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Abstract

This paper presents a new test method that measures fracture toughness of polymeric materials when subjected to in-plane shear loading (mode
II), and compares the toughness with that in tension mode (mode I). The new test method uses an losipescu device to apply the shear load, and
determines the toughness based on the concept of essential work of fracture (EWF). Three physical-based criteria were used to verify the
occurrence of mode II fracture. The new test method was then used to evaluate toughness of poly(acrylonitrile-butadiene—styrene) (ABS). The
results suggest that for the ABS, the ratio of toughness in mode II to mode I is about 2.5 which leads to the dominance of mode I fracture in most
loading conditions. The results also showed that for ABS in mode I fracture, the specific work of fracture (defined as the absorbed energy for
fracture divided by the cross sectional area of the ligament between the notch tips) depends on ligament length; while in mode II fracture, it
depends on ligament thickness. The study concludes that the new test method has a good potential for evaluation of mode II fracture toughness of
polymers, though further study using polymers of different characteristics will be needed to confirm universality of the test method in the

measurement of mode II fracture toughness.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Toughness, a measure of resistance to fracture, has long
been evaluated for polymeric materials using concepts such as
stress intensity factor (K.), energy release rate (G.), J-integral
(Je), etc. Test methods developed using these concepts are
based on linear elastic fracture mechanics (LEFM) approach,
originally developed for brittle materials, that is, they are
normally used when linear elasticity dominates the defor-
mation behaviour and the plastic deformation is limited to the
vicinity around the crack tip. Validity of this principle,
however, has been questioned when considered for toughness
measurement of ductile materials in which the fracture is
accompanied with significant plastic deformation. Further-
more, current methods have difficulties in measuring toughness
of polymers in shear mode (mode II). The reason, as Williams
[1] stated, is that most polymers have much lower toughness in
tension mode (mode I) than that in shear mode (mode II).
Therefore, global failure behaviour of polymers in most load-
bearing structures is believed to be in mode I even though in the
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initiation stage the behaviour can be in a shear-like mode [2,3].
Since current testing methods are not suitable for the
measurement of mode II fracture toughness, especially for
ductile polymers, no experimental data are available to support
the above statement. The lack of testing method to measure
mode II fracture toughness also hinders the capability of failure
analysis in loading scenarios that involve mainly shear forces.

A relatively new test method based on the concept of
essential work of fracture (EWF) [4] was proposed to
characterize fracture toughness of ductile materials. The
EWF concept was firstly proposed by Broberg [5,6], and has
been accepted widely as a means to quantify fracture toughness
of ductile materials in the sheet form where the deformation
occurs in the plane-stress conditions. Up to now, most studies
using the EWF concept have been limited to mode I fracture
[7,8] and some special cases of mode III fracture [9]. The EWF
concept is yet to show the applicability to the measurement of
mode II fracture toughness.

The purpose of this study is to establish a testing method,
based on the EWF concept, to evaluate mode II fracture
toughness of polymeric materials. The testing method uses
Tosipescu loading to apply a shear force [10,11] in the middle
section of the specimen where edge notches are machined on
both sides of the specimen. In addition to the notches, grooves
were introduced along the specimen surfaces between the
notch tips to encourage fracture in a direction parallel to the
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shear force, thus the mode II fracture. This paper firstly
provides the background knowledge for the development of the
new test method for mode II fracture, and then presents some
experimental evidence on the mode II fracture toughness for a
rubber-modified polymer and the associated deformation
behaviour.

2. Theoretical analysis
2.1. Review of fracture analysis using classical LEFM

Most criteria for material fracture are based on LEFM,
under the assumption that crack extension is governed by a
specific fracture parameter, such as stress, strain, or energy.
Three common criteria used in the past are maximum
circumferential stress [12], maximum strain energy release
rate [13], and minimum strain energy density [14]. For two-
dimensional cases, stress intensity factors (K; and K5) are used
to estimate the stress amplification at certain point away from
the crack tip, which are defined as K, () = lim,_,o(cy/27cr) for
mode I, and K, () = lim,_,o(7,4~/270r) for mode II, where o,
and 7,9 are circumferential normal and shear stresses,
respectively, in polar coordinates in the singularity dominated
zone [15]. For example, under pure tensile loading, using the
criterion of maximum circumferential stress, it has been shown
that Ky, = 0+/Tta along 0p=0° and Ky, = 0.380+/7a
along 6y ="70.5° where 6 is the angle of crack propagation with
respect to the original crack orientation, and o the remote
tensile stress. Similarly, under pure shear loading Kjax) =
0.8667+/Ta along y=0° while K,y = 7+/Tta along 0= —
70.5° where 7 is the remote shear stress. Fig. 1 depicts the
variations of the normalized K;(#) and K,(f), by dividing K;
and K, by o+/ma and 7+/7ta, respectively, where ¢ and 7 are the
applied normal and shear stresses. The curves in Fig. 1 show
that Kymax) is always greater than Kpmay). Other conditions
such as mixed tension—shear or compression—shear loadings
give similar results, i.€. Kymax)<Kjmax). Therefore, in terms
of stress intensity factor generated by the applied load, mode I
is the preferred mode of fracture. Similar conclusions can be
drawn from other fracture criteria, such as strain energy release
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rate, and have been verified using finite element (FE) modeling
[16]. For polymers, the critical stress intensity factor in mode II
(Kc) is expected to be much larger than that in mode I (Kic)
[1]. Therefore, in terms of material properties (critical stress
intensity factor) mode I also dominates fracture in most
polymers.

