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Abstract

Fracture toughness and deformation behaviour of ductile polymers were investigated
under various conditions and fracture modes. New methodologies to encourage the
fracture modes that are hard to be generated in the past have been developed.

The thesis proposes test methodology to evaluate the fracture toughness of highly
ductile polymers such as high-density polyethylene (HDPE). The first method is based on
essential work of fracture (EWF) concept to measure toughness in plane-strain condition,
which is about one order of magnitude smaller than the plane-stress counterpart. A new
work-partitioning principle was developed to generate thickness-independent EWF values.

The thesis also discusses deformation and fracture of polymers involving stable
necking. The study shows that crack growth of double-edge-notched tensile (DENT) test
on HDPE can be divided into 2 stages. The EWF values for each stage were determined.
The study concludes that the EWF value for stable necking varies with the deformation
behaviour.

Another new method developed is to evaluate the toughness of polymers in shear
fracture. The method was firstly applied to poly(acrylonitrile-butadiene-styrene) (ABS).
The measured shear fracture toughness was then compared with that in the tensile mode.
The results suggest that the ratio of shear to tensile fracture toughness is about 2.5.
Validity of the new shear test was further evaluated using HDPE. For HDPE, shear
fracture toughness could be determined by double extrapolation of specific work of

fracture to zero ligament length and zero ligament thickness.
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The last part of the thesis explores the yielding behaviour of HDPE using FEM.
The study shows that the traditional way to determine the yield stress is not appropriate
for the stable necking. Instead, an iterative process is proposed to determine the effective
yield stress, based on which the loading level and the deformation behaviour can be
simulated accurately. The simulation also considered anisotropic yielding in the stable
necking process, which was verified by the simulation of DENT test. The study showed
that anisotropic work-hardening occurred in the necking process. An empirical parameter,
shear stress ratio, was implemented in anisotropic yield function, which successfully

reproduced the load-displacement curves of DENT test in the FEM simulation.
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S1
S2
S3
S12
S23
Se
SAN
SEN

material constant in exponential stress function
exponent of strain rate in exponential stress function
Megapascal

work-hardening coefficient in Holomon equation
work-hardening exponent in exponential stress function
original ligament length of DENT specimen

rapid crack propagation

stress ratio, i.e. the ratio of the non-zero stress component at anisotropic

yielding to the equivalent stress component in the case of isotropic
yielding

shear stress ratio, i.e. the ratio of the on-zero shear stress component at
anisotropic yielding to the shear stress component at isotropic yielding

size of the plastic zone ahead of the crack tip

transverse normal stress in the width direction

axial stress

transverse normal stress in the thickness direction

shear stress acting on the plane normal to 1 axis in the direction of 2 axis
shear stress acting on the plane normal to 2 axis in the direction of 3 axis
effective stress

poly(styrene-acrylonitrile)

single-edge-notched

thickness of the specimen during the test

original thickness of the specimen

work for the neck inception stage
work for the neck propagation stage

uni-axial tensile

normal component of the relative velocity
tangential components of the relative velocity

width of the specimen
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W, original width of the specimen

w, work of main fracture, i.e. the work of fracture which does not include the

energy for stretching and fracture of the surface layers

W. essential work of fracture, i.e. the work performed within the FPZ
w/! essential work of fracture in mode I

w essential work of fracture in mode II

w, total work of fracture

W; total work of fracture in mode I

wl total work of fracture in mode II

W, work for fracture growth

W, work for fracture initiation

Wy work for stretching and fracture of the surface layers
w, work for necking and tearing

/4 work for neck inception stage

w, work the for the plastic deformation

W, work for neck propagation stage

Wp’ work the for the plastic deformation in mode I

w,) work the for the plastic deformation in mode II

w, work for yielding

wp specific work of main fracture, i.e. W,/ Lyt,

W, specific EWF for the neck inception within the FPZ
W, specific EWF for the neck propagation in FPZ to the final fracture
w,,; specific EWF for the neck inception stage

w,, specific EWF for neck propagation stage

w,, specific EWF for necking
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w specific EWF for yielding

w! specific EWF in mode I

wi specific EWF in mode II

w, specific work of fracture, i.e. W,/ Lyt,

w} specific work of fracture in mode I

wy specific work of fracture in mode II

W, specific work for neck inception stage

W, specific work for neck propagation stage

w; specific work for fracture initiation, i.e. W, /L,
w! average work density for the neck forming in mode I
wi average work density for the neck forming in mode II
w, average plastic work density

w,, specific plastic work for neck inception stage
W, specific plastic work for neck propagation stage
W specific plastic work for necking

