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ABSTRACT: The fracture toughness is key parameters to select polymeric films. The essential work of fracture (EWF) is a phenomeno-

logical but efficient way to characterize this resistance to fracture. One can gain valuable information on the resistance to perforation

and propagation of flaws. A new technique was developed to better understanding the EWF experiments. A tensile test combined to

photoelasticimetry allows following in situ the geometry and amount of plastic deformation on double edge notched specimen. The

EWF parameters are determined when the plastic deformation appears constant, so when the fracture energy Wf only contributes

to rupture filament. This new methodology requires just a single sample, whereas at least five specimens are required for

general method. It will help characterize expensive polymeric films or reveal the heterogeneous behavior, for instance after polymer

ageing. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42854.
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INTRODUCTION

Polymers are a part of everyday life as they are used in a wide

variety of applications. Their fracture toughness is often a key

parameter when used as films or membranes, where a small

flaw may result in the loss of these key properties. This is espe-

cially the case in food packaging, or any of the numerous appli-

cations where the polymer is used as a barrier. The perforation

and the tearing of the film, consisting of several layers of poly-

mers, lead to the loss of barrier properties – gas and water

vapor – and therefore the protection of the food.

Damage phenomena result either from design or construction

error (assembly, manufacture, transportation . . .) or ageing of

the polymer. The tensile strength of materials is commonly

used as a parameter to estimate their resistance to tearing.

In the literature related to fracture mechanics, more distinctive

methods of analysis are proposed. In the case of thin films, the

essential work of fracture (EWF) method is usually preferred.1–7

This technique presents a straightforward specimen’s prepara-

tion and easy testing procedure. It furnishes meaningful results

on parameters otherwise difficult to obtain. EWF method ena-

bles to determine both the energy used to propagate a crack

(specific essential work of fracture we) and that dissipated in a

plastic deformation process (bwp).

Various authors brought to light relationships between the

physico-chemical properties of the polymeric film and the

mechanical properties from the EWF method. For instance,

Garnier et al.8 and Vu et al.9 showed the influence of the crys-

tallinity of PET on we. Moukheiber et al.10 studied the influence

of the chain length and ionic exchange capacity (IEC) of

Nafion-like structures on EWF parameters for membranes used

in fuel cells. Barany et al.11 and several other7,12 tested the

resistance to tearing of polymeric films after hydrothermal aging

(100%HR, 608C). Barany showed it induces spectacular changes

in PET: the essential work of fracture we is divided by 12, while

bwp dropped by a ratio of 0.3. This series of experiments mean

that the perforation becomes much easier after aging. This will

jeopardize the final product. In comparison, more conventional

mechanical properties such as Young’s modulus or even elonga-

tion at break failed to reveal the changes within the polymer

induced by aging. The strong discrepancy between the experi-

mental results also means that the tensile tests are not appropri-

ate to probe this kind of damage.

Unfortunately, the EWF method requires the use of at least five

samples of the same kind in order to vary the initial length of

the filament. Getting a homogeneous series of samples is often

not compatible with the study of polymer aging. This is expen-

sive, time consuming, and most of all strong heterogeneities
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may result from the aging step. We propose here a new tech-

nique from which the same amount of information may be

obtained with a single sample. The latter method was first

obtained by coupling of photoelasticimetry and tensile test on

notched specimen. The photoelasticimetry was employed to

observe, by birefringence, the rupture propagation and the area

altered by the stress at every moment of the test. Various

authors have already used the photoelasticimetry to observe

their samples without linking their comments directly to the

EWF parameters.10,13,14 To implement this method, the used

polymer film has to be transparent, birefringent under mechani-

cal stress, thin, and ductile to meet different criteria for apply-

ing EWF method. The Polyethylene (PE) seems to be a good

candidate and has already been the subject of many

studies.2,4,14–21

EXPERIMENTAL

Material

The base film is a Low Density Polyethylene (LDPE) film of

40 lm in thickness. This is a semi-crystalline polymer with

about 34 wt % crystallinity as measured by DSC.

Tensile Test

Tensile tests were performed on standard dumb-bell shape

specimens with a 12 mm gauge length L0 and 2 mm width

(ISO527 sample-test B2) at room temperature ((23 6 1)8C) on

an ADAMEL Lhomargy tensile machine (100 N) with a cross-

head speed of 5 mm min21.

Tensile tests were carried out in two loading directions: in

machine (MD) and transverse (TD) directions. For each direc-

tion, five specimens were tested.