It should be noted that local yielding mode can be very
different from global fracture mode. Since shear strength for
some polymers are lower than their tensile strength [3,17],
shear type cracking can occur at the yielding and crack
initiation stage [2] in cases that the ratio of the applied shear
stress to tensile stress is high. However, the subsequent fracture
mode may switch to mode I as the crack and the accompanied
plastic deformation zone evolve. This is because most
polymers have higher fracture toughness in mode II than in
mode I. As a result, it is believed that the global crack
development process is dominated by mode I fracture; while
the crack initiation can occur in shear mode.

The LEFM approach is known to have limited validity when
extensive plastic deformation is accompanied with fracture or
when fracture toughness needs to be evaluated beyond the
crack initiation stage. One way to overcome the problem is to
use the concept of essential work of fracture (EWF) to quantify
the toughness, as to be discussed in the following section.

2.2. Review of essential work of fracture (EWF)

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, Ly in Fig. 2, should yield
completely before fracture occurs, but the plastic deformation
should be confined to regions around the ligament. Therefore,
the energy absorbed for the formation of crack surface is
determined by extrapolating the value of energy absorption per
unit crack area to the case with zero ligament length, as the
corresponding energy for plastic deformation is zero.

Using the EWF concept, work provided to fracture the
specimen can be divided into two parts: (i) the work for
plastically deforming the region around the ligament, which is
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Fig. 1. Normalized variation of K;() (—) and K»(6) (- ——) with respect to #: (a) under mode I (tensile) loading, and (b) under mode II (shear) loading.
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Fig. 2. Double-edge-notched (DEN) tensile specimen for mode I fracture.

expected to be proportional to the volume of plastic
deformation zone provided that full plastic deformation is
developed before crack growth commences, and (ii) the
essential work required for the formation of fracture surface,
which is proportional to the cross sectional area of the
ligament. Value of EWF has been found to increase with the
increase of specimen thickness due to localized necking [18].
The width of the plastic deformation zone, d in Fig. 2, on the
other hand, is known to be proportional to initial ligament
length, Ly. Therefore, the total work of plastic deformation, wi
is proportional to L%. As a result, the total work of fracture, W;,
can be expressed as the sum of the essential work of fracture
(WD), the work for the necking (W?), and the work for plastic
deformation (Wg):

Wi = W) + Wy + Wy = ToLoty + B1wiLoto + BawhtoLy (1)

where 7, is the initial thickness, I') the specific essential work
of fracture in mode I, w}, the average work density for the neck
forming, w]I3 the average plastic work density, and $; and (3, the
shape factors for the neck and the plastic deformation zone,
respectively. By measuring the total work of fracture for
specimens of different thickness and ligament lengths, and
dividing the total work of fracture by the ligament cross
sectional area (LyXt?y) using specimens with geometry
depicted in Fig. 2, the specific work of fracture, w%, can be
expressed in terms of I'y, wy and w}, as:

wi = T + B1whto + BawhLo = we + BawpLo )

The first term in the very right expression, wl, is a
combinations of I'h and 8 wlt,, i.e. wl =TI+ 8,wlz,, which
is known as the specific essential work of fracture for a given
thickness.

The EWF concept has made a great success in measuring
toughness of metal plates. As a result, interests have increased
tremendously in last few years in applying the EWF concept to
evaluate toughness of polymer plates. However, as mentioned
earlier, its current applications are limited to mode I fracture
and special cases of out-of-plane tearing (mode III fracture).
Very few studies have been reported on the use of the EWF
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concept to characterize the toughness in mode II fracture,
except one study on metallic plates [19] for which mode II is
known to be the preferred mode of fracture.

2.3. Velocity discontinuity in plastic deformation zone

During the plastic deformation, velocity field in a plate
specimen may show an abrupt change in a very narrow region,
known as velocity discontinuity [20] that leads to thickening or
thinning of the region. Hill [21] considered the velocity
discontinuity for the neck forming process in a plate that is
subjected to plane-stress deformation, and correlated the
velocity discontinuity with the strain rate in the necking
process. For an idealized neck that is subjected to a uniform
strain rate, as shown in Fig. 3, with the region on the right-hand
side of the neck moving at a velocity v relative to the left-hand
side, the strain-rate components that are tangential and normal
to the neck, i.e. &, é, and é,,, can be expressed as:
émn :%“:% siny, &, =0, and &y :%:g cosy (3)
where b is the width of the neck, v the angle between velocity v
and the neck, and v, and v, normal and tangential components
of v, respectively. When pure mode II fracture occurs, the neck
should have negligible width (b=0) and the two halves in
Fig. 3 are expected to move relative to each other in a sliding
mode, i.e. y=0.