w,, specific plastic work for yielding

w; average plastic work density in mode I

wy average plastic work density in mode II

w, specific work for yielding, i.e. W/ Lyt,

wo specific EWF for plane-strain fracture

wo specific EWF for plane-stress fracture

Y uni-axial yield strength of the material

Y(¢) yield stress at the onset of plastic deformation

p shape factor for the plastic deformation zone

B, shape factor for the neck
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B, shape factor for the plastic deformation zone in mode I
B, shape factor for the plastic deformation zone in mode II
yor shape factor in the neck inception stage
B, shape factor in the neck propagation stage
A displacement at the point of interest
A, crack tip opening displacement
A, displacement at fracture
A, displacement at which transition starts
A, displacement at which transition ends
A, displacement at the maximum load
r, specific EWF in mode I
ry specific EWF in mode II
r specific necking energy within the FPZ
£ true strain
& transition strain
& engineering strain
e" true stress at the onset of necking in the FPZ
Ex engineering strain at the onset of necking in the FPZ
3 equivalent strain
&, max maximum equivalent strain for the neck inception in the FPZ
£, equivalent strain at the final fracture
strain rate
g, angle of crack propagation with respect to the original crack orientation
4 angle between relative velocity and velocity discontinuity
shape factor for the active plastic zone
o true stress
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o, maximum principal stress

o, minimum principal stress
oc tensile strength

Or engineering stress

O pax maximum tensile stress
o, tensile yield stress

o equivalent stress

Tc shear strength

T maximum shear stress

max
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Chapter 1

Introduction

1.1  Background

Although polymers are, nowadays, widely used in many structural products because of
their low costs and ease of processing, the end use in engineering applications is often
restricted by their macroscopic mechanical properties. Among the various mechanical
properties of polymers, the deformation behaviour in elastic or small plastic realm has
been relatively well investigated. Accordingly, the fracture behaviour which occurs after
some deformation has been studied extensively. However, for the fracture preceded by
extremely small or large deformations, the theoretical or experimental scheme has been
established depending on the deformation characteristic of the polymers. For example, if
a polymer fails in a brittle manner, the fracture behaviour of this polymer after little
deformation has been studied abundantly in the past. On the other hand, for ductile
polymers, brittle fracture is hard to be generated, resulting in the scarcity of study in this
area.

Since extent of plastic deformation involved in the fracture process depends on the
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stress state, such as deformation being highly suppressed in the plane-strain condition but
not in the plane-stress condition, fracture after little plastic deformation is often called
“plane-strain fracture”, while that preceded by noticeable amount of plastic deformation
“plane-stress fracture”. Note that plane-stress fracture needs to be classified in a more
detailed manner for polymers. Fracture can also be classified by the mode of stress that
causes the fracture. For example, when tensile stress is applied to generate crack growth
in the direction perpendicular to the stress, it can be classified as tensile (mode I) fracture.
Likewise, in-plane shear (mode II) and out-of-plane shear (mode III) fracture can be
classified in a similar manner. It has been known that most polymers have high tendency
to be fractured in the tensile mode [1]. Therefore, methodologies and theories for the
fracture behaviour of polymers in tensile mode have been well developed while those on

shear mode rarely.

1.2 Objective

Table 1-1 shows how previous studies on the fracture behaviour has been biased towards
the fracture involving limited deformation because that fracture behaviour is easy to be
generated in laboratory testing. However, as the application of polymeric materials
increases to load-bearing applications, unexpected fracture that has been rarely studied in
the past can sometimes occur. For example, high-density polyethylene (HDPE) is a
highly ductile polymer of which the fracture was always believed to involve extensive
necking. Because of its ductility, HDPE has been widely used for critical applications
such as natural gas pipe-line in the municipal area. However, it has been reported that

pressurized polyethylene pipe may fail in a very brittle manner without any sign of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ductile deformation, commonly known as rapid crack propagation (RCP) [2]. RCP can
cause catastrophic failure, thus it is highly necessary to study plane-strain fracture
behaviour. On the other hand, fracture behaviour of poly(acrylonitrile-butadiene-styrene)
(ABS) is known to be dominated by tensile mode even under pure shear loading. Since
many products with complex shape have the tendency of shear fracture in the service
loading environment, it is essential to obtain the correct information on the deciding
factors for this fracture mode.

This current study has been focused on areas that have not been explored well in
the past. Main objective of this study is to develop new methodologies to encourage
plane-strain fracture in polymers that are known to be highly ductile, and shear fracture in
ductile and highly ductile polymers, and evaluate the corresponding fracture toughness.
Fracture behaviour of highly ductile polymers that involves stable necking was also
investigated, which in the past has been treated in the same manner as that in unstable
necking. The study investigated yielding behaviour and yield criterion under stable
necking that are essential for the correct numerical simulation. The areas that have been

dealt with in this study are summarized in Table 1-1.

