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Abstract

Mixed biopolymer gels, comprised of spherical ‘maltodextrin-rich’ inclusions within a ‘gelatin-rich’ continuous matrix phase, have been
shown to exhibit a form of ‘pseudo-ductility’ during tensile deformation, due to debonding of the inclusion/matrix interface during straining.
A plane stress work of fracture technique, using thin sheet double edge notched tension (DENT) specimens, has been applied to these
composites to assess the elastic and plastic contributions to crack growth during fracture. A transition from plane stress to mixed mode failure
was observed to occur when the intact ligament length decreased below,8B to 9B (whereB is the sheet thickness). With the DENT
technique, a specificessentialwork of fracture (elastic contribution) of,110 J m22 was calculated for the current gelatin/maltodextrin
composition, under plane stress conditions.q 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Biopolymers; Work of fracture; Gelatin

1. Introduction

There has recently been considerable emphasis placed
upon understanding the large deformation behaviour of
biopolymer gels, as they are subjected to such deformations
in most applications (processing, consumption etc.) [1]. A
range of single biopolymers have been examined, including;
gelatin [2–4], agarose [5], starch [6], maltodextrin [7],
gellan [8] andb-lactoglobulin [9]. Conversely, there are
few studies on mixed biopolymer composite systems
[10,11], although it is these materials that are ultimately
of commercial interest.

It has recently been demonstrated that phase separated
gelatin/maltodextrin composite gels can exhibit a ‘pseudo-
ductile’ stress–strain response, with anapparentyield stress
[11]. These gels are comprised of spherical ‘maltodextrin-
rich’ inclusions within a continuous ‘gelatin-rich’ matrix
phase. The apparent ductility arises from matrix/inclusion
debonding under applied strain, which leads to the forma-
tion of an interfacial cavity, which subsequently grows. This
process is largely reversible (prior to failure), due to the
‘rubber-like’ nature of gelatin, although some permanent
strain is retained. This debonding behaviour is analogous

to that in elastomeric composites, and an approximate inter-
facial fracture energy,Gc, can be calculated following Ref.
[12] as;

s 2
c � 4pGcEm=3r �1�

wheres c is the stress at which debonding occurs (in the
present case this corresponds to the composite yield stress,
s y, i.e. sc � sy�; Em the matrix elastic modulus andr the
particle radius. For the present gelatin/maltodextrin com-
position, debonding initially occurs at,27 kPa. Conse-
quently, for a particle diameter of,100mm and matrix
modulus of ,75 kPa, an interfacial fracture energy of
,0.25 J m22 was measured at room temperature [11].
This is significantly lower than typically observed for
immiscible homopolymers, without copolymer reinforce-
ment (i.e. 1–5 J m22), but similar to adhesion energies
between glassy polymers (i.e. 0.05–0.5 J m22) [13–16].

While the initial study on gelatin/maltodextrin compo-
sites assessed the fracture energy of the interface between
the ‘gelatin-rich’ and ‘maltodextrin-rich’ phases [11], it
does not address measurement of the ‘toughness’ of such
materials in their bulk form. In the current work, a simple
double edge notched tension (DENT) test is adapted for
application to these materials, which has previously been
used to determine the work of fracture of various metals
and synthetic polymers [17–25].
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2. Theoretical aspects

2.1. The essential work of fracture concept

Application of conventional fracture toughness testing
methods to biopolymers is difficult, due largely to their
low elastic modulus and tensile strength, which makes
handling and gripping very difficult. As a consequence, a
simple approach has been developed for tensile testing of
biopolymer gels prepared as relatively thin sheets (i.e.
,1.4 mm thick), which was successfully applied to gela-
tin/maltodextrin composites [11]. This method entails
‘sticking’ the test specimen to the grip with double-sided
tape, thus ensuring minimal handling damage. Broberg
developed an analysis procedure for determination of the
plane stress fracture energies of ductile materials using
such a thin sheet test geometry [17–19], which has subse-
quently been adapted for ductile polymers [20–25]. This
approach has been adopted in the current study for gela-
tin/maltodextrin mixed gels. Symmetrical notches are cut
on both sides of a thin sheet specimen (to leave a ligament
of length,L, with sheet thickness,B), that is then loaded in
tension to failure (shown schematically in Fig. 1). Plane
stress conditions can then be obtained when applying certain
test specimen size criteria (discussed in the following
section).

