry (DSC) and dynamic-
mechanical thermal analysis (DMTA). DSC traces were
recorded on a Mettler DSC 30 at heating and cooling rates
of 108C/min. DMTA spectra were taken in tensile mode on
an Eplexor 150 N Qualimeter (Gabo) using a frequency of
10 Hz and a heating rate of 58C/min. The static and oscillating
loads were set for 5 and̂2 N, respectively. DMTA tests were
terminated at ca. 2608C when the specimen, which crystallized
from the melt during the test, failed by thermal fracture.

2.2.2. Mechanical testing
The mechanical tests reported here were performed at

room temperature (RT) on a Zwick 1445 universal testing
machine using a crosshead speed of 1 mm/min. Tensile-
modulus (E), yield strength (s y), elongation at yield (e y),
necking strength (sn) and elongation at break (eb) were
determined (cf. Table 1) by using dumbbell specimens
(No. 3 according to DIN 53 455). The same dumbbell speci-
men was used to determine the specific plastic work (wp).

For the EWF study, double deeply edge-notched tensile
(DDEN-T) specimens with a width of 35 mm and overall
length of 100 mm (clamped length 70 mm) were selected.
The free ligament length (l) ranged froml � 5 to 20 mm. At
every ligament length, at least three specimens were inves-
tigated. Data reduction (cf.Eq. (3)) followed the recommen-
dations of the ESIS TC-4 group [18]. The specific work of
fracture (wf) and its yielding-related (wf,y) and necking-
related (wf,n) parts were determined as described in our
previous works [9,11]— see also Section 3.3.

The non-essential or plastic work (wp) was derived by two
methods: from tensile tests on dumbbells, and by assessing
the shape of the plastic zone using light microscopy and
infrared thermography (IRT, Hughes Thermovision, Port-
land, OR) [11]. For the uniaxial tensile testswp is given
directly by the ratio of the total fracture energy (calculated
from the area beneath the load–displacement curve) to the
necked volume of the dumbbell specimen. In the case of
light microscopy and IRT the shape parameter (b ) was
derived by inspecting the final plastic zone post-mortem
(light microscopy) or its development in situ (IRT). Viewing
of the plastic zone by light microscopy occurred on failed
DDEN-T specimens. In contrast, IRT was videotaped continu-
ously during loading. Since IRT was aimed at mapping the
relative temperature rise in the ligament region an arbitrarily
chosen emission factor (� 0.9) was chosen. For the direct and
indirect determinations of the plastic work the interested
reader is referred to our previous works [7–9,11].

3. Results and discussion

3.1. Thermal and thermomechanical behavior

In the DSC traces in Fig. 1, the glass transition step at
ca. 1188C, the cold crystallization peak ranging from 190 to
2208C, and the subsequent melting peak at ca. 2608C are
well resolved. Comparing the DSC traces of PENs of low
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Table 1
Basic molecular and mechanical characteristics of the amorphous PEN films studied. Note: the mechanical parameters are mean values of five parallel tests

Material Thickness (mm) IV (dl/g) E (GPa) s y (MPa) e y (%) sn (MPa) eb (%)

PEN-1 < 0.2 0.588 2.10 66.8 6.9 50 ,10
PEN-2 < 0.5 0.690 2.02 64.2 7.0 50 ,50
PEN-3 < 0.5 0.899 1.93 62.0 8.0 47 .100
PEN-4 < 0.5 0.963 1.90 61.0 9.0 46 .100



(no. 1) and high IV (no. 4), one can recognize that low IV
(and thus low MW) favors both the cold crystallization and
the crystallization from the melt. For PEN of high IV the
cold crystallization shifted toward higher temperatures, and
in addition, no melt crystallization could be observed during
cooling (cf. Fig. 1). In the DMTA traces showing the
complex E-modulus (Ep) and mechanical loss factor
(tand ) as a function of temperature (T) the Tg (stiffness
drop at ca. 1108C) and cold crystallization (stiffness increase
reaching a maximum at ca. 1858C) are well reflected (cf.
Fig. 2). The reason why the cold crystallization during the
DMTA test started earlier than in case of the DSC is due to
the applied tensile loading. Tensile loading contributes to
strain-induced crystallization in amorphous copolyesters
[19]. In the tand vsT trace three relaxation peaks appeared:
theTg, a shoulder at ca. 758C and a further secondary relaxa-
tion at ca.2708C. The shoulder can be assigned to the
relative motion of the naphthalene rings, whereas the peak

at 2708C to those of the carboxyl side groups according to
Cañadas et al. [20].