2.4. The proposed EWF analysis for mode II fracture

In addition to the limited deformation, the classical fracture
mechanics does not clearly distinguish the loading mode from
the deformation or fracture mode. For the three fundamental
modes of fracture, i.e. tension, in-plane shear and out-of-plane
tearing (i.e. mode I, II and III, respectively), the underlined
assumption in the classical fracture mechanics is that the crack
growth direction (at the macroscopic level) is associated with
the loading mode. This, however, is well known to fail in many
polymers when subjected to mode II loading, as mode I fracture
usually occurs at the crack tip due to their low mode I fracture
toughness value. To resolve the inconsistency between the
loading mode and the fracture mode, it is proposed here that the
mode of fracture should be considered independently from
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Fig. 3. Velocity discontinuity.
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the mode of loading. In other words, the loading mode should
not be used as a criterion to identify the fracture mode, and it is
possible that a fracture mode may occur in any loading mode.
Therefore, the mode II fracture toughness should be measured
when mode II fracture occurs, not when mode II loading is
applied.

Without the loading mode to serve as a criterion, other
criteria are needed to identify the mode II fracture. At the
microscopic level, the crack growth in mode II fracture is
expected to be in a direction parallel to the fracture surface and
perpendicular to the crack front, which is known to hardly
occur in amorphous polymers. An example is given by O’Brien
[22] who observed the formation of ‘hackles’ in a resin-rich
layer of fibre-reinforced polymers (FRP) that had been
subjected to mode II loading. He suggested that the hackles
were a result of formation and coalescence of micro-cracks that
were not parallel to the global fracture surface, and concluded
that the mode II fracture which consists of the sliding of one
plane relative to another does not occur locally at the crack tip.
Numerous other studies also showed that polymers do not
deform and fracture in mode II at the microscopic level. Since
most polymers do not deform in mode II microscopically, we
proposed the following criteria, based on the fundamental
concept of the expected deformation behaviour, to identify
mode II fracture of polymers.

(i) Crack orientation: in the aforementioned classical
fracture mechanics [12 - 14], the macroscopic crack
orientation in mode II fracture, when subjected to pure
shear loading, should be parallel to the maximum shear
stress.

(i1) Development of fracture process zone (FPZ): the
conventional definition of mode II fracture in a
double-edge-notched specimen is that the fracture
process should occur across the entire section between
the two notches, i.e. the fracture process zone (FPZ)
should be formed in the entire section prior to the crack
evolvement, as shown in Fig. 4. This is different from
the crack development in mode I fracture that has been
shown in Fig. 2 in which the FPZs are limited at the
notch tips [7,23] and progress towards each other as the
crack grows.

(iii) Work of fracture: since the FPZ is formed across the
entire ligament section uniformly, size of the plastic

Plastic deformation zone

FPZ

Shear force V

Fig. 4. Double-edge-notched (DEN) shear specimen for mode II fracture.
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deformation zone should also be uniform in the
ligament section, as shown in Fig. 4, and the total
work for the plastic deformation, W;I, should be
proportional to the cross sectional area of the ligament,
Loty, instead of L(2)t0 for the mode I fracture (Eq. (1)).
Under this condition, the total work of fracture, W, for
the mode II fracture can be expressed as:

Wi = Wi + Wy = wi Loty + B3wh Loto (4)

where W is the essential work of fracture, w!! the specific
essential work of fracture for a given thickness, §3 a shape
factor, w{,l the average plastic work density, and superscript ‘II’
represents mode II fracture. The corresponding specific work

of fracture, w', is:

b =l + o ®

It should be noted that there is a possibility for wi to be

dependent on the specimen dimensions, similar to that shown
by Eq. (2). Experiments have been conducted to elucidate such
dependence, and the results will be shown later in this paper.

Egs. (2) and (5) indicate that a significant difference exists
between the expressions of the specific work of fracture wy in
mode I and mode II, especially as a function of the ligament
length L. For the mode I fracture, the specific work of fracture
w is proportional to the ligament length Ly; but for the mode IT
fracture, wi' should be independent of L. Experimental study,
as to be shown later in this paper, has been carried out to verify
this difference.

3. Experimental study
3.1. Material

Poly(acrylonitrile-butadiene—styrene) (ABS) that is known
to have higher fracture toughness in mode II than in mode I was
selected for the study. The ABS used was a commercially
available extrusion grade in the plate form with nominal
thickness of 6 mm, synthesized through emulsion polymer-
ization. Rubber particle content is about 17%, with particle size
below 1 um. Preliminary tensile tests showed that the plates are
isotropic in mechanical properties, with tensile strength close
to 48 MPa and Young’s modulus 2.5 GPa.

3.2. Mode I fracture toughness

The EWF test method used in Refs. [4,24,25] was adopted
to measure the w} value. Dimensions of double-edge-notched
(DEN) specimens were 90 mm (width, W)X270 mm (total
length, L) with varying thickness and ligament length. Tests
were conducted using an Instron universal testing machine at a
crosshead speed of 2.5 mm/min.

3.3. Mode Il fracture toughness

Several test devices were considered to apply the shear force
to ABS, including off-axis tensile test [26], Arcan test [27] and
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ABS specimen Aluminium Tab

Grooves

Fig. 5. Test set-up and specimens used in this study: (a) Iosipescu device and the specimen without grooves, and (b) the specimen with grooves.

Tosipescu shear test [28]. Among them, the Iosipescu test has
relatively good precision in applying uniform pure shear force
across the central cross section between the notches, thus being
chosen for this study. Both sides of the specimens were bonded
with aluminium tabs to minimize flexural deformation during
the test.