It has been stated that the non-elastic region at the crack
tip comprises of an end region, where the fracture actually
takes place, and an outer region, where plastic deformation
is necessary to accommodate the strain in the end region
[17,18]. This is shown schematically in Fig. 1. Based upon
this analysis, the total work of fracture,WT, can be separated
into two principle components. The first is work consumed
during the fracture process by neck formation and tearing,
while the second is the work of plastic deformation. Typi-
cally, these contributions are referred to as theessential, We,
and non-essential, Wp, work respectively. In addition, for
polymeric samples, there is also an extra contribution to
energy dissipation, or work, which is due to the viscoelastic
nature of the material,Wv. The total work can therefore be
seen as being the sum of these individual components;

WT �We 1 Wp 1 Wv �2�
For ligament length,L, and thickness,B, this relationship
can then be rewritten for thespecifictotal work as [22];

wT �WT=LB� we 1 �wpVp=LB�1 �Wv=LB� �3�
wherewe �We=LB; wp �Wp=L

2B; Vp is the volume of the
plastic deformation zone.we andwp are thespecific essential
andnon-essentialwork of fracture, respectively. It has been
demonstrated that the plastic zone size can be given by [22];

Vp � bL2B �4�
whereb is a proportionality constant that is independent of
the ligament length,L. If Eq. (4) is now substituted into Eq.
(3), then [22];

wT � we 1 bwpL 1 �Wv=LB� �5�
Typically, the viscoelastic contribution,Wv, is assumed to
be negligible, and Eq. (5) simplifies to;

wT � we 1 bwpL �6�
where the positive intercept atL � 0 gives the specific
essentialwork of fracture, we, and the gradient of the
curve provides a slope that is proportional to the specific
non-essentialwork of fracture,wp (i.e. the gradient,m�
bwp�: A schematic representation of this type of plot is
shown in Fig. 2.

2.2. Specimen size criteria for essential work of fracture
testing

There are several specimen size criteria that need to be
addressed for valid measurements of total work,WT [19,26],
particularly for ensuring the mode of applied stress (plane
stress, mixed mode, etc.). To ensure conditions of plane
stress, it is important that the ligament length,L, is signifi-
cantly greater than the thickness of the specimen,B. When
the ligament length approaches the specimen thickness, the
stress state becomes mixed mode, having both plane strain/
plane stress components. A number of authors have noted
that, in the mixed mode region,wT can vary non-linearly
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Fig. 1. Schematic diagram demonstrating both the fracture process zone and
outer plastic zone in DENT test specimens.

Fig. 2. Schematic representation of a plot of specific total work of fracture,
wT, against ligament length,L, demonstrating the regions of: (1) plane
strain/plane stress; and (2) plane stress.



with L [22,26], as shown schematically in Fig. 2. As a
consequence, it has been suggested that the validity of Eq.
(6) no longer holds. To avoid mixed mode effects, it is
recommended that the measurements for determination of
essential work of fracture are restricted to ligament lengths
that are at least three to five times greater than the specimen
thickness, i.e. [22,26];

L . 3B to 5B �7�

Hill has discussed a method for verifying the stress state for
this type of notched test. In the plane stress region the DENT
test specimen will yield at,1.15s y [27], while in the purely
plane strain region of deformation, the DENT sample
will yield at ,2.97s y (wheres y is the yield stress of the
unnotched material).