3.2. Validation of the EWF approach

Fig. 3 depicts the load–displacement (F–x) curves of
DDENT-T specimens at various ligaments for a PEN of
high IV (no. 3). It is very striking that theF–x curves at
different ligament length are similar to one another, so that
one of the basic requirement of the EWF theory is met. A
more important phenomenon with respect to theF–x curves
is related to a load drop, indicated by arrows in these traces,
that identifies where the yielding terminates and the onset of
necking takes place. At this point the entire ligament yields
instantaneously as shown by the related IRT frames (see
Fig. 4 picture B). The ligament yielding was followed by
the formation of the plastic zone (cf. Fig. 4, picture C).
According to the IRT frames, the temperature rises by 4–
58C due to the sudden yielding. The serial IRT pictures in
Fig. 4 mirror the temperature field in the ligament area. The
cursor points 1–5 on the IRT frames were positioned to
show the reference temperature (1), the temperature at
both notch regions (2 and 3), and that of the plastic and
process zones (4 and 5), respectively. The IRT frames
before final separation of the specimens hint for the devel-
opment a shallow, diamond-like plastic zone. This agreed
with the light microscopic observation (see Section 3.5).
This behavior resembles that of poly(ethylene terephthalate)
and related amorphous copolyesters [7–9,11].

The above scenario changed substantially for a PEN of
low MW (i.e. low IV). First, theF–x curves are no longer
similar to each other. Differences are apparent in the post-
yielding, necking stage, although yielding seems to preserve
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Fig. 1. DSC heating and cooling traces for PEN-1 and PEN-4.

Fig. 2. DMTA spectrum (Ep and tand vs T) of PEN-2 polymer.



the self-similarity (cf. Fig. 5). The difference in the necking
stage is attributed to crack instability, which occurred in the
low MW PEN. The fact that full ligament yielding still
precedes the necking accompanied with unstable crack
growth is well reflected by the related IRT frames in Fig.
6. Accordingly, the crack tips blunt initially (Fig. 6A). This
is followed by the full ligament yielding (Fig. 6B) marked
by the load drop (cf. relatedF–x curve in Fig. 5). After-
wards, the DDEN-T specimen broke in a brittle manner with
little or without necking—cf. Fig. 6C.

For the validity of the EWF approach the ligament range
and specimen-related constraint effects should be consid-
ered. The usual size criteria of the EWF tests are as follows
[3,18 and references therein]:

�3 2 5�t # l #
B
3

or 2rp

� �
�4�

whereB is the width of the specimen (35 mm) and 2rp is the
size of the plastic zone:

2rp � 1
p

Ewe

s 2
y

�5�

The ligament of our test specimens were always beyond
the lower threshold (ca. 1.5 mm in this case). On the
contrary, it was claimed in several works that the upper
threshold criteria are much too conservative [8,9]. The plastic
zone calculated by inserting the following mechanical data:
E � 2:0 GPa; we � 45 kJ=m2 and sy � 60 MPa (see in
Tables 1 and 2), yielded 2rp < 8 mm: This size is even
smaller than the alternative width criterion�B=3 < 12 mm�:
Both of them are, however, far below that actual ligament
where still the self-similarity of theF–x curves could be
observed (ca. 20 mm). Note that the above values are related
to PENs of high MW. The criterion in Eq. (5) can hardly be
adopted for the PENs of low MW as theirwe values are
strongly affected by the scatter caused by crack instability in
the necking phase (see Section 3.4). Therefore, the net section

stress (sN):

sN � Fmax

lt
�6�

whereFmaxis the maximum loadduring testingof the DDEN-T
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Fig. 3. Comparison of theF–x curves of DDEN-T specimens at different
ligament lengths�l < 5; < 10, < 15 and < 20 mm) for PEN-3 Note:this
figure also indicates the partition between yielding and necking.

Fig. 4. Serial IRT frames taken during loading of a DDEN-T specimen of
l < 10 mm of PEN-3 Note: the taking position of the IRT frames are shown
in the relatedF–x curve in Fig. 3.



specimens, was considered to be the limiting factor. Based on
the Hill-criterionsN # 1:15sy should hold for the DDEN-T
configuration [18,21].Fig. 7demonstrates thateven thiscondi-
tion was not met for all DDEN-T specimens of the PEN
samples tested. If thesy values were determined on dumbbells
having 4 mm width (type S3A according to DIN 53504)
instead of 10 mm (see the reported data in Table 1), all data
obeyed the Hill criterion. This suggests that the abovesN

validation should focus on the smallest allowed ligament
range. Nevertheless, the conclusion from Figs. 3, 5 and 7 is
that the fracture behavior of the PEN samples can only be
compared if the yielding-related terms are considered (see
Section 3.3)