The commonly used notch angles for Iosipescu specimens
are either 90 or 110° [29,30] both of which were found to be
improper for our test because these specimens could not avoid
the generation of a secondary crack on the notch faces (details
to be shown in Section 4.3). Instead, a reduced notch angle of
60° was selected for our study, and introduced to DEN
specimens of 17 mm (W)X90 mm (L) with varying ligament
length and specimen thickness. One study that used losipescu
loading to measure mode II fracture toughness [31] chose
single-edge-notched (SEN) specimen and J-integral method.
However, due to asymmetric fracture behaviour in the SEN
specimen the EWF concept cannot be applied to determine the
fracture toughness.

In our study, V-shaped grooves were introduced to some of
the specimens along the ligament section between the notch
tips to enhance the alignment of the relative velocity with the
direction of the ligament length. The losipescu device and the
DEN specimen without the grooves are shown in Fig. 5(a) and
the specimen with grooves in Fig. 5(b). Again, Instron
universal testing machine at a cross-head speed of 2.5 mm/
min was used for the test. Fracture behaviour was recorded
using a digital video camera with a micro-zoom lens.

3.4. Fractography

A scanning electron microscope (SEM, JEOL JSM-
6301F), a digital video camera, and a profile projector
(Mitutoyo PH-3500) were used to record the fracture
behaviour. Each specimen of interest for SEM was mounted
on a sample holder and coated with a thin layer of gold just
before the examination.

4. Results and discussion
4.1. Mode I fracture toughness

Preliminary results from mode I EWF test are summarized
in Fig. 6, using specimens with ligament length in the range
from 3 to 30 mm and thickness 6 mm. The data show a
transition from pure plane-stress condition to mixed plane-
stress and plane-strain conditions at the ligament length around
8 mm, as suggested in Ref. [32]. For ligament length in the
range from 8 to 25 mm, the data show a linear variation
between the specific work of fracture (w}) and ligament length.
Above 25 mm, the change of wl and ligament length no
longer followed a linear relationship. Therefore, the
ligament lengths in the range from 8 to 25 mm were selected
to measure the specific essential work of fracture (wl) in the
plane-stress condition. Fig. 6 suggests that the w! for ABS is
12.7 kJ/m®.

It has been recommended [4] that the range of ligament
length L, for metals when subjected to the plane-stress
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Fig. 6. Plot of specific work of fracture in mode I (w}) as a function of ligament
length.
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condition should be:

(3—51t<Ly<min <¥ , 2rp> 6)

where t is specimen thickness, W specimen width, and 27, the
plastic zone size that can be determined by:

Ewi
2r, = p— @)
y

where E is the Young’s modulus and oy the uni-axial tensile
yield strength. By substituting values of E, o, and wl for ABS
into Eq. (7), 2r, was found to be around 4.0 mm that is much
shorter than W/3 (around 30 mm for our specimens). Therefore,
the condition of min(W/3, 2ry) to ensure the plane-stress
condition seems to be too restrictive for ABS. Our speculation
is consistent with that reported for polyethylene terephthalate
glycol (PETG) [33].

The data in Fig. 6 also suggest that to ensure the plane-stress
condition, the upper limit of ligament length for ABS
specimens should be around 25 mm that is slightly less than
the other option of the upper limit, W/3 (30 mm for our
specimens). Based on results shown in Fig. 6, we decided to use
ligament lengths in the range from 8 to 24 mm for the follow-
up EWF tests to determine toughness in mode I fracture. For
the follow-up tests, at least five specimens were used for each
ligament length at an increment of 2 mm, to ensure
repeatability of the test results.

Fig. 7 presents results of the follow-up tests, in which
specific work of fracture for mode I (w}) is plotted as a function
of the ligament length, from ABS specimens of various
thickness. The w} values show very good linear relationship
with the change of ligament length, with little dependence on
the thickness change from 2 to 6 mm. As shown in Fig. 7, the
estimated w., value is 13.1 kJ/m?. The results suggest that in the
thickness range from 2 to 6 mm, specimen thickness has little
effect on the w! values. Therefore, w! in Eq. (2) must be very
small, implying that the necking effect in mode I fracture of
these specimens is negligible.
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Fig. 7. Plot of specific work of fracture in mode I (wy) as a function of ligament
length with different thickness: O, 6 mm; O, 5 mm; @, 4 mm; A, 3 mm; ¢,
2 mm.
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4.2. losipescu test on specimens without grooves

When loaded in the Iosipescu device, specimens without
grooves developed the first pair of cracks from the notch tips,
which grew in a direction that was about 25° from the centre
line connecting the notch tips, as shown in the circle of
Fig. 8(a). The cracks opened up and grew only for a very short
distance. Then, a second pair of cracks were generated nearby
the tip of the first pair cracks, as shown in Fig. 8(b), in a
direction about 70° from the centre line. Further loading
resulted in the growth of the second pair of cracks. It should be
noted that the crack development in Fig. 8 occurred around
both notch tips but in the opposite direction. The asymmetric
growth of the two cracks resulted in a rolling movement that
eventually formed a cylinder with diameter proportional to the
original ligament length, as shown in Fig. 8(c). Fig. 8(d) is a
SEM micrograph of fracture surface, formed by the growth of
the second crack that is indicated by an arrow in Fig. 8(c).