In order to avoid any edge effects (i.e. to prevent yielding
spreading to the lateral boundary of the specimen), it has
been stated that the length of the ligament should be less
than one third of the total specimen width,D, i.e.
[19,20,22,26];

L , D=3 �8�

Finally, the crack tip plastic zones should overlap to ensure
that the ligament is fully yielded prior to crack growth, in
order to maintain the proportionality ofWp with L2 [19–
22,26]. As a consequence of this requirement, the ligament
length should be shorter than twice the plastic zone radius,
Rp, around a single crack tip, i.e.;

L , 2Rp �9�

For a circular plastic zone, the zone size can be estimated
from;

2Rp � Ewe=ps
2
y �10�

while for a line plastic zone, the size can be estimated from;

2Rp � pEwe=8s
2
y �11�

whereE is the elastic modulus of the material.
In combination, it can be seen that these three basic

restrictions on the ligament length lead to the following
overall restriction on relative specimen dimensions [22];

3B to 5B , L , minimum�D=3;2Rp�: �12�

2.3. Procedure for determining crack opening displacement

Hashemi has outlined a methodology for indirectly deter-
mining the critical crack opening displacement (COD) [22].
This approach entails plotting the extension at failure,em,
determined from the load/displacement curves, against liga-
ment length. For the plane stress region, a linear relationship
can be anticipated, of the form;

em � e0 1 epL �13�
wheree0 is the extrapolated value atL � 0; and ep can be
viewed as the plastic contribution to extension. The intercept
value,e0, has been identified as being equivalent to the critical
COD [17,28]. It was proposed thate0 is related to the speci-
fic essential work of fracture,we, following Ref. [22] as;

we � e0sy �14�
which is analogous to the relationship proposed by Wells
[29], between the true COD,d , and the critical strain energy
release rate,Gc, namely;

Gc � dsy: �15�

3. Experimental procedures

3.1. Sample preparation

Lime hide gelatin (LH1e�pI � 4:6; Mn � 83; 300 kDa;
polydispersity� 1.77, measured by gas phase chromatogra-
phy)), provided by SKW Biosystem (France), is a polypepti-
dic biopolymer obtained by alkaline degradation of collagen.
LH1e solutions were prepared by dissolving the powder
at 608C for 30 min in de-ionised water. Sodium azide
(,500 ppm) and sirius red (,500 ppm) were added to
prevent bacteriological degradation and increase the gelatin
fluorescence, respectively. When the solution is cooled below
288C, a three-dimensional gel network appears, with the gela-
tin chains linked by triple helices. Maltodextrin (Paselli
SA2e), supplied by Avebe (UK), is a polysaccharide obtained
by enzymatic degradation of potato starch�Mn� 6:2^ 0:5×
105 Da; polydispersity� 1.45^ 0.3, measured by light scat-
tering) [30]. SA2e solutions were prepared by dissolving the
powder in de-ionised water at 988C for 30 min. On cooling
below 318C, the high molecular weight units initiate the
condensation of the smallest chains and gel nucleation, form-
ing a brittle, white gel.
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Fig. 3. The LH1e/SA2e phase diagram, showing the location of composi-
tion 12% LH1e/12% SA2e used in the present study.



The gelatin/maltodextrin samples prepared in the current
study are situated within the incompatibility domain of this
system [31]. The location of the composition, 12% LH1e/
12% SA2e, is plotted on the LH1e:SA2e:0.1 M NaCl phase
diagram in Fig. 3, with predicted phase compositions given
in Table 1. Composite samples were prepared by mixing the
two biopolymer solutions at 608C. The mixed solution was
subsequently poured between parallel glass plates (covered
with hydrophobic paper and separated by 1.4 mm spacers)
and immersed in a controlled temperature water bath at 98C.

After quenching, the plates were stored at 58C for 24 hours
prior to use.