3.3. Essential work of fracture

The appearance of theF–x curves of PENs allowed us to
partition between the specific work of fracture (wf) required
for yielding (wf,y) and that consumed by necking and frac-
ture (wf,n). As bothwf,y andwf,n are composed terms under
plane stress [9,11] Eq. (3) can be rewritten:

wf � wf ;y 1 wf ;n � we 1 bwpl �7�

wf ;y � we;y 1 b 0wp;yl �8�

wf ;n � we;n 1 b 00wp;nl �9�
Figs. 8 and 9 depict thewf, wf,y andwf,n vs l curves for the
DDENT specimens of PEN samples 4 and 2, respectively.
These specific work of fracture parameters were computed
from the related areas beneath theF–x curves (overall,
yielding and necking, respectively, cf. Figs. 3 and 5)
[9,11]. For the high MW PEN thewf, wf,y andwf,n vs l curves
showed the expected linear regressions with high correla-
tion coefficients (see Fig. 8 and Table 2). This finding is in
full agreement with similar results achieved on amorphous
copolyesters [9,11]. By contrast, the linear regressions are
less persuading for the PENs of low MW except the yielding

related term (cf. Fig. 9 and Table 2). This was expected
based on theF–x curves shown in Fig. 5 according to
which bothwf and wf,n should experience a large scatter.
Thewf,y vs l plot, on the contrary, exhibits a high correlation
coefficient (see Table 2). This substantiates our previous
prediction that for a material comparison the yielding-
related term is the only appropriate one. Fig. 9 shows
another peculiarity: thewf,n vs l fit suggests a negative
slope. It is obvious that this is due to the crack instability
in the necking phase as discussed above. In contrast, the
slope of the EWF approach can be zero but never negative.
The physical meaning of the zero slope is that the specimen
has ductile failure exactly in the process zone, i.e. without
the formation of a plastic zone. Note that this is more or less
the scenario with our PENs of low IV. As a consequence,
neitherwe nor we,n has any practical meaning in that case—
this is the reason why these values are indicated by a ques-
tion mark in Table 2. It should be mentioned here that the
appearance of a negative slope in thewf vs l indicates that
some prerequisites of the EWF approach are not satisfied
[3]. This is usually due to a ductile–brittle transition that
takes place during loading. Recall that this was the case
here, also. Mouzakis and Karger-Kocsis [22] recommended
recently a simple method to overcome this difficulty and to
deduce a validwe,I value irrespective of a ductile–brittle
transition.

The major finding with respect to the data in Table 2 is
that we,y is practically the same for all the PENs studied.
Therefore, one can assume that the yielding performance of
these PENs does not depend on the MW. Instead of MW we
have to consider a structural parameter which is constant
and, in addition, characterizes the amorphous glasses prop-
erly. Considering the fact that the entanglement density and
thus also theMe are constants above a threshold MW for a
given thermoplastic polymer, the EWF response is likely
controlled by the entanglement network. It was claimed
based on the results achieved on amorphous copolyesters
that we,y agrees withwe,I, i.e. with the plane strain essential
work of fracture [8]. Note thatwe,I is a material parameter
per se which is related to the inherent toughness.

A further challenge is to find an easy way to estimate this
material toughness parameter. Based on Fig. 7, it is obvious
that such a material parameter, if any, should depend ons y.
Hashemi [4,23] and Mai [24] have shown that:

we � syeCOD �10�
where eCOD is the critical crack opening displacement
(COD). Note that Eq. (10) was valid only for plane stress
conditions. Based on the above analogy the following equa-
tion can be formulated for plane strain:

we;I < we;y � syey;0 �11�
wheree y,0 is the DDENT specimen extension at full liga-
ment yielding. The physical meaning ofe y,0 is the critical
crack tip blunting which is completed at the instantaneous
yielding. Therefore,e y,0 is synonymous with the critical
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Fig. 5. Comparison of theF–x curves of DDEN-T specimens at different
ligament lengths�l < 5; < 10, < 15 and < 20 mm) for PEN-2 Note:this
figure also indicates for the partition between yielding and necking.