1.3 Essential Work of Fracture

The fracture behaviour can be best represented by “fracture toughness”. Toughness is a
measure of material’s resistance to failure. Used with “fracture”, it refers to the energy
per unit area needed to generate a new crack surface. The measures of fracture toughness
derived prior to 1960 have been based on linear elastic fracture mechanics (LEFM);

therefore, they can be applied only to brittle materials that obey Hooke’s Law. Although
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modifications were later made to accommodate small-scale plasticity [3], these analyses
are still restricted to structures of which global behavior is linear elastic. For example,
energy release rate and stress intensity factor are two measures of the fracture toughness
in the global deformation behavior that can be well described using LEFM. Since LEFM
is valid only if nonlinear material deformation is confined to a small region surrounding
the crack tip, fracture behaviors of many materials are virtually impossible to characterize
using LEFM due to their elastic-plastic deformation, and nonlinearity between stress and
strain. For these types of materials, J-integral has been used to characterize the crack
growth resistance. However, when plastic deformation is not confined at the crack tip
region, but occurs globally, J-integral presents coupled contribution from plastic
deformation and crack formation [4]. As a result, a different approach that was firstly
proposed by Broberg [5], known as essential work of fracture (EWF), was developed to
extract the specific energy needed for the crack formation, by separating it from the non-
essential work for the plastic deformation. Many researchers have since studied this
concept [6-13], and obtained strong evidence to support validity of the EWF concept for
the toughness characterization.

The essential work of fracture (EWF) concept is the scheme to determine the
essential work which is the energy consumed within the region around the crack tip where
necking and final fracture occurs, called fracture process zone (FPZ). If a double-edge-
notched (DEN) sheet specimen (Fig. 1-1) yields completely before fracture, the height of
the plastic deformation zone formed between the notches, 4, is proportional to the

ligament length (L,). However, size of the plastic deformation zone does not increase

after the initial yielding. Therefore, the work consumed for the whole fracture process,
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W, can be separated into two components:

1) The essential work consumed within the FPZ (W)

(i)  The non-essential work consumed in the plastic deformation zone (7, ).
The essential work, W, is proportional to the ligament cross-sectional area, L, that is
to be fractured during the test where ¢, is the original specimen thickness, provided that

the specific essential work remains constant. The non-essential work for the plastic

deformation, W, is proportional to plastic deformation volume, BLit,, where S is the
shape factor of plastic deformation zone. If w, represents the plastic energy density, then

the total work of fracture can be written as

W,=W,+W, = Lt,w, + fw,Lit, (1.1)

where w, is the specific essential work of fracture. By measuring the total work of

fracture for specimens of different ligament lengths, and dividing ¥, by the ligament

cross sectional area ( Lz, ), the specific work of fracture, w,, can be expressed as:
w,=w, + fw,L, (1.2)

Thus, if the specific work of fracture, w,, is plotted against the ligament length L, there

should be a straight line with a positive intercept that is the specific essential work, w,,

representing the fracture toughness [11]. The basic assumption of this scheme is the

energy consumed within the FPZ, w,, is constant and can be regarded as material

property which has been investigated in this study and will be discussed in Chapter 4.
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When the shape of the plastic deformation zone is circular, #, in Eq. (1.1) can be

written as:
W, = [ ode (x/ 9L, (1.3)
where o is the effective stress, & effective strain, and &, the effective strain at yielding.

By substituting fy ode with w, , Eq. (1.2) can be re-written as:

V4
w,=w, + pr L, (1.4)

thus, f# in Eq. (1.2) is equal to #/4 for circular plastic zone. When the plastic

deformation zone is elliptical shape with the height being 4, it can be derived that

p= %(Li) . B value for other shapes of plastic zone can be determined from the plastic
0

zone area if it can be measured with sufficient accuracy. However, the report from ESIS
committee stated that the attempts to determine f# were abandoned because the shape of

the plastic deformation zone could not be measured with sufficient precision [13].

For metals with reasonably high strain hardening exponents, the plastic
deformation zone is almost circular [11], while for small strain hardening exponent it is
narrower and elliptically shaped. For polymers plastic deformation zone can be wedge

shaped and very narrow [6]. However, in all cases the area of the plastic deformation

zone and the work for the plastic deformation, W, , are still proportional to L [6];

therefore, it is not necessary to separate § and w, in evaluating w,. Since the EWF
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concept has been used in this study to evaluate w, as the representative of fracture
toughness, the attempt to separate f and w, has not been made in this thesis.

Pardoen et al. [7] proposed that w, can be further divided into the local fracture
energy that accounts for material damage and separation to form new surfaces and the
necking energy that comes from the development of a localized neck in front of the crack,

both of which are within the FPZ. Therefore, w, in Eq. (1.2), can be expressed as:
w,=w, +T, (1.5)

where w; is the specific energy for generating the new surface, excluding the energy for

necking, and is suggested to be the EWF for plane-strain fracture, and T, is the specific

necking energy within the FPZ. Ideally, I', is negligible in the plane-strain fracture,

while it is significant in plane-stress fracture.