3.2. Mechanical testing procedures

Prior to mechanical testing, the gels were equilibrated at
the test temperature (108C for all tests). To avoid the typi-
cally encountered problems of specimen gripping when test-
ing biopolymer gels (i.e. premature failure or irreversible
damage), a very simple gripping approach was taken for the
present work [11]. Tensile samples were cut from the
1.4 mm thick gel sheets using a ‘dog-bone’ shaped cookie
cutter (60 mm gauge length× 6 mm width), and were then
attached to card tabs using double-sided tape. The card tabs
were then gripped on a mechanical test frame, with tests
performed at a displacement rate of 100 mm min21. ‘True’
stress,s t, and ‘true’ strain,e t, were calculated following
Ref. [32] as;

st � F�L0 1 DL�=�A0L0� �16�

et � ln��L0 1 DL�=L0� �17�
The tensile elastic modulus,Et, can then be calculated as

follows;

Et � st=et �18�
A similar gripping procedure was also applied to the work of
fracture tests, with rectangular samples cut from the cast gel
sheets (dimensions of 80 mm× 50 mm× 1:4 mm�: Symme-
trical notches were then carefully cut into each side of the
test pieces using a scalpel. It was not possible to produce test
specimens with retained ligaments lengths of less than
4 mm, as the samples proved impossible to handle.
However, as this ligament length is within the mixed
mode region (i.e. theoretically a lower ligament limit of
3B–5B (i.e. 4.2–7.0 mm for the current samples)), this
was not anticipated to be a problem. The test arrangement
is similar to that shown in Fig. 1. Tests were performed at a
displacement rate of 50 mm min21. The net section stress,
sn, at failure, was calculated using;

sn � F=A0: �19�

3.3. Confocal laser scanning microscopy and dynamic
failure visualisation

Dynamic mechanical tests were performed in situ on a
confocal laser scanning microscope (CLSM), using a ‘Mini-
mat’ tension/compression stage (Rheometric Scientific,
Epsom, UK) [11]. Owing to the stage size constraints,
‘dog-bone’ shaped tension samples with a 30 mm gauge
length and 3 mm sample width were used. ‘Stepped’ tensile
displacements were used (typically 2 mm at 10 mm min21),
to avoid stage vibration, with an image acquired after each
‘step’. This procedure was repeated until the sample failed,
after which further images were recorded of the relaxed
structure.
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Table 1
Predicted phase compositions for the gelatin/maltodextrin composite used
in the current work (12% LH1e/12% SA2e), based upon Fig. 3

‘Gelatin-rich’ matrix phase ‘Maltodextrin-rich’ included
phase

,18% LH1e/,0.1% SA2e ,0.5% LH1e/,35% SA2e

Fig. 4. DynamicCLSM images of a tension test demonstrating the occur-
rence of interfacial debonding. Deformation strains, calculated using Eq.
(17), are: (a) 0.0 strain units; (b) 0.51 (1.0 strain units is equivalent to 100%
strain).



4. Results and discussion

4.1. Composite tensile behaviour and structure

A series of CLSM images of the structural evolution of
the gelatin/maltodextrin composite with increasing applied
strain is shown in Fig. 4 (measured at room temperature)
[11]. The phase-separated nature of this material is readily
evident, with spherical, included ‘maltodextrin-rich’ parti-
cles within a continuous matrix phase that is ‘gelatin-rich’
(Fig. 4a). Based upon phase diagram considerations, the
volume fraction of included ‘maltodextrin-rich’ particles
is ,0.33. Interfacial debonding occurs when the material
is deformed above a strain of,0.2 (or 20%), with subse-
quent ‘cusp’-shaped void growth upon further straining
(Fig. 4b). Qualitatively, it has been noted that the larger
particles debond first, and debonding can be promoted at
lower strains (i.e.,0.125) when particles are in close proxi-
mity [11].

A typical corrected tensile ‘true’ stress/‘true’ strain curve

is shown in Fig. 5. The material shows anapparent‘yield-
ing’ behaviour (i.e. reduced elastic modulus), with an aver-
age yield stress of,27 kPa for these samples (defined as the
initial point of deviation from linearity), that coincides with
the interfacial debonding noted previously. Tensile failure
stress varied between,100 and 140 kPa, while the tensile
elastic modulus was,235 to 240 kPa. At high strains, once
debonding has occurred, the gelatin matrix phase dominates
the mechanical response as evidenced by the transition to
strain-hardening behaviour (Fig. 5). Strain hardening was
previously noted for ‘pure’ gelatin gels in both compression
and shear [4], and also in the separated ‘gelatin-rich’ matrix
phase of the present composition under tensile deformation
[11].

