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Structure-fracture measurements

of particulate gels

C. OHGREN, M. LANGTON, A.-M. HERMANSSON*
SIK-The Swedish Institute for Food and Biotechnology, PO. Box 5401,

SE-402 29 Goteborg, Sweden
E-mail: amh@sik.se

Images on a micron scale and the stress-strain behaviour of gel structures during tension
were simultaneously recorded in real time using a mini fracture cell under the confocal
laser scanning microscope (CLSM). S8-lactoglobulin gels tailor-made to vary in density,
connectivity, thickness of strands and size of aggregates and clusters were used as a food
model system. Amylopectin and gelatin were used to generate different types of
B-lactoglobulin network microstructures and also as a second continuous phase.

Both rheological and structural differences in fragility between g-lactoglobulin gels were
verified according to the density of their aggregated network structure. A dense gel has a
more brittle behaviour where the clusters are rigid and the crack propagates smoothly
compared to a gel with an open network structure, which has a discontinuous crack
growth, via a winding pathway around clusters, and also break-up of the pores far from the
crack tip. Differences in the stretchability of the aggregated B-lactoglobulin structure,
induced by addition of amylopectin solution, were proved and related to differences in

stress-strain behaviour and crack propagation.

Gelatin gels in the pores between the g-lactoglobulin clusters do not affect the structure
of the g-lactoglobulin network but make the fracture fragile giving a smooth fracture
surface, cause continuous crack growth and fracture propagation through g-lactoglobulin
clusters. This is a consequence of that the mixed gel follows the behaviour of the gelatin
gel when the gelatin phase is stronger than the g-lactoglobulin network.

© 2004 Kluwer Academic Publishers

1. Introduction

The perceived texture of food depends to a large extent
on the initial stages of fracture in the microstructure.
Studies of the fracture behaviour of microstructures
provide valuable information on the forces keeping the
structures together, required when attempting to de-
sign appropriate structures. A challenging problem is
to control the texture, as this is largely determined by
structural rearrangements during deformation and frac-
ture. The correlation between the results of rheological
measurements and conventional microstructural data is
not always unambiguous. This has led to a demand for
new types of rheological measurements as well as mi-
crostructural measurements. Research tools have grad-
ually become available that enable us to deal with the
complexity of food systems. Measuring cells can be
adapted to the confocal laser scanning microscope, al-
lowing us to directly follow structural changes during
application of stress.

Real-time measurements of structure and consis-
tency provide a unique opportunity to explore food
characteristics. A few articles have been published
describing mechanical measurements obtained during
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simultaneous imaging of food systems [1-3]. Thiel
et al. [3] demonstrated the use of enviromental scanning
electron microscopy (ESEM) for in situ observations
during mechanical testing of carrots. Structural rear-
rangements observed were crack propagation and cell
wall distortion in real time related to stress-strain char-
acteristics. Stokes et al. [2] used in situ tests in ESEM to
study breadcrumbs. Results showed that the struts and
strings of matrix material, bridging the voids, were in-
fluenced by the moisture content, and that this is a deter-
mining factor in fracture propagation. Dynamic struc-
tural studies using the confocal laser scanning micro-
scope (CLSM) were made of gelatin-maltodextrin gels
by Plucknett et al. [1]. They observed that the interfa-
cial fracture energy controls the fracture properties, i.e.,
a weak interfacial energy resulted in debonding at low
strain. Stepped displacements were applied, with an im-
age acquired after each step, to avoid stage vibrations.

By performing real-time measurements, we can
measure stress-strain behaviour and microstructural
changes at the same time. Accordingly, it is feasible
to follow crack propagation and measure at what stress
it starts and how fast the crack ruptures. No crack length

6473



analyses of food material have been made previously to
our knowledge, but they are frequently used with other
types of materials. In most cases the crack growth rate is
analysed when fatigue tests of polymers, metals, glass
or other composite materials are carried out e.g., [4-
6]. A structure-related cause of variations in crack rate
may, for example, be seen in sintered steel, which has
an inhomogeneous microstructure, consisting of a mix-
ture of soft and hard phases, resulting in a decreased fa-
tigue crack growth rate compared to homogeneous steel
[6]. Both jagged discontinuous and continuous crack
growth has been shown in fatigue tests of polyethylene
in which the stress intensity was varied [4]. Microscopy
observations showed that cavitations, voiding and rup-
ture took place within an extended damage zone ahead
of the crack tip when the crack growth was discontinu-
ous under high stress intensity. Under low stress inten-
sity, when the crack grew continuously, the influenced
zone was limited to the crack tip.

Different materials fracture in different ways. For ex-
ample, a potato crisp will snap immediately while soft
toffee will slowly tear apart. In fracture mechanics dif-
ferent kinds of fractures are classified according to how
brittle or ductile they are. Examples are cleavage, inter-
granular brittle or creep fracture, plastic growth of voids
into fracture, and rupture by necking or shearing-off.
Between these extremes a whole range of possibilities
exists [7].