1.4 Materials

Poly(acrylonitrile-butadiene-styrene) (ABS) and high density polyethylene (HDPE) are
two polymers used for tests in this thesis. ABS is a rubber-toughened glassy polymer
consisting of a matrix of random styrene-acrylonitrile (SAN) colopymer and a population
of approximately spherical rubber particles. HDPE is a semi-crystalline polymer which is
composed of both crystalline and amorphous regions as shown in Fig. 1-2. Crystalline
region consists of entities known as shperulites in which multiple lamellae are stacked
together. Lamella is the layered structure of folded entangled polymer chains. Difference
of their micro structures resulted in very contrasting deformation behaviour. Excellent

ductility and significant work-hardening of HDPE has enabled the development of stable
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necking during the plastic deformation [15,16]. On the other hand, ABS that does not
show any work hardening behaviour, with its neck formation quickly leading to the final
fracture. Also, HDPE shows shear-like fracture under pure shear loading while the
fracture in ABS is always dominated by the tensile mode under any loading conditions.
Therefore, they are the examples showing extremely different fracture behaviors.

The mechanical properties of ABS and HDPE used in this study are summarized

in Table 1-2.

1.5 Thesis Overview

Structure of the thesis is like the following. Plane-strain fracture of highly ductile
polymers will be discussed in Chapter 2 and 3. Because of its excellent ductility, the
fracture of HDPE is known to involve extensive necking. Brittle fracture without necking
is very difficult to be generated. As a result, the essential work usually contains a
significant portion of necking energy, which makes it difficult to evaluate fracture
toughness of HDPE under plane-strain condition. The method to evaluate plane-strain
fracture toughness based on the EWF concept is proposed in Chapter 2. The results for
the HDPE of two different thicknesses are presented, that are compared with the results
of the new method for toughness evaluation based on the work partitioning principle
presented in Chapter 3.

Compared to the fracture toughness in plane-strain condition, that in plane-stress
has been explored well by using the EWF concept [9,10,17-19]. The original idea of
EWF concept [6,9,10,11] assumes the state within the FPZ to be constant during the

crack growth. However, for stable necking materials, the degree of necking within the
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FPZ varies and its size increases with the neck propagation into the neighbouring region.
Therefore, validity of the EWF concept when the stable necking occurs needs to be
examined, which is discussed in Chapter 4.

The study of shear fracture toughness has been rarely conducted for polymers
because their fracture in most mechanical tests mainly occurs in mode 1. As a result, even
though the crack is initiated in a shear-like mode, the fracture mode is often changed to
mode I soon after the initiation [20,21]. To our knowledge, no experimental data are
available to evaluate the shear fracture toughness for ductile polymers. A method has
been developed for evaluating the shear fracture toughness and applied to ABS, a non-
work-hardening material, in Chapter 5, and HDPE a work-hardening material with stable
necking, in Chapter 6.

Chapter 7 presents two case studies that use finite element method (FEM) to
simulate deformation behaviour when subjected to tensile loading. The first one is to
deform HDPE in uni-axial tensile (UT) test beyond the initial yielding, i.e. to generate
stable necking in the gauge section. Validity of conventional experimental yield stress is
investigated using FEM simulation, and a simple correction process was developed to
determine the effective yield stress for the FEM input from the experimental results.
Variation of yield function with the necking development is also examined through the
case study of double-edge-notched tensile (DENT) specimen. Appropriateness of the
conventional von Mises yield function with the assumption of isotropic work hardening
was examined, and an anisotropic yield function employing an empirical parameter is

proposed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

The main conclusions are summarized in Chapter 8, together with the
recommendations for future work, to substantiate the conclusions and explain some
unresolved questions.

This thesis adopts the paper format based on six papers, submitted or published in

technical journals. Reference of the papers and corresponding chapters are listed below.

Chap. 2: H. J. Kwon and P.-Y. Jar. “Toughness of High-Density Polyethylene in Plane-
Strain Fracture,” Polymer Engineering & Science. Vol. 66 (10), pp. 1428-1432
(Oct. 2006).

Chap.3: H. J. Kwon and P.-Y. Jar. “New Work Partitioning Approach to the
Measurement of Plane-Strain Fracture Toughness of High-Density
Polyethylene based on the Concept of Essential Work of Fracture,”
Engineering Fracture Mechanics. In Press.

Chap. 4: H. J. Kwon and P.-Y. Jar. “On the Application of Essential Work of Fracture
Concept to Toughness Characterization of High-Density Polyethylene,”
Polymer Engineering & Science. Accepted.