The above crack development process is also reflected in the
load-displacement curve from the Iosipescu test. Fig. 9 shows a
typical load—displacement curve from ABS specimens without
the grooves, in which point A indicates the position where the
first pair of cracks occurred (Fig. 8(a)) and point B the position
for the second pair of cracks (Fig. 8(b)). Generation of the
cracks has caused the load drop, with the rate of load drop
induced by the first pair of cracks being much faster than that
by the second pair of cracks.

The generation of the first pair of cracks caused a sharp drop
of the load, from point A to point B in Fig. 9. The first pair of
cracks are ‘shear-like cracks’ that were also observed by
Husaini et al. [2]. Formation of the first pair of cracks can be
explained by the competition of maximum principal stress and
maximum shear stress [17]. The corresponding critical stresses
are derived from the yielding theories (von-Mises or Tresca for
ductile materials), with the concept that material yields and
crack initiation occurs when either stress components reaches a
critical value. It should be noted that after the crack is initiated,
we believe that the mode of the following fracture process is
independent of that for the crack initiation. This is based on the
concept that in the crack initiation stage the fracture toughness
is yet to be involved in the fracture process, and that the crack
initiation is governed by the critical yielding stresses. In the
following crack propagation stage, after the full development
of FPZ, the fracture toughness plays a major role in the mode
for the crack development. At this stage, difference of fracture
toughness in the two modes of fracture is a critical factor to
determine the mode of crack development [34]. It should be
pointed out that crack development in the initiation stage could
be very different from that in the following crack growth stage.
Since the crack development can be divided into two stages,
the energy consumed in the crack initiation stage should not be
included in the energy consumption for the crack growth that is
used to determine the fracture toughness. At present, however,
mode transition in the crack development has not been
thoroughly investigated, with very few parameters, such as
stress triaxiality, being considered to be the cause of the mode
transition [34].
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()

Fig. 8. Crack propagation during the Iosipescu test on specimens without the grooves: (a) first crack generation, (b) second crack generation, (c) formation of a
cylinder during the crack growth, and (d) SEM micrograph taken from the fracture surface indicated by an arrow in (c).

Since the second pair of cracks are clearly visible in the
fracture process presented in Fig. 8, their bifurcation angle can
be used to determine the fracture mode. In our Iosipescu tests
using specimens without grooves, the growth direction for the
second pair of cracks is at 70° with respect to the centre line,
which suggests that the second pair of cracks were generated in
mode I fracture, surrounded by plastic deformation and
possibly necking. The fracture surface generated by the second
pair of cracks, as shown in Fig. 8(d), shows slanted torn feature
that is typical for mode I fracture of ABS [35,36]. Therefore,
specific essential work of fracture for mode I, wé, can be
determined from the losipescu test using the EWF concept,
provided that the fracture energy for the second pair of cracks
can be plotted as a function of their total length. In our attempt
to determine w! value from the Iosipescu test shown in Fig. 8,
existence of the first pair of cracks was ignored. This was

A
1200 F g« B
—
1000 f
= 800 |
T
S 600 |
-
400
200 /T
0 1 1 1 1 i
0 2 4 6 8 10

Displacement (mm)

Fig. 9. Typical load-displacement curve from the Iosipescu test of ABS
specimens without grooves.
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Fig. 10. Plot of specific work of fracture from Iosipescu test specimens without
grooves.

deemed acceptable as the length of the first pair of cracks is
very short and the corresponding fracture energy (the triangular
area OAB in Fig. 9) is only a very small portion of the total
fracture energy (the total area under the curve). As a result, the
existence of the first pair of cracks should have little influence
on the determination of the w. value.

Based on the above concept, the specific work of fracture in
mode I (w}) for these Iosipescu tests was plotted against the arc
length of the second pair of cracks, and the results are presented
in Fig. 10. It should be noted that the crack length used in
Fig. 10 is the true crack length for the second pair of cracks,
which is about 2.5 times of the corresponding ligament length.
The w! value was determined to be 13.4 kJ/m” which is very
close to the w! value measured from DEN specimens under
tension, 13.1 kJ/m?>. However, slope of the curve (8wp) in
Fig. 10, 8.6 kJ/m?, is much larger than that in Fig. 7, 1.3 kJ/m?,
which suggests that the plastic work density generated in the
DEN specimen in losipescu test is much higher than that
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generated in the tensile test. The steep slope in Fig. 10 yields
high sensitivity of the w! value to possible experimental errors.
Therefore, the Iosipescu test is not recommended for the
measurement of w..