4.2. Work of fracture determination

Typical load/displacement curves for the gelatin/malto-
dextrin composites, using the DENT test geometry, are
shown in Fig. 6. The maximum load, maximum displacement
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Fig. 5. Typical ‘true’ stress/‘true’ strain curve obtained for gelatin/maltodextrin composites (12% LH1e/12% SA2e), showingapparentyielding at,27 kPa.

Fig. 6. Examples of typical load/displacement curves obtained for DENT tests conducted on gelatin/maltodextrin composites with various ligament lengths.



and integrated area under the curve (total work) all increase
with ligament length. An initially linear increase in load,
with displacement, is observed. It is likely that the deviation
from linearity indicates the onset of yielding (as noted in
tensile tests), with the load decreasing when the notch starts
to grow. This observation needs to be verified experimen-
tally, to ensure that full ligament yielding occurs.

The effects of ligament length upon the net section stress,
calculated using Eq. (19), are shown in Fig. 7. There is
slightly more scatter in this data set than previously
observed for DENT tests on synthetic polymers [20–25],
which is believed to arise from slight regional variations
in the average particle size and volume fraction. This is an
artefact of sample preparation that is essentially impossible
to remove. A high number of tests were conducted in the
current work (i.e. N � 83�; in order to minimise the
observed effects of scatter, following the arguments outlined
by Marchal et al [33]. The net section stress is higher for

shorter ligament lengths (Fig. 7), as might be expected from
theoretical considerations, and reaches a steady state con-
dition for ligaments greater than,12 to 13 mm. This can be
seen to mark the transition from mixed mode to plane stress
deformation, and occurs at ligament lengths corresponding
to approximately 8B–9B, which is slightly higher than
theory predicts, i.e. 3B–5B [19,26]. However, many of the
studies previously conducted on polymeric materials have
also shown that this transition occurs at ligament lengths
significantly greater than predicted by theory [19,26],
often reporting values as high as,50B for polymers such
as polycarbonate, poly(ether–ether ketone) and polyimide
[22]. It has been predicted that, in the plane stress region, the
DENT test specimen will yield (i.e. reach maximum net
section stress) at,1.15s y [27], wheres y is the yield stress
of the unnotched material. Conversely, in the plane strain
region (i.e. when the ligament length is similar to the sample
thickness), the DENT sample will yield at,2.97s y. The
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Fig. 7. The effects of ligament length upon the measured net-section stress.

Fig. 8. The effects of ligament length upon the total work consumed during deformation.



plane stress criteria for the gelatin/maltodextrin composite
(i.e. 1:15sy � 1:15× 27 kPa� ,31 kPa� is shown on Fig.
7 by the dotted line, and there is relatively good agreement
with Hill’s criteria for the plane stress region (i.e. for liga-
ment lengths greater than,12 to 13 mm). For lower liga-
ment lengths, values of net section stress are greater than
,1.15s y, and tend towards,1.5s y as the ligament length
approaches zero. In reality, the net section stress is likely to
exceed 1.5s y after the transition from mixed mode to plane
strain at low ligament lengths, in accordance with Hill [27],
although it is not possible to verify this with the present
material.

A plot of the total work consumed in deformation
(obtained from the area under the load/displacement
curve) as a function of ligament length is shown in Fig. 8.
Two essentially linear regions are noted, indicating a similar
transition to that observed in Fig. 7, occurring at a ligament
length of,12 to 13 mm. This again infers a change from
mixed mode to purely plane stress deformation, as ligament
length increases. If the curve of total work against ligament
length is normalised (i.e. dividing by the ligament cross-
sectional area), a plot of the specific total work against
ligament length is obtained (Fig. 9). Applying a linear
regression fit to this data, they-axis intercept gives a
value of the elastic work,we, while the gradient gives the
plastic contribution,bwp. Based upon data presented in Fig.
9, the plane stress values forwe and bwp were 107:4^

14:5 J m22 and 3265̂ 582 J m23
; respectively (Table 2).