Chap. 5: H. J. Kwon and P.-Y. Jar. “Fracture toughness of polymers in shear mode,”
Polymer, Vol. 46 (26), pp. 12480-12492 (Dec. 2005).

Chap. 6: H.J. Kwon and P.-Y. Jar. “Fracture Toughness of High-Density Polyethylene
in Shear Mode,” International Journal of Fracture. Accepted.

Chap. 7: H.J. Kwon and P.-Y. Jar. “On the Application of Numerical Simulation to the
Deformation of High-Density Polyethylene,” International Journal of Solids

and Structures. Submitted.
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Fig. 1-1  Double-edge-notched (DEN) specimen.
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Fig. 1-2  Schematic illustration of HDPE.
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Tables

Table 1-1. The map showing the degree of exploration on the deformation behaviour of

the materials having different ductility: -, explored extensively; L.
explored moderately; [::L explored rarely; @, cxplored in this study.

. Mode I Mode II o
Materials (polymer) Yielding
Plane-strain Plane-stress ym
Brittle
Ductile
Highly ductile

Table 1-2. Material properties of ABS and HDPE (*: provided by the supplier.)

ABS HDPE
Supplier Denki Kagaku Kogyo, McMaster, Canada
Japan
Material Type Extruded Plate Extruded Plate
Young’s modulus 2.5 GPa 1 GPa
Tensile Strength 48 MPa 25 MPa
Elongation at Failure 20 % > 500 %
Density 1.04 * 0.96
Glass Transition Temp. 100 °C * -30°C*
Water Absorption 0.3%* 0.076 % *
Degree of crystallinity - 80% *
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Chapter 2

Toughness of High-Density Polyethylene

in Plane-Strain Fracture

2.1 Introduction

When studying the fracture resistance of very ductile materials, where a large plastic zone
develops and the energy dissipation is no longer confined to a small region around the
crack tip, the J-integral has been the traditional method to quantify the toughness.
However, its value for ductile materials presents coupled contribution from plastic
deformation and crack formation [1, 2]. As a result, a different approach that was firstly
proposed by Broberg [3], known as essential work of fracture (EWF), was developed to
extract the specific energy needed for the crack formation, by separating it from the non-
essential work for the plastic deformation. Many researchers have since studied this
concept [4-11], and obtained strong evidence to support validity of the EWF concept for
the toughness characterization. The EWF concept is now increasingly popular for

determining fracture toughness of ductile materials.

** A version of this chapter has been published. Polymer Engineering & Science.
Vol. 66 (10), pp. 1428-1432 (Oct. 2006).
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Using double-edge-notched tensile (DENT) specimens, the basic requirement for
applying the EWF concept to the toughness measurement is twofold. Firstly, the ligament
between two edge cracks, L, in Fig. 2-1, should yield completely before the fracture
commences, and secondly, the plastic deformation should occur only in the region around
the ligament. When these requirements are met, the energy absorbed during the test, after
normalized by the original ligament area, is known to be a linear function of the ligament
length. The energy for the crack formation, known as specific EWF, can be determined by
extrapolating the normalized energy absorption to zero ligament length, because the
specimen with zero ligament length should no longer require any additional energy for
plastic deformation. The specific EWF consists of two parts, that is, the energy for
necking inside the fracture process zone (FPZ in Fig. 2-1) and the energy for generating
new fracture surface [12]. In order to determine the latter, the necking energy within the
FPZ should be excluded from the specific EWF.

The need for extracting the energy that is only for the formation of new fracture
surface is justified here, using polyethylene as an example. Polyethylene is one of the
most ductile materials, of which the fracture at room temperature usually occurs with a
strain greater than 100%. Fracture of polyethylene specimens is known to involve
extensive necking; however, as a pressurized pipe polyethylene can fail in a very brittle
manner without any sign of neck formation, commonly known as rapid crack propagation
(RCP). Several factors, such as high crack growth speed (sometimes exceeding the sound
speed), low ambient temperature, deformation constraint, etc. [13-16], are known to
prohibit the neck formation, resulting in the brittle fracture behaviour. This type of

fracture is often referred to as the plane-strain fracture, in contrast to the plane-stress
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fracture that involves extensive necking. Toughness of polyethylene in the two fracture
modes is expected to be significantly different, with the toughness in the plane-strain
mode being much lower than that in the plane-stress mode.