COD (i.e. at yielding). For DDEN-T specimens its value
can be determined by plotting the specimen extensions at
yielding as a function of the ligament (cf. Fig. 10). The
extension at yielding of a DDENT-T specimen of PEN-3

is demonstrated in Fig. 11. Here the loading of the specimen
was stopped just when the yielding occurred.e y,0 is given by
the linear extrapolation tol � 0 [4,23,24]. Thee y,0 values
determined by this technique (cf. Fig. 9) are in the range of
0.35–0.41 mm (see Table 3). Thewe,y values computed by
considering Eq. (11) produced data which agreed very well
with the experimental ones (cf. Table 3). The next logical
question is whether or not it is possible to estimate thee y,0

value from a load–displacement curve from a standardized
dumbbell specimen. This seems to be viable for amorphous
copolyesters and PEN systems where the failure starts by
highly localized shear banding [7,11]. The latter can some-
times be well observed (Fig. 12) and its width is determined
by suitable techniques. The underlying assumption is that
the width of the shear band agrees witheCOD, which has not
yet been demonstrated. Further investigations are also
needed to determine how thise y,0 could be read from the
s–e curve of the dumbbells undergoing shear banding.

3.4. Non-essential work of fracture

There are several options to determine the non-essential
work of fracture. The direct way is to relate the work done
on the plastically deformed volume of uniaxially loaded
tensile dumbbell specimens [18]. Recalling that the slope
of the plot ofwf vs l is equal tobwp; the shape parameter of
the plastic zone,b , can be determined. The advantage of
this method is that it can be used for all the PENs studied. Its
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Fig. 6. Serial IRT frames taken during loading of a DDEN-T specimen of
l < 20 mm of PEN-2 Note: the taking position of the IRT frames are shown
in the relatedF–x curve in Fig. 5.

Table 2
Specific essential work (we) and its contributing terms (we,y andwe,n) along
with their correlation coefficients (R2). Note: question marks denote unreli-
able data

Material we (kJ/m2) R2 we,y (kJ/m2) R2 we,n (kJ/m2) R2

PEN-1 61.1(?) 0.041 24.5 0.900 36.6(?) 0.245
PEN-2 67.5(?) 0.787 23.5 0.941 43.7(?) 0.212
PEN-3 43.0 0.989 22.3 0.992 20.7 0.960
PEN-4 42.2 0.977 22.4 0.980 19.8 0.970

Fig. 7.sN vs l curves of the DDEN-T specimens of all PENs tested Note:
the 1.15s y limit range is indicated by broken lines for PEN-1 and PEN-4.



primary disadvantage is that it relies on some uncertainty
associated with assessing the deformed volume.

The indirect way is to estimate the shape parameter,b , by
considering the form of the necked region. This can be done
by viewing the broken specimens in light microscopy (see
Section 3.5) or by evaluating the IRT heat maps taken
during loading of the DDEN-T specimens (cf. Figs. 4 and
6). It should be noted that light microscopy is more reliable
than the IRT, and therefore it was adopted here (Fig. 13).
The shape of the plastic zone was approximated by a shal-
low diamond-like form for, which

b � h
2l

�12�

holds, whereh is the overall height of the plastic zone (see
Fig. 13) [18,25]. It is obvious that the indirect techniques
cannot be used for PENs of low IV, i.e. for samples 1 and 2.
On the contrary, the indirect estimation is suitable for the
samples of high IV, i.e. No. 3 and 4. The plastic work related
terms are summarized in Table 4.wp is the subject of a great
scatter range. The scatter range was substantially reduced
when small width dumbbells were used. This also resulted
in an increase of the “direct”wp values which were always
below the “indirect” ones. This finding corroborates our
earlier observation made with respect to Fig. 7. The large
difference between the “direct” and “indirect”wp values
reflects uncertainties in the determination of the deformed
volume of the tensile-loaded dumbbells in the “direct” tests.

Nevertheless, based on Table 4 one can recognize that
MW affects the plastic work and its terms. This note is valid
also for theb 0wp,y term. Recall that for plane strain where
we;y < we;I ; b

0wp,y should be 0. By plottingb 0wp,y as a func-
tion of IV and extrapolating the linear relation tob 0wp;y � 0
an IV� 0.2 dl/g is the outcome (Fig. 14). This may approxi-
mate the threshold MW below which no plastic deformation
can take place. It is believed that this IV corresponds to
the actual MW, which is related to the onset of molecular

entanglement. This prediction requires, however, consider-
able experimental support.

The overall plastic work can likely be estimated bysneb

of the tensile experiments on dumbbells. This is based on
the fact that PEN dumbbells showed practically no work
hardening during the tensile test.