The data were plotted in a true stress rH versus true strain eH,

which were obtained assuming a constant volume of the speci-

mens during deformation:22

rH 5
F

S0

11
DL

L0

� �
(1)

eH 5ln 11
DL

L0

� �
(2)

with F the Load (N), S0 the initial surface (m2) on which the

force is applied and DL is elongation (m).

Essential Work of Fracture

The Double-Edge Notched Tension (DENT) method was first

developed by Broberg23–25 for characterizing fracture resistance.

It was then extended by Cotterell and Reddel26 to the current

concept of essential work of fracture to metal sheets, before

extending to polymers.5

The fundamental concept of the EWF method is based on the

energy partition, which separates the total fracture energy into

two components:

Wf 5We1Wp (3)

We, the essential work of fracture (J), represents the energy dis-

sipated in the inner fracture process zone (IFPZ), where the

tearing process occurs. We can be interpreted as the work

required to create two new surfaces. This work is used initially

to form a necking at the crack-tip and then to tear this necking.

Wp, the non-essential work of fracture (J), represents the energy

dissipated in the outer plastic deformation zone (OPDZ), where

the plastic deformation and heat dissipative process occur.

The essential work of fracture We is proportional to the liga-

ment length L and the non-essential work of fracture Wp is

dimensionally proportional to a surface L2 as represented in the

following equation:

Wf 5weLt1bwptL2 (4)

with we the specific essential work of fracture (kJ m22), wp the

specific non-essential work of fracture (MJ m23), L the ligament

length (m), t the thickness of sample (m), and b a shape factor

related to the shape of the plastic zone.

By referring all terms to the unit surface, the following equation

is obtained:

wf 5
Wf

Lt
5we1bwpL (5)

with wf specific work of fracture (kJ m22).

According to this equation, a linear relationship is founded

between L and wf. we can be obtained by extrapolating wf versus

L line to L50, considered as fracture toughness, and bwp can be

obtained from the slope of the curve. wf versus L curve is carry

out by conducting DENT tests for different ligament lengths.

This test is to be performed in plane-stress conditions. The liga-

ment length L must thus be larger than 3–5 times the sample’s

thickness and smaller than the third of its width. In this condi-

tion, the plastic deformation occurs within the ligament section

and the edge effects are attenuated. For plane stress conditions,

two other requirements should be met1,5,27: full ligament yield-

ing prior to crack initiation and self-similar load-displacement

curves.

For the measurement, DENT specimens used in the present

study were cut from rectangular shape (length: 50 mm and

width: 25 mm) in the Machine Direction (MD) and Transverse

Direction (TD), Figure 1. The length of the ligament L, ranging

from 2 to 8 mm, was measured precisely using an optical

microscope MICRO.VU VERTEX. The specimens were loaded

on an ADAMEL Lhomargy tensile machine (100 N) at a cross-

head speed of 5 mm min21.

Photoelasticimetry

Photoelasticimetry is a technique based on the optical birefrin-

gence induced by the application of a stress. The material, opti-

cally isotropic at rest (optical index n0), becomes anisotropic

when is subjected to mechanical loading. This phenomenon was

first reported by Brewster in the 19th century. The change in

indices was thoroughly linked to the main strains by Maxwell

and Neumann.28

Photoelasticimetry bench consist of a circular polariscope. This

polariscope includes a light source (white), a polarizer, and an

analyzer (that is crossed with respect to the polarizer), two

quarter-wave-plates inserted between polaroids. These quarter-

wave-plates positioned at 908 to each other and their optical

axes are at 458 to those of the analyzer and polarizer. They allow
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to get rid of the isoclines and to observe shamelessly isochro-

matics. A camera was used to record (one photography per sec-

ond) the birefringence development of the DENT and dumb

bell shape specimens, crack propagation and the size of the

plastic zone. At analyzer output, the intensity of light conforms

to the following equation:28

I5Asin2 pCd

k
r1–r2ð Þ

� �
(6)

with I the Intensity, A a constant, C the stress optical coefficient

(Brewster, 1Br 5 10212 m2 N21), k the wavelength (cm21), and

d the sample thickness (m).

Under white light, each color (k) extinguishes at a different

value of (r1 – r2) and is then observed complementary color

fringes in sample:

I50 sin2 pCd

k
r1–r2ð Þ

� �
50

Cd

k
r1–r2ð Þ5N

(7)

with N the order of fringe. The Michel Levy Color Chart allows

a fairly objective assessment of the observed color and of the

corresponding optical delay (d5Nk).29

RESULTS AND DISCUSSION

Optical Stress Coefficient

Prior to EWF test, tensile tests were performed on the PE in

order to determine the stress optical coefficient C. A high value

of C helps the observation of birefringence on the sample. The

tensile curves (true stress versus true strain) are presented in

Figure 2 for both directions, MD and TD. The slight anisotropy

of PE is visible.