In the plane-stress fracture, toughness of polyethylene was reported to be above
30 kJ/m*. Some types of high-density polyethylene were reported to show the
toughness around 35 kJ/m? [17]. But for ultra-high-molecular-weight polyethylene and

high-molecular-weight polyethylene, the toughness can be as high as 78 and 138 kJ/m?,
respectively [7, 8]. Using arc-shaped specimens, the toughness for polyethylene pipe was
reported to be around 80 J/m” [18]. It should be noted that all of the above values were
measured in the plane-stress condition, with the involvement of necking in the fracture

process. These values are much higher than the steady-state dynamic fracture toughness
(G,) of polyethylene pipe, estimated to be around 6 kJ/m? [16], which is known to

occur without necking.

Several studies have used the EWF concept to determine the toughness of
polyethylene in the plane-strain fracture. For example, Mai and co-workers observed a
transition from plane-stress to plane-strain fracture by decreasing the ligament length at a
given thickness [7, 8], evident by a distinct deviation of the trend line from linearity in
the plot of specific work of fracture versus ligament length. Fig. 2-2 illustrates the general
phenomenon observed in these studies. Attempts have been made to use the non-linear
trend line to determine the specific EWF value for the plane-strain fracture, such as using
power-law fitting of the data in the transition region of Fig. 2-2 to zero ligament length

[20, 22-24]. However, the specific EWF values for polyethylene from these approaches
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(w’ in Fig. 2-2) show a wide range of values, from as low as 7 kJ/m” to above 20

kJ Im?* [7,23].

We recently observed that in the EWF test of HDPE specimens with very short
ligament length, i.e. less than the specimen thickness, the fracture occurred in a very
brittle manner without hecking. When the ligament length is short enough, the trend line
of specific work of fracture vs. the ligament length was found to resume the linear
relationship, of which the slope is similar to that in the plane-stress region. This
observation is consistent with the speculation proposed by Luna et al. [6] that when the
specimen thickness is larger than the ligament length, plane-strain fracture is expected to
occur. It is believed that the true plane-strain specific EWF can be determined by
extrapolating values of specific work of fracture in this region to zero ligament length.

This paper presents the experimental observation of the fracture behaviour in the
plane-stress and plane-strain conditions and the corresponding specific EWF values. The
specific EWF values in both extrusion and transverse directions of the HDPE plate are

reported here.

2.2  EWF Concept

The EWF concept is to extract the energy for the formation of crack surface from the
total energy absorbed in the fracture process. The basic requirement of the EWF concept
is that the ligament between two edge cracks, L, in Fig. 2-1, should yield completely
before the crack growth commences, but the plastic deformation should be confined to
regions around the ligament [9]. Therefore, the energy absorbed for the formation of

crack surface can be determined by extrapolating the value of energy absorption per unit
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fracture area (known as specific work of fracture) to the case with zero ligament length,
as the corresponding energy for plastic deformation is zero.

Using the above concept, work provided to fracture the specimen can be classified
into two parts. The first part is the work for plastically deforming the region around the
ligament, which is expected to be proportional to the volume of plastic deformation zone.
Provided that the plastic deformation has been fully developed before the crack growth

commences, the height of the plastic deformation zone, % in Fig. 2-1, is then proportional
to the initial ligament length, L,, and the total work for plastic deformation, w,,is
proportional to L x¢,. The second part is the essential work required for the formation
of fracture surface, 7, , which is proportional to the cross sectional area of the ligament
(L, xt)).

The total work of fracture, W, is the sum of the two parts of energy consumption.
That is,

W, =W, +W, =wULyt,+ fw,Li, (2.6)

where ¢, is the initial specimen thickness, w, the specific essential work of fracture, w,

the average plastic work density, and £ the shape factor for the plastic deformation zone.
By measuring the total work of fracture for specimens of different ligament lengths, and

dividing W, by the ligament cross sectional area (L, x¢, ), the specific work of fracture,
w, , can be expressed as:

w,=w,+ fw, L 2.7)
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The specific essential work of fracture, w,, can then be determined by extrapolating w,

to zero ligament length [9].

Pardoen et al. [5] proposed that in thin plates, w, can be further divided into the

fracture energy that accounts for damage and material separation to form new surfaces
and the necking energy that comes from the development of a localized neck in front of

the crack, both of which are within the FPZ. In the plane-stress fracture, the
corresponding specific EWF, w, in Eq. (2.2), can be expressed as:
w,=w: +T, (2.3)

where w? is the specific energy for generating the new surface, excluding the energy for
necking, and is suggested to be the EWF for plane-strain fracture, and I, is the specific
necking energy within the FPZ. Value of w, for metals was suggested to be proportional
to the specimen thickness because the value of I', was found to be thickness-dependent.
However, for many polymers, w, turned out to be independent of thickness [26-28].
Therefore, I', for these polymers must be independent of the thickness.