4.3. losipescu test on specimens with grooves

V-shaped grooves, as shown in Fig. 5(b), were introduced to
the specimen to generate velocity discontinuity along the
ligament length direction so that the crack development is
forced to be along the direction of the maximum shear stress.
As stated in Section 2.4, deformation in the mode II fracture is
expected to occur in the whole ligament section before crack
growth commences. The initial cracking in the grooved
specimens was found to be similar to that shown in Fig. 8(a),
i.e. at an angle about 25° with respect to the direction of the
ligament length, but resulting in much shorter crack length.
This was probably due to the increase of growth resistance
caused by the increase of specimen thickness in the crack
growth direction. As discussed earlier, the initial cracking
cannot be categorized as pure mode II fracture, and the
consumed energy at this stage should not be included in the
calculation of mode II fracture toughness. It should be noted
that the second pair of cracks that were observed in the
specimens without grooves, as shown in Fig. 8(b), did not
occur in the grooved specimens. Instead, an array of multiple,
short cracks were generated along the whole ligament section,
as shown in Fig. 11(a). With further deformation, as shown in
Fig. 11(b), the short cracks were connected to form the fracture
surfaces along the ligament length. At the stage shown in
Fig. 11(b), the two halves of the specimen were still connected
through some fibrils that were eventually broken after
extensive elongation.

Fig. 11. Josipescu test on the grooved specimens, showing (a) an array of cracks generated in the whole ligament section, and (b) the velocity discontinuity along the

groove.
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Fig. 12. A typical load—displacement curve from the Iosipescu test of the
grooved specimens.

A typical load-displacement curve from the grooved DEN
specimens is presented in Fig. 12 in which point A indicates the
loading level for the initiation of the first pair of cracks.
Advancement of the first pair of cracks stopped at point B. In
the plateau region from points B to C, an array of short cracks
started. Coalescence of these short cracks was reflected by a
steady drop of the load in the section from C to D in Fig. 12.
The section after point D was generated during the extensive
elongation of the remaining fibrils, which was a deformation
process after the main crack was formed, and involved mainly
fibril fracture in mode I. Therefore, the deformation in the
section after point D of Fig. 12 should be classified as local
mode I fracture.

Based on the experimental observation, as presented in
Fig. 11, the fracture development from points B to D in Fig. 12
was in the direction of the maximum shear stress with the crack
evolving simultaneously in the whole ligament section, which
satisfies the first and second criteria for mode II fracture (crack
orientation and development of FPZ, respectively). The
remaining criterion that needs to be satisfied is the work of
fracture, as expressed by Eq. (4), that is, the specific work of
fracture should not be a function of ligament length. This,
however, requires the extraction of energy consumption from
crack growth in this part of curve.

—
Q
Rl

_ 90
=
< 80+
E | u L L
o m A
§ 70 + u ’ ° ( ] ®
3] ° L]
g * u
- o © °
f: 60 ‘o o ot ®
S & * *
= ¢ %
£ 50+
3]
@
7]
40 1 1 1 J
3.5 45 5.5 6.5 7.5

Ligament length (mm)

H.J. Kwon, P.-Y.B. Jar / Polymer 46 (2005) 12480-12492

As a first attempt to extract energy consumption for mode II
fracture from the losipescu test using the grooved DEN
specimens, the energy consumption before point B in Fig. 12
was included in the calculation for the specific work of fracture,
wy. This was deemed acceptable because the curve in Fig. 12
suggests that the energy consumed before point B (0-A-B—0’
of which point O’; is slightly to the right of point O to take into
account the plastic deformation) is a very small fraction of the
energy consumed in the test. On the other hand, the energy
consumed after point D in Fig. 12, which is for fibril fracture in
mode I, is significant and should be excluded from the
calculation for wy.

Fig. 13 compares wy values calculated using the grooved
specimens. Specimens with three different groove depths,
labelled in terms of the remaining specimen thickness (to be
named groove thickness in the rest of the paper) were used for
the comparison. Fig. 13(a), based on the total area under the
curve, shows much more scattering than Fig. 13(b) that has
excluded the area after point D in Fig. 12. Fig. 13(b) also
indicates that with the exclusion of the area after point D in
Fig. 12, the wy values become relatively independent of the
ligament length, which is consistent with the prediction by Eq.
(5). The results in Fig. 13 suggest that the above approach for
extraction of energy consumption for mode II fracture meets
the third criterion given in Section 2.4.

Supporting evidence for mode II fracture was obtained by
examining plastic deformation in the grooved specimens. All
of the specimens for Fig. 13 show constrained plastic
deformation that is limited to regions around the ligament
section, with no indication of any size change (Fig. 4(d)) with
the variation of the ligament length. However, w; value varies
with the change of groove thickness, as shown in Fig. 13(b),
possibly due to the deformation energy induced by the
generation of the first pair of cracks. Process to minimise this
part of energy will be discussed later in this section.

Further investigation of the generation of the first pair of
cracks was conducted through microscopy. A typical SEM
micrograph of fracture surface from specimens for Fig. 13 is
shown in Fig. 14(a). The half-elliptical shape on the right side of
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Fig. 13. Plots of the specific work of fracture (wy) against ligament length: (a) from the total area under the curve, (b) by excluding the area covered by the curve after
point D in Fig. 12. Groove thickness used is 4 mm (), 3 mm (), and 2 mm (4).
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Fig. 14. (a) SEM micrograph of fracture surface from a specimen with groove thickness of 4 mm, (b) cross-sectional view along A—A in (a) for a specimen with
groove thickness of 4 mm, (c) cross-sectional view for a specimen with groove thickness of 2 mm, and (d) high magnification SEM micrograph from the circular

region B in (a).

the micrograph that shows crack growing into the fracture surface
represents the first pair of cracks generated in the Iosipescu test.
The remaining part of the fracture surface is relatively flat,
containing fibrils that fractured in the last stage of the test, i.e. after
point D in Fig. 12. The half-elliptical shape in Fig. 14(a) was
possibly caused by the toughness variation due to the change of
the deformation conditions, that is, from plane-stress-biased
deformation in regions close to the edge towards the plane-strain-
biased in the centre. As known in the classical mechanics [37],
material deformation in a plane-stress condition yields higher
toughness than that in a plane-strain condition [38]. Therefore, the
growth of the first crack is deepest in the centre (along A—A in
Fig. 14(a)) due to the apparent low toughness in the region, and
the depth is gradually reduced towards the edges due to the
increase in toughness, which leads to the formation of an elliptical
contour of the fracture surface.