3.5. Failure mode

Remember that the temperature rise detected during load-
ing of the DDEN-T specimens was less than 58C, so that the
Tg of PEN (ca. 1108C) was not reached. If it is so, the
deformation of the glassy PEN polymer should have
occurred via cold drawing and not by true plastic deforma-
tion. There is a simple way to check the onset of cold draw-
ing. By keeping the broken DDEN-T specimens for a few
minutes just aboveTg, the plastic zone should disappear and
the original shape of the DDEN-T specimen half should be
restored when the deformation mode was cold drawing
[9,11]. This was the case, in fact, as Fig. 15 portrays. The
“shape memory” is further evidence that the initial entangle-
ment network structure was stretched but not disrupted
(except the fracture zone). The presence of a stretched
entanglement network guarantees the shape recovery
observed. In analogy with amorphous copolyesters [9,11]
it can be argued that the mean molecular weight (Me)
between entanglements is the same for the PENs studied.
This is corroborated by the IV values, which are higher than
the critical one predicted for the formation of the entangle-
ment (cf. Fig. 14). As a consequence, the high MW resins
can accommodate a substantially higher network deforma-
tion than the lower MW version before final fracture. This is
due to the longer molecules having more “entangling knots”
and thus being able to distribute and relieve the stress in a
larger volume element. It is obvious that the necking process
via cold drawing is frequency (time) dependent. So, one can
expect that the result of increasing deformation rate (which
corresponds to a test of higher frequency) for a high MW
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Fig. 8. Total specific work of fracture (wf) and its contributing terms (yield-
ing, wf,y and necking,wf,n) vs ligament length (l) for the DDEN-T specimens
of PEN-4.

Fig. 9. Total specific work of fracture (wf) and its contributing terms (yield-
ing, wf,y and necking, wf ;n� vs ligament length (l) for the DDEN-T speci-
mens of PEN-2.



resin should bring similar results as samples of low MW
resin tested at a lower deformation rate. Preliminary results
performed on PEN-3 in the range ofv� 1–100 mm=min
seems to confirm this expectation [26].

The broken halves of a DDEN-T specimen of a low MW
PEN is shown in Fig. 16. One can recognize a more confined
“plastic” zone compared to the high MW resins (cf. Fig. 15).
Furthermore, the fracture path of the specimen resembles
saw teeth, the appearance of which is a clear indication for
insufficient stress transfer via the entangled molecules of
shorter length. When the network deformability is
exhausted in a low MW PEN, then microcracking takes
place. The run of the microcracks, which are inclined to
the process zone near to 458, indicates that the network
deformation was shear-dominated. The effect of cold draw-
ing should be manifested in strain-induced crystallization
that was shown for amorphous copolyesters [19] and
found also for these PEN samples.

4. Conclusions

The plane stress ductile fracture behavior of amorphous
PEN films of varying molecular weights (MW) was studied
by the essential work of fracture (EWF) method using
deeply double-edge notched tensile (DDEN-T) specimens.
The MW of the PEN samples was characterized by the
intrinsic solution viscosity (IV). Based on this study the
following conclusions may be drawn:

1. The EWF works well for PENs because they undergo full
ligament yielding prior to the onset of crack growth.
Based on the indication of yielding in the load–displace-
ment curve, it was possible to partition between the
specific essential and non-essential parts of work of frac-
ture required for yielding (we,y and wp,y) and for subse-
quent necking (we,n andwp,n). MW did not influencewe,y,
which was suggested to be a real material parameter. It
was argued that the EWF response of PEN is governed by

J. Karger-Kocsis, E.J. Moskala / Polymer 41 (2000) 6301–63106308

Fig. 10. Plot of the specimen extension vs ligament length for the PENs
studied Note that the extrapolatede y,0 value is practically constant.

Fig. 11. Light microscopic picture taken on the yielded ligament of a
DDEN-T specimen of PEN-3 withl < 20 mm:

Table 3
Comparison of the experimental and calculated (Eq. (11))we,y data

Material we,y (kJ/m2)

Experimental Calculated

PEN-1 24.5 26.25
PEN-2 23.5 23.47
PEN-3 22.3 21.45
PEN-4 22.4 25.02

Fig. 12. Shear band formation in a dumbbell of PEN-3.

Fig. 13. Total height of the plastic zone (h) determined by light microscopy
as a function of the ligament length (l) for DDEN-T specimens of PEN-3
and PEN-4.



the entanglement network density. Thewe,y could be well
estimated by the terms ye y,0, wheres y is the yield stress
ande y,0 is the crack opening displacement at yielding.

2. MW affected the postyielding (necking) behavior. Neck-
ing occurred by cold drawing and not by true plastic
deformation. This was shown by the shape recovery of
the specimen for which a stretched but not disrupted
entanglement network was believed to be responsible.
The difference in the failure mode between low (unstable

crack growth) and high MW (stable crack growth) PEN
resins was traced to the load distribution capacity of the
longer entangled molecules. It was predicted that the
network deformation is frequency-dependent and a high
frequency test on a high MW resin should correspond to
the low frequency test on a low MW PEN.
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