Since the basic requirement of the EWF concept is the complete yielding of the
ligament region prior to the commencement of crack growth, the w, value obtained from

the above approach should represent the toughness for the plane-stress fracture.
According to the ESIS protocol for the EWF test [19], the plane-stress fracture is

expected to occur when the ligament length L, satisfies the following condition:

B-5n,<L, =< min(%/~ or 2r,) (2.4)
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where £, is specimen thickness, W specimen width, and 27, size of the plastic zone

which can be estimated using the following equation:

1 Ew’
Vv = —

P O'j

2.5)

with £ and o, being the elastic modulus and tensile yield stress of the material,

respectively, and w; the plane-stress specific EWF.

Even though the EWF concept was developed for the fracture in the plane-stress
condition, there have been several studies that apply this concept to evaluate plane-strain
fracture. As described earlier, this is done by extrapolating w, values to zero ligament
length in the plot that has the ligament length in a range less than that specified in Eq.
(2.4). Sometimes power-law curve-fitting was used in the extrapolation because the trend
line between w, and L, was not linear in this range; however, this approach does not
have any support from theoretical analysis, as indicated by Saleemi and Nairn [23].

Recently, Luna et al. [6] speculated that the plane-strain fracture occurs when the
following conditions for specimen thickness #, and ligament length L, are met [6, 20-

21]:

¢ 225%  and L, <t, (2.6)
UJ’

where w? is the specific EWF in the plane-strain fracture, based on ASTM standard for
J,c testing [29]. Using the above condition for specimen design, in this study we

searched for the feasibility of applying the EWF concept to determine fracture toughness
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in the plane-strain condition. This paper summarizes the test results and provides

plausible explanation for their validity.

2.3 Experiments

A commercial-grade, extruded high-density polyethylene of 6.25 mm thick was used for
the study, which was much thicker than the polyethylene specimens used in the past [7,
23]. With a reasonable ligament length, plane-strain fracture is expected to occur in the
specimens of such thickness.

As shown in Fig. 2-1, DENT specimens with the dimensions of 90 mm wide (W),
260 mm long (H) and ligament length L, ranging from 5.3, (33 mm) to 0.32¢, (2 mm)
were prepared for the testing. Due to the extrusion process, polymer molecules may have
been slightly oriented in the extrusion direction, causing anisotropy of the fracture
toughness. To examine the possible toughness anisotropy, two batches of specimens were
prepared, one with specimen length along the rolling direction (i.e. the notches
perpendicular to the rolling direction) and the other with specimen length along the
transverse directiqn (i.e. the notches parallel to the rolling direction). Tests were
conducted by applying tensile load in the specimen length direction using an Instron
universal testing machine at a crosshead speed of 5 mm/min. Test details are described in

Appendix A.

2.4 Results and Discussion

The specific work of fracture w, was calculated using the area under the load-

displacement curve, which is presented in Fig. 2-3 as a function of ligament length L,.
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Fig. 2-3 clearly shows a linear relationship between w, and L, at L, 215 mm (about
2.5t,). This 1s consistent with the prediction by Eq. (2.4) that specimens with L, larger
than 3 to 5 times of ¢, should have fracture dominated by the plane-stress condition. Post-
fractured DENT specimens, as presented in Fig. 2-4(a), show that fracture occurred after

extensive elongation. The corresponding specific EWF value (w? , with the superscript ¢

representing the plane-stress condition) is 49.7 kJ/m’ for specimens in the transverse
direction (“A” in Fig. 2-3) and 75.5 kJ/m’ for specimens in the rolling directions (“o” in
Fig. 2-3). The correlation coefficients (R) for the curve fitting are 0.9996 and 0.9997,
respectively.

For specimens with ligament length shorter than 15 mm (2.5 £,), the trend of w,

with L, in Fig. 2-3 clearly shows deviation from the above linearity. The corresponding
post-fracture behaviour is presented in Fig. 2-4(b) which shows the evident suppression
of neck formation, suggesting that the fracture is no longer dominated by the plane-stress
condition. As discussed earlier, this is probably the result of mixed plane-stress and
plane-strain fracture [6, 23-25]. Orientation introduced by the extrusion process still
shows a visible effect on the w, value, but difference of the w, values due to specimen
orientation is reduced with the decrease of L,. For specimens in the rolling direction,
extrapolating the w, values in the transition region of Fig. 2-3 to zero ligament length

yields 8.03 kJ/m’ which is very close to that reported by Mai et al. [7] using linear
extrapolation, also obtained from a similar region.
Further decrease of the ligament length below the transition region, i.e. with L,

below 5 mm for specimens in the rolling direction and 8 mm for specimens in the
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transverse direction, the w, values seem to resume a linear relationship with L,. Although
the polymer orientation still affects the w, values, its effect is much less than that shown
in the other two regions. As shown in Fig. 2-3, by extrapolating the w, values in this

region to zero ligament length 5.0 and 6.0 kJ/m’ were obtained for specimens in the
transverse and rolling directions, respectively. The corresponding correlation coefficients

(R) are 0.991 and 0.999. These specific EWF values are much smaller than those for the

plane-stress fracture ( w; ). Typical post-fracture behaviour of these specimens is

presented in Fig. 2-4(c) which shows that most of the necking is suppressed. Therefore,

I', in Eq. (2.3) that represents the energy for necking within the FPZ should be negligibly

small, and the specific EWF, w,, should be close to the pure plane-strain specific EWF
(w; , with the superscript & representing the plane-strain condition). In other words, w/ in
the plane-strain condition can be expressed in a way similar to Eq. (2.2), except I', =0,
thus w, is equivalent to w; .