To examine the fracture surface topography, some of the
specimens were cut along the centre line (A—A in Fig. 14(a))

and viewed using a Mitutoyo profile projector, as shown in
Fig. 14(b) and (c) for groove thickness of 4 and 2 mm,
respectively. The two photographs clearly suggest that the
decrease of groove thickness from 4 to 2 mm has significantly
reduced the growth depth of the first crack, labelled d}, in
Fig. 14(b). This can also be understood from the viewpoint of
transition from plane-strain to plane-stress conditions, that is,
by decreasing the groove thickness, deformation in the central
region is increasingly dominated by the plane-stress condition,
hence raising the toughness and reducing the depth of
penetration by the crack growth.

Further support to the above concept is shown in Fig. 15 in
which variation of the penetration depth (dy, in Fig. 14(b)) is
plotted as a function of ligament length (Fig. 15(a)) and groove
thickness (Fig. 15(b)). The figures clearly show that the
penetration depth is independent of the ligament length, but
dependent on the groove thickness in an almost linear fashion.
Therefore, by extrapolating the groove thickness to zero, plane-
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Fig. 15. Penetration depth of each of the first pair of cracks against (a) ligament length, and (b) groove thickness.

stress condition should prevail and penetration depth by the
growth of the first pair of cracks should be minimised. Through
this minimization process, it can be postulated that the energy
consumption caused by the first pair of cracks becomes
negligible for the calculation of wy.

It may be wondered why wy value increases with the
increase of the groove thickness (Fig. 13(b)), and the increases
is much bigger than the corresponding increase of the fracture
energy for the generation of the first pair of cracks (area O—A—
B-O' in Fig. 12). This can be understood through the
components that contribute to the fracture displacement, 4y,
defined as the displacement at point D of Fig. 12. Fig. 16 shows
4y as a linear function of the groove thickness. We believe that
A¢ comes from three components:

d; = Agpy + 4AF + 45 (¥

where Agpz is the displacement responsible for the formation
of the FPZ, 4F for the plastic deformation zone and A4¢ for the
corresponding elastic deformation. Values of 4gp; is expected
to be constant, independent of the grove thickness. Value of 4§
is expected to be very small, of which variation with the change
of groove thickness should be negligible. Therefore, the only
component that dominates the change of 4; with groove
thickness is 4F. With the assumption of uniform distribution of
the strain inside the plastic deformation zone, the critical

4

y = 0.61x + 0.72

Fracture displacement, f (mm)
N

0 ! ! !
0 1 2 3 4 5

Groove thickness (mm)

Fig. 16. Plot of the fracture displacement () as a function of groove thickness,
using specimens of the same ligament length (5 mm), with the grooves and
notches machined by a cutter of 60° in angle and 25 mm in thickness.

fracture strain in the zone (y¢) can be expressed as the ratio of
AYF to the width of the plastic deformation zone (dp):

vi = Arldp )

Since ¢ is expected to be constant in the range of thickness
studied here, value of dp is expected to increase with the
increase of A?. As a result, the linear increase of 4¢ (thus A?)
with the increase of the groove thickness, as shown in Fig. 16,
suggests that the width of the plastic deformation zone, dp, is
proportional to the groove thickness. In other words, the role of
groove thickness in the specific work of fracture in mode II
(wfh) is similar to the role of the ligament length in mode I (Eq.
(2)).

By excluding the energy consumed after point D in
Fig. 12, as well as by extrapolating the corresponding
specific work of fracture wy to a value for zero groove
thickness in order to minimize the energy consumption
contributed from the generation of the first pair of cracks and
that from the plastic deformation zone, the specific essential
work of fracture w, should be for the generation of shear
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Fig. 17. Plot of the specific work of fracture (wg) as a function of groove
thickness, using specimens of the same ligament length (5 mm), with the
grooves and notches machined by a cutter of 60° in angle and 25 mm in
thickness.
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Fig. 18. Plot of the specific work of fracture (wy) as a function of the groove
thickness, using specimens of the same ligament length (5 mm) with the
grooves and notches machined by a cutter of 45° in angle and 20 mm in
thickness.

crack, thus representing wg, i.e. the essential work of fracture
in mode II.

Fig. 17 presents the plot using the above approach, from
specimens of the same ligament length (5 mm), machined by a
cutter with cutting angle of 60° and thickness of 25 mm. Linear
extrapolation of the data to zero groove thickness yields wi!
value of 32.3 kJ/m”. It should be noted that deformation of
these specimens met all three criteria defined in Section 2.4 for
mode II fracture. Compared to the w. value of 13.1 kJ/m?
(Fig. 7), fracture toughness of ABS in mode II is about 2.5
times of that in mode I.