In the mixed mode region, the elastic work,we
p, is lower

while the plastic work,bwp
p, is higher, than for the plane

stress region (Table 2), as would be expected theoretically
[22,26].

4.3. Comparison of measured work of fracture with
alternative systems

The values ofwe andbwp obtained in the present work are
approximately three orders of magnitude less than those
observed for ductile polymers (i.e.we ,20 to 70 kJ m22,
bwp ,1 to 7 MJ m23) [22]. However, it is interesting to
note that the relative ratios ofwe:bwp are similar. Fracture
energies between,0.1 and 6 J m22 were noted for various
b-lactoglobulin gels (depending upon the pH at which they
were produced), using notched tension tests [9]. Whilst
these values are one to two orders of magnitude less than
the present gelatin/maltodextrin composites, it should be
noted that theb-lactoglobulin gels exhibited significantly
lower failure stresses and strains (i.e. from,1 to 20 kPa
for b-lactoglobulin, depending on synthesis route, against
,100 to 140 kPa for the present materials). Consequently,
the effective work (i.e. area under the load/displacement
curve) will be significantly lower for theb-lactoglobulin
gels.

It is readily apparent that the fracture energy for the inter-
face between the ‘gelatin-rich’ continuous phase and the
‘maltodextrin-rich’ included phase is significantly lower
(i.e. ,0.25 J m22, measured at room temperature) than the
composite fracture energy, we, measured using DENT tests
(i.e. ,100 J m22). Although this discrepancy initially
appears to be significant, it is actually similar to that often
observed in synthetic polymer systems. One highly studied
example is polystyrene (PS)/poly(methyl methacrylate)
(PMMA). Both PS and PMMA alone typically exhibit
fracture energies in the range of 400–2000 J m22 [34,35]
Conversely, in the absence of a ‘bonding’ block copolymer,
the interfacial fracture energy is generally between,5 and
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Fig. 9. The effects of ligament length upon the specific total work of fracture.

Table 2
Values of specific essential and non-essential work of fracture measured in
both the plane stress and mixed mode regions (pdetermined by extrapolation
of data in the mixed mode region)

we (J m22) bwp (J m23) we
p (J m22) bwp

p (J m23)

107:4^ 14:5 3265^ 582 83:5^ 7:1 4253^ 864



50 J m22, even after thermal ‘welding’ [36–38]. Another
interesting example is the incompatible poly(propylene)
(PP)/polyamide-6 (PA6) system. PP alone exhibits a
fracture energy as high as 8000 J m22 [34], while the inter-
facial fracture energy of the composite system can be varied
between 1 and 100 J m22 by careful control of the joining
procedure [39].

4.4. Estimation of plastic zone size

Based upon the value obtained forwe (i.e. 107:4^ 14:5
J m22), it is possible to calculate the approximate zone size,
2rp, for either a circular or line plastic zone using Eqs. (10)
and (11), respectively. In the present case (at 108C), the
composite tensile elastic modulus,E < 240 kPa; while the
unnotched yield stress,sy < 27 kPa: This leads to calcu-
lated circular and line plastic zone sizes of,11:1^ 1:5 mm
and ,13:6^ 1:8 mm; respectively. If these values are
applied in the specimen ligament size criteria outlined in
Section 2.2, then it is apparent, from Eq. (12), that the mini-
mum ofD/3 or 2rp will be the latter for the current material.
However, it is also clear from Fig. 9 that a steady state
condition is reached in the plane stress region (i.e. above
ligament lengths of 12–13 mm) that continues to ligaments
significantly longer thanD/3 (i.e. 34 mm< 2/3D). In addi-
tion, the averagenet section stress in this region obeys
theoretical expectations (i.e. the net section stress in the
plane stress region< 1.15s y). It can therefore be inferred
that the conditions applied in Eq. (12) are conservative.

Similar observations have also been made in a number of
other essential work of fracture studies [21,23], where the
steady state plane stress region appeared to extend to liga-
ment lengths as great as 3/4D. The plastic zone sizes esti-
mated in the current work are of a similar size to those
determined for a synthetic polymer thought to be ‘ideal’
for DENT testing, such as amorphous copolyester [21,23].