In photoelasticimetry, the isochrones order is the most reliable

way to first identify the main constraints. For each color an

optical delay d5Nk is associated to a change of one order. In

addition, eq. (7) in tensile test simply becomes:

C5
d

d0r1

(8)

The coefficient C then determined by knowing that for each

color r1 matches an optical delay d. The optical stress coeffi-

cients in both directions (TD and MD) are sufficient to

observe photoelasticimetry in PE even at low stresses. The

optical delay for transition order 1 to order 2 was chosen

(from purple to violet). The correlation between image analy-

sis and rH – eH curve furnished r1 and C. The stress optical

coefficients in TD and MD direction are respectively

(1093 6 29) Br in TD direction and (916 6 45) Br in MD

direction, after thickness correction (constant volume). These

values are in agreement with the ones proposed in the litera-

ture for PE by Koyama et al. (1300 Br).30 Other authors eval-

uated the same coefficient to be in the range 1200–2200

Br.30,31

Classic EWF Method

Figure 3 displays the load-displacement curve of DENT speci-

mens with various ligament lengths in both directions (MD

and TD). The maximum load and extension at rupture

increased as expected with ligament’s length. A similar shape

Figure 1. (a) Definition of MD and TD direction and (b) DENT geometry showing the process (IFPZ) and the plastic zone (OPDZ).

Figure 2. Typical true stress–true strain curves of PE samples under tensile

test in MD and TD directions with photoelastic observation at r1. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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of load-displacement curve was observed for all measured

lengths for each direction. This is typical for good EWF

conditions.

Figure 4 presents the load-displacement curve superposed with

the ligament length, as measured by image analysis during the

DENT test versus displacement for the PE with 7 mm initial lig-

ament length in MD direction. The same curves for the PE

with 7 mm initial ligament length in TD direction are plotted

in Figure 5.

In both directions (MD and TD), the crack propagation, as

revealed by image analysis, takes place slightly before the poly-

mer yields. In other words, the ligament is not in complete

yielding before the propagation. The last criterion for properly

applying the EWF method is not met.

Many experimental studies using the EWF concepts1,10,32,33

were however performed on polymeric systems in the same

conditions, as noticed by Barany et al.1 It seems actually rea-

sonable to assume that the similarity in load-displacement

curves and plane-stress conditions are the only real prerequi-

sites to the appropriate application of the EWF method.

This was further validated in Figure 6 that depicts the essential

work of fracture as a function of the ligament length for PE in

both notch directions (MD and TD). A linear correlation is evi-

denced, as theoretically expected. Very large R2 coefficients

(0.997 and 0.986 in MD and TD, respectively) are found, even

with a large range of initial length. Williams and Rink proposed

that this value should be above 0.98 for EWF analysis.34

we and bwp are summarized in Table I. Casellas et al.21 studied

a similar LDPE in similar conditions. Their results, reported in

Figure 6, are in very good agreement with our data in the TD

direction. The authors did however not present the anisotropy

of their materials in their publication.

In Figure 6, a small anisotropy of the polymer in tensile test

was observed, Table I. The difference between MD and TD is

significantly more noticeable in the values of the specific essen-

tial work of fracture we and the non-essential work of fracture

bwp. The TD-notch (crack propagates in TD direction)

appeared tougher than the MD-notch. These results are likely to

result from the polymeric chains, preferentially oriented in MD

direction as show in Figure 1(a). The covalent bounds in the

Figure 3. Load-displacement curves of DENT specimens of PE (a) in MD direction, (b) in TD direction.

Figure 4. Load-displacement curve and propagation of fracture of ligament length L57 mm in MD direction with (a–f) the different stages of plastic

zone development/crack propagation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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polymer chains prevent the initiation and propagation of the

defects. This observation is in agreement with that of Lee et al.

on polyethylene film of 30 lm in thickness.14

New EWF Method: With One Sample

In eq. (4), L is the initial length of the ligament and Wf is the

total energy required to break the entire ligament length L. As

the physical model for the J analysis of the tearing of ductile

polymers, it was assumed that the crack propagation was inde-

pendent of the crack growth history.35 Consequently we can

consider that this length L may also be viewed as a continuous

sum of small ligaments l, which can break gradually and inde-

pendently from each others. It is possible to substitute in the

previous equation the total ligament length L by l, the change

in ligament length at some time s. As a result, Wf depends on

the length l, noted Wf[l], and corresponds to the energy neces-

sary to break the length left on the ligament l:

Wf lð Þ5welt1l2tbwp (9)

Figure 6. Relationship between the specific work of fracture and the liga-

ment length under EWF test.