Following the report by the TC4 Committee of the European
Structural Integrity Society (ESIS) [25] that the w. value might
be affected by the notch shape, additional specimens were
prepared for the Tosipescu tests using a cutter of 45° in angle
and 20 mm in thickness. Ligament length for these specimens
was the same as that for Fig. 17, i.e. 5 mm. Results from the
new set of specimens are presented in Fig. 18, with wl value of
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31.2 kJ/m? that is very close to that given in Fig. 17. Although
further investigation may be needed before drawing a firm
conclusion on the methodology for the w!' measurement, the
two sets of data indicate that the change of groove angle and
notch angle, both from 60 to 45°, did not have any noticeable
effect on the deduced wl! value. It should be noted that although
the same groove thickness and ligament length were used, the
two sets of specimens for Figs. 17 and 18 showed different
deflection stiffness. As a result, the data should not be grouped
together to determine the value of wll.

Some additional DEN specimens were prepared using a
cutter of 90° in angle and 25 mm in thickness. But these
specimens showed additional tensile cracks that were
generated on the face of the notch, causing the increase of
the energy consumption for the mode I fracture, thus could not
be used to determine w!!

e -

4.4. Discussion

4.4.1. Shear fracture process

As shown in Figs. 14(d) and 8(d), the fracture surface of
Iosipescu specimen with grooves shows similar features as
those without grooves, but the former are slanted more closely
in parallel to the fracture surface. Based on the observation of
fracture development (Fig. 11) and surface topography
(Fig. 14), the fracture process for the grooved DEN specimens
in shear loading is proposed as follows. Firstly, an array of
voids are formed along the grooves, each growing in a direction
perpendicular to the maximum principal stresses, as shown in
Fig. 19(a). As the deformation increases, the voids rotate and
become almost parallel to the direction of cross-head move-
ment (horizontal in Fig. 19). The cracks then emanate from the
tips of the voids as shown in Fig. 19(b). Because of the
geometric constraint by the grooves, the deformation occurs in
a narrow region with the final fracture aligned with the grooves,
as depicted in Fig. 19(c) that shows half of a fractured
specimen. The similarity of Figs. 19(c) and 14(a) demonstrates
the plausibility of using the proposed fracture process to

% 77 77 | | SISO\

Fig. 19. Schematic representation of shear fracture process of ABS: (a) voids formation, (b) void rotation and crack emanation, and (c) side view of the surface

topology.
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explain the orientation of the slanted feature that is nearly
parallel to the fracture surface.

4.4.2. EWF in mode Il

Based on the above results, we propose a modification of
Eq. (5) using the same concept for Eq. (2), to account for the
dependence of wi on the groove thickness:

wit = wl + Bawhty (10)
where (4 is a shape factor, f, the groove thickness and wg the
average plastic work density in mode II fracture. The above
expression satisfies the requirement of the 3rd criterion for
mode II fracture, i.e. the specific work of fracture being
independent of the ligament length. Both Eqgs. (2) and (10)
show the thickness effect, but on different mechanisms. The
change of specimen thickness in Eq. (2) affects the energy
consumption for necking; while that in Eq. (10) affects the
energy consumption for plastic deformation. Eq. (10) suggests
that groove thickness is the main factor that affects the
measured w! value in the Iosipescu test, similar to the effect of
ligament length L, in the DEN tensile test.

Value of w! for mode II fracture of ABS was found to be
around 32.3 kJ/m? thatis about 2.5 times of the w!, value for mode
I fracture. Such significant difference of toughness between the
two fracture modes is believed to be the driving force for mode I
dominating the fracture in products made of ABS.

5. Conclusions

A series of double-edge-notched Iosipescu tests were
conducted to search for a means to determine the essential
work of fracture in mode II, wg. Three criteria based on
physical shear deformation of polymers are proposed to
identify the mode II fracture, and a test methodology based
on Josipescu device using DEN specimens with side grooves is
proposed to quantify wl.

The new test methodology yields wl! value of 32.3 kJ/m? for
ABS, which is about 2.5 times of the corresponding value for
mode I fracture, wé, of 13.1 kJ/m>. The significant difference of
toughness is believed to be the driving force for the mode I
fracture dominating the deformation in ABS products.

In contrast to the specific work of fracture in mode I, w%, the
mode II counterpart, wf, was found to be independent of the
ligament length, but showed a linear relationship with the
change of the groove thickness. Based on the results, we
propose an expression to correlate the essential work of fracture
(wll) with the specific work of fracture (w'), the average plastic
work density (wg), and groove thickness (defined as the
specimen thickness in the grooved cross section).

Further studies will be conducted to validate the new test
methodology on the measurement of mode II fracture
toughness using polymers of very different deformation
characteristics. We believe that the proposed test methodology
can also be applied to metallic or ceramic-based materials for
the measurement of their fracture toughness in mode II. In
addition to the toughness measurement, these studies will

H.J. Kwon, P.-Y.B. Jar / Polymer 46 (2005) 12480-12492

elucidate the micro-deformation mechanisms involved in the
fracture process that yield significantly different toughness in
the two modes of fracture.
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