Ultimately, it will be desirable to measure the plastic zone
size using a direct method. A number of possible approaches
can be envisaged to achieve this. Karger-Kocsis and
co-workers have employed both post-fracture light micro-
scopy and infra-red thermography techniques for a ductile
copolyester [21,23–25]. Whilst the post-fracture light
microscopy approach is unlikely to be suitable in the present
case, due to strain relaxation, a dynamic strain mapping
approach may be possible using a fiducial grid marked on
the specimen surface in combination with video micro-
scopy. This technique would provide distinct surface
features whose deformation, relative to each other, could
then be readily mapped. Similar approaches have been
used in the past for examination of deformation and fracture
of inorganic composites [40].

4.5. Estimation of crack opening displacement

Two distinct linear regions are apparent when plotting the
extension at failure,em, against ligament length (Fig. 10).
An observed transition from mixed mode to plane stress
occurs at ligament lengths of,12–13 mm, consistent
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Fig. 10. The effects of ligament length upon extension to failure.

Table 3
A comparison of measured and estimated values of specific essential work of fracture. Estimated values ofwe andwe

p are obtained using Eq. (14)

Estimated from extension to failure Measured

e0 (mm) we (J m22) e0
p (mm) we

p (J m22) we (J m22) we
p (J m22)

4:39^ 0:28 118:6^ 7:5 2:25^ 0:12 60:1^ 3:4 107:4^ 14:5 83:5^ 7:1



with Figs. 7–9. Extrapolating from the plane stress region to
the y-axis intercept (i.e. whenL � 0�; gives a valuee0 <
4 mm; with a value ofep

0 < 2:5 mm for the mixed mode
region. Using Eq. (14) it is therefore possible to estimatewe

(and an equivalentwe
p from the mixed mode region). These

values are compared with those determined experimentally in
Table 3. Given the approximate nature of this approach, parti-
cularly the fact that the values ofe0 ande0

p are obtained from
values of elongation to failure for the whole gauge length of
the sample (initially 50 mm) for a relatively compliant mate-
rial, and not simply around the notch region, there is relatively
good agreement between the estimated and experimental
values, especially for data in the plane stress region alone.

5. Conclusions

The plane stress essential work of fracture of a ‘pseudo-
yielding’ biopolymer gel composite, gelatin/maltodextrin,
has been measured using the DENT test, previously applied
to metals and synthetic polymers. Debonding of the inter-
face between the ‘gelatin-rich’ continuous matrix (low elas-
tic modulus) and the ‘maltodextrin-rich’ included particles
(high elastic modulus) occurs in this material, as it is
deformed, resulting in the ‘pseudo-yielding’ response.

The DENT method involves cutting symmetrical notches
on either side of a thin sheet rectangular test piece, of thick-
nessB, to leave an intact ligament of material, which is then
stressed in tension. A transition from plane stress to mixed
mode (plane strain/plane stress) deformation occurs as the
ligament length is reduced below,8B to 9B. In the steady
state plane stress region, the maximum net section stress
was found to be close to the value predicted by theory,
namely,1.15s y (wheres y is the unnotched yield stress).
In the mixed mode region, the maximum net section stress
increased to,1.5s y, and this value is predicted to increase
to ,2.97s y in the plane strain region.

Two linear regions were apparent on a plot of the total
work consumed as a function of ligament length, marking a
transition from plane stress to mixed mode deformation.
The specific total work could then be determined by
normalising this data with respect to the various ligament
areas used. Extrapolation of the specific total work against
ligament length curve to zero ligament length, then gave the
specificessentialwork of fracture,we (for data solely from
the plane stress region), which is the elastic contribution to
failure in the process zone. The plastic contribution, termed
the specificnon-essentialwork of fracture,bwp, can then be
obtained from the gradient of this curve. In the present
example, plane stress values ofwe andbwp, were found to
be 107:4^ 14:5 J m22 and 3265̂ 582 J m23

; respectively.
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