Table I. Calculated EWF Parameters

we

(kJ m22)
bwp

(MJ m23)

MD 27 6 2 13.4 6 0.4

TD 15 6 3 7.8 6 0.5

Figure 5. Load-displacement curve and propagation of fracture of ligament length L57 mm in TD direction with (a–f) the different stages of plastic

zone development/crack propagation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Definition of the different ligament lengths during the test.
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In this equation, it is possible to distinguish the elastic and plastic

energy generated with the increase of the ligament length l.

A careful image analysis was used to determine accurately the

length of the remaining ligament lr as a function of time s
(and thus for a given displacement). Knowing the initial

length L of the ligament, the length of the broken ligament is

defined by:

l5L–lr (10)

Figure 7 summarizes the different lengths of the ligament dur-

ing the test.

The energy Wf[l] is determined using the raw load-displacement

curve. The energy required to break a length ln is given by the

integration of the raw data up to a crosshead displacement dn.

Wf[ln] indeed corresponds to the area under the load-

displacement curve to the point of coordinates (Fn; dn). The

next displacement Dd of the crosshead causes a rupture Dl of

ligament and the corresponding energy is Wf[Dl], Figure 8(a).

The energy to break ln1m5 Dl 1ln becomes:

Wf ln1mð Þ5Wf lnð Þ1Wf Dlð Þ (11)

This is resumed until complete rupture of the ligament. With

this stepwise method, one can directly measure, with a single

run, the energy Wf[l] required to gradually break the ligament,

as a function of the amount of ruptured film. This incremental

approach is summarized in Figure 8. As explained previously

with the eq. (9) this fracture energy Wf can be elastic and

plastic.

Wf[l] curve has a parabolic shape, as expected with eq. (9). On

Wf[L] curve, Figure 9, three regimes are identified:

1. Plain stress/strain transition;

2. Plane stress uncontained yield;

3. Plane stress contained yield.

we and wp should be measured in pure plane stress state inde-

pendently from the energy used to yielding the film. This may

be easily identified in the Wf[l]–l curve, Figure 8(b), to obtain

we and wp with the new method.

Measurements of the Shape Factor. The shape factor b is

linked to the OPDZ geometry. The OPDZ is sometimes observ-

able in post-mortem samples.1,11,36 Martinez et al. exhibit in

their work the shape factor by using the relation between h

(plastic zone height) and l for different possibilities for the plas-

tic zone shape,37 Figure 10.

In the present work with PE, the plastic area is not visible on post-

mortem samples. In contrast, photoelasticimetry characterization

may be advantageously used to dynamically and accurately mea-

sure the OPDZ and determine its shape factor. Photoelastic obser-

vations of OPDZ in TD and MD directions are given respectively

in Figure 11. The selected areas correspond to frontier between

areas where the stress is above and below the yield stress of the

polymer as determine by tensile tests.

For the test in MD direction, the determination of the shape

factor is possible by a straightforward identification of h and l

parameters. On the other hand, for the test in TD direction,

estimating the value of h is more difficult. In addition, the

shape of OPDZ changes with time with both kinds of sample.

The determination of the actual OPDZ area was thus preferred.

The limit of the measurement of OPDZ area is considered as

the transition of order 1 to order 2 (d 5 575 3 1029 m). Mac-

roscopically it is characterized by a transition from purple to

Figure 8. (a) Load-displacement curve of DENT specimen with L57 mm in MD direction and (b) Energy Wf required to gradually break the ligament l.

Figure 9. Schematic variation of the specific work fracture with ligament

length.
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violet from Michel Levy Color Chart. This method was pre-

ferred because it seemed not subjective. In addition, the true

stress rH to d5575 3 1029 m was found equal to 14.50 MPa,

very close to the true stress at the yield of 14.1 6 0.5 MPa in

TD direction, Figure 2. The transition purple to violet can thus

be used to designate the limit for OPDZ.

These measurements were performed for each direction and lig-

ament length thanks to a meticulous image analysis. The results

in Figure 12 reveal that the OPDZ area initially increases with

the rupture of the ligament. This expected behavior indicates

that the ductile films accommodate the stress localization to

prevent rupture in the DENT sample. On the sample with ini-

tially 7 mm of filament, a plateau is reached where the amount

of plastic deformation is somewhat constant after about 3 mm

of filament rupture. At the end of the test, the measured

amount of OPDZ decreases. These observations are in good

agreement with the results from Lee et al.,14 who performed

similar measurements on PE films with 30 lm in thickness.