Results in Fig. 2-3 and the above discussion suggest that the plots of w, vs. L, for

the plane-strain and the plane-stress fracture should show similar slopes, but the trend line

for the plane-strain fracture is shifted downward in the plot due to negligible I', value. It
is interesting to note that the w’ values in Fig. 2-3 are very close to the dynamic fracture

toughness of polyethylene pipe, reported to be 6 k&J/m?> by Zhuang et al. [16], though no
material information was provided in their paper for comparison.
It should also be noted that the range of ligament length for the transition region in

Fig. 2-3 (for the mixed plane-stress and plane-strain fracture) depends on the crack growth
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directions. For specimens in the rolling direction (“o0” in Fig. 2-3) lower bound value of L,
for the transition region extends to below 5 mm, but that for specimens in the transverse
direction (“A” in Fig. 2-3) is about 8 mm (marked by a dash line below the data points).
Fig. 2-3 also shows that data in the transition region are much more scattered from
linearity than those in the plane-stress or in the plane-strain regions, possibly due to the
variation in the involvement of necking before the final fracture.

Karger-Kocsis and co-workers [26-27], using energy partitioning methods,
expressed the total work of fracture in terms of the deformation processes involved. Since

each process consumes essential and non-essential energies for fracture, they proposed

that each of the terms, w, and fw L, in Eq. (2.2), should include both types of energy.

That is, the value of w, which is conventionally regarded as constant, irrespective of the
crack length or deformation behaviour, should have contributions from each of the
deformation processes, such as yielding, necking and tearing. Therefore, values of w,
may vary during the crack growth, depending on the deformation processes involved. In
the brittle, plane-strain fracture where necking is negligible, the deformation process may
not vary much during the crack growth. However, for the plane-stress fracture of very
ductile materials, the deformation process may vary significantly during the fracture
evolvement. In this case, w, may need further classification to reflect the essential work

of fracture for each of the deformation processes involved. This type of study will be

conducted in the near future using ductile polymers such as HDPE.
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2.5 Conclusions

The concept of essential work of fracture has been applied to high-density polyethylene
plate of 6.25 mm thick to determine its fracture toughness. By varying ligament length of

the DENT specimens, three distinct regions were found in the plot of specific work of

fracture (w ) versus ligament length (L,). These three regions correspond to plane-stress,

mixed plane-stress and plane-strain, and plane-strain fractures, respectively. The plot
bears similar features as those predicted by Luna et al., and proves that a plane-strain-
dominant region exists when L, is smaller than the specimen thickness. Excellent linear

relationship was found between w, and L, in the plane-strain region, which allows the

adoption of linear regression for the curve fitting. By extrapolating L, to zero in this
region, the specific EWF for the plane-strain fracture was determined, which is about 10
times smaller than the plane-stress counterpart.

Further study is being conducted for the plane-stress fracture, in view of the
possible variation of deformation processes during the crack growth. This follow-up study
is expected to establish expressions of specific work of fracture accompanied with
necking or plastic deformation in the surrounding ligament region. The study is also
expected to elucidate the fracture mechanisms involved in the DENT specimen, and the
cause for the huge difference between the fracture toughness in the plane-strain and plane-

stress conditions.
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Figures
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Fig.2-1 Double-edge-notched tensile (DENT) specimen.
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L=
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Fig.2-2  Schematic plot of the specific work of fracture (w/ ) versus ligament length

(L, ), adopted from ref. [6, 7]. The plot suggests the existence of transition

from plane-stress to mixed plane-stress and plane-strain conditions, which has

been used in the past to determine EWF value in the plane-strain condition.
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Fig.2-3  Specific work of fracture of HDPE as a function of ligament length: “O” for

specimens in the rolling direction and “A” for specimens in the transverse

direction.
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(b)

(@) ()

Fig. 2-4  Photographs of fracture behaviours in: (a) plane-stress region, (b) transition
region, and (c) plane-strain region of Fig. 2-3. Photos were taken from the side
of the specimens to show the variation of specimen thickness. Length of the

white bar in each photograph corresponds to 1mm.
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