From these observations, it was possible to assume that when

the OPDZ area appeared constant, the sole contribution of Wf

was a specific energy to break the filament. This is thus directly

associated to We.

Identification of EWF Parameters. Quite interestingly, the

curve Wf[l] presents a linear behavior in the constant OPDZ

area regime, Figure 13. Following the method commonly used

for EWF tests, the intersection of the straight line Wf[l] (in

OPDZ area constant) with the y-axis is defined as the fracture

energy We in Figure 13. The specific fracture energy we is then

deduced by dividing We by the total surface broken (tL).

The bwp parameter may be determined using eq. (12), directly

derived from the eq. (5):

bwp5
wf –we

L
(12)

Figure 14 presents the extracted EWF parameters obtained with

our samples for MD and TD directions. we and bwp values were

Figure 10. OPDZ geometry and relationship with the parameter.

Figure 11. Photoelastic observation of crack propagation and OPDZ (a)

in TD direction and (b) in MD direction. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. OPDZ areas of DENT PE versus rupture filament length l with

L57 mm and 5 mm in MD and TD directions.

Figure 13. Determination of the plane stress state contained yield on

Wf[l]–l curve with the constant OPDZ area.
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plotted both from conventional EWF tests and from the method

described in the present work. In the latter case, we was aver-

aged for all ligament lengths. As a result, the error bars for we

are rather large, especially in MD direction.

To try and understand where this scatter came from, the we val-

ues were plotted individually as a function of the ligaments

length in Figure 15. The values of we very close to the ones

obtained with the regular EWF test for short filament gradually

deviate for longer values, and especially for L57 mm.

This result demonstrates that the length of the ligament must

be chosen sufficiently small as compared to the total width of

the sample. This hypothesis was already made in the EWF tests

in order to contain the plastic deformation at the section of the

ligament. It is usually accepted that the length of the filament

should not exceed one-third of the sample’s width.1 Although

this requirement mathematically fulfilled with our sample with

ligaments of 7 mm and 8 mm the current measurements clearly

show that the plastic surface may be extended outside of the lig-

ament, which causes an over-estimation of we. In other words,

the geometrical requirements on the EWF methods should be

reinforced with our systems.

Defining the size of the plastic zone as 2rp (this definition was

also classically applied for numerous polymer films, as for

example polyethylene,20 another upper limit for the length of

the ligament for the proper application of the EWF method

should be verified. The value of 2rp is given by the following

equation:6,20

2rp5
1

p
Ewe

ry
2

(13)

with E the Young’s Modulus (Pa). E was measured with the ten-

sile test showed above, and was close to 160 MPa for the MD

direction. Following eq. (13), 2rp would become 7.3 mm. With

the uncertainty on we and other parameters, the ligament length

7 mm can be considered out of validity range, Figure 15. The

parameters we and bwp determined by disregarding the 7 mm

and 8 mm ligaments length are in good agreement with the

ones derived from the regular EWF method, Figure 14.

CONCLUSIONS

A new technique was developed to better understanding the

EWF experiments. It revealed a narrow window in ligament

length were the method may be applied rigorously, i.e. following

the mechanical hypotheses. Experimentally, the estimation of we

and bwp parameters remains satisfactory in a much broader

range of filament length. It suggests that the initial hypotheses

for the Cotterell test may be too demanding. The coupled meas-

urements proposed in this study permitted to determine we and

bwp with a single sample. The only limitation of this new

method is that its rigorous application requires a material that

becomes birefringent under constrains. A tensile test coupled to

photoelasticimetry may first be used to determine the stress

optical coefficient of the materials. The choice of the right liga-

ment length L is essential to obtain reliable results. It must be

in the validity range of 5t< L< (2rp, W/3). The coupled meas-

urements showed that one should preferentially use a ligament

length as far from these limits as possible. If L is close to 5t,

OPDZ area is small and difficult to observe accurately. In con-

trast, if L is close to W/3, we may be overestimated. L55 mm

seems to be a good compromise in our case. The series of meas-

urements shed some new light on the EWF testing method and

will now be very useful to determine the resistance to crack

propagation with very little amount of material. We believe it

Figure 14. Comparison of EWF parameters calculated between the two methods.

Figure 15. Specific essential work of fracture of DENT specimen in MD

direction for different ligaments length.
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will be especially helpful for expensive or hard to process poly-

meric films or to characterize the heterogeneous behavior of

films, for instance after ageing.
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