We have previously performed dynamic experiments
using CLSM of mixed particulate S-lactoglobulin-
amylopectin gels, using the same approach as Pluck-
nett et al. [1] by stopping the extension and recording
an image. The experiments showed that fracture oc-
curred deeper inside the structure, in relation to the
crack tip, for gel compositions containing pure 6%
B-lactoglobulin and 6% B-lactoglobulin/0.75% high
molecular weight (Hp,) amylopectin. These gels are
weak and fall easily apart. In another composition of 6%
B-lactoglobulin/2% low molecular weight (L) amy-
lopectin, which had a higher G’ and more sponge-like
behaviour, the fracture occurred only at the crack tip.
This may indicate differences in connectivity and flex-
ibility between the clusters among the gel types [8, 9].
The result was also concordant with earlier studies with
the same gel compositions, involving rheological mea-
surements and evaluation of the microstructure of set
gels [10, 11].

Many real food products exhibit aggregated phase-
separated microstructures where the aggregates form
a particulate network. For example, the microstructure
of B-lactoglobulin or whey can be compared with that
of yoghurt [12, 13]. In the present work we have used
particulate B-lactoglobulin gels as the model system.
Different types of aggregated phase-separated network
structures were prepared, varying in density, size of
pores and clusters, thickness of strands and connec-
tivity of strands, obtained by varying the medium in
which the -lactoglobulin gel was formed: water, amy-
lopectin solution or gelatin. (The gelatin gelled after
the B-lactoglobulin network was formed.)

The present report concerns a study of simultane-
ous microstructural and rheological measuring meth-
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ods describing the initial stage of fracture of particulate
protein gels. Rheological measurements are always per-
formed under dynamic conditions. To obtain equivalent
information from microstructural data in this study, we
have monitored the microstructure of gels during suc-
cessive deformation under a confocal laser scanning
microscope. The purpose of the study was to find out
what structural rearrangements occur during the defor-
mation of particulate B-lactoglobulin microstructures
and, at the same time, to characterise the initial stage
of fracture rheologically in order to establish structure-
rheology relationships.

2. Experimental procedures

2.1. Materials

The materials used were natural amylose-free amy-
lopectin starch from potato (pap) developed by Lyckeby
Stéarkelsen and Svalof Weibull using genetic engineer-
ing. B-lactoglobulin (8-1g), WPI PSDI-2400, was ob-
tained from MD Food Ingredients, Denmark. A detailed
description of the materials is given elsewhere [10]. The
acid-processed, granular-formed gelatin used was ob-
tained from Extraco, Klippan, Sweden and had a nomi-
nal strength of 250 Bloom. All calculations in this study
were done on a dry matter basis, and all concentration
values stated in % refer to wt%.

2.2. Sample preparation

The B-lg was dissolved in distilled water, pH adjusted
to 5.4, degassed and poured into moulds of aluminium
with squared cross-sections of 13 x 13 mm. The ends
were closed with heat-proof tape (scotch 425). The
moulds were greased to prevent the samples from stick-
ing to the walls. The samples were then placed in a
FP40-MS Julabo programmable silicon oil bath (Ju-
labo Labortechnik GmbH, Seelbach, Germany). The
temperature was increased to 90°C at a heating rate
of 2.5°C/min and held at 90°C for 1 h. Thereafter
the temperature was decreased to 20°C at a cooling
rate of 2.5°C/min. The samples were stored overnight,
15-18 h, at a temperature of 20°C.

In the mixed gel case, the biopolymers were dis-
solved separately at double concentrations and then
mixed. Pap was mixed with distilled water and the
dispersion was heated to 120°C, to fully dissolve the
granule remnants, and then cooled at room tempera-
ture (20°C). The molecular weight of this solution was
5x 107 Da (Hyy) [14]. The molecular weight of the pap
solution was reduced to approximately half the value of
the Hpy pap by shearing it in a homogenizer, Ultra Tur-
rax, T25, (IKA®—1abortechnik, JANKE & KUNKEL,
Staufen, Germany), at a rate of 20500 min—! for 1 min,
denoted L. The gelatin was dissolved in distilled wa-
ter at 50°C before mixing it with the 8-lg solution.

2.3. Structure-fracture measurements

The samples were cut into 10 mm-long test pieces, and
a notch was cut perpendicular to the applied force di-
rection along one side of the test pieces at a depth of



I mm. Pure $-lg and mixed gB-lg/pap gels were stained
with a droplet of 0.01% Texas Red solution, which
has a fluorescence maximum at ~620 nm. The gelatin-
containing samples were added 0.025% Rhodamin so-
lution (1:25) (fluorescence maximum at ~602 nm) dur-
ing the mixing step, because these gels were so tight
that the colouring matter could not push through. The
test pieces were glued to sandpaper-covered clamps in
a Microtest miniature material tester (Deben, Suffolk,
UK). The Microtest was then placed under a confo-
cal laser scanning microscopy (CLSM) Leica TCS SP2
(Leica Ltd., Heidelberg, Germany). The light source
was HeNe lasers using Acx = 594 nm (Texas Red) and
543 nm (Rhodamin). The microscope objectives used
were air-objectives having a magnification of 5 x (a 2
x zoom was used) when following the fracture path and
10 x (8 x zoom) when recording ahead of the notch tip,
and a numeric aperture of 0.12 and 0.30, respectively.
Images were taken each 1.629 s, and the section 20 um
down in the sample was monitored. A constant tensile
speed of 0.66 mm/min was applied, while force and
extension were measured. It was important to make a
notch to control the fracture. Without a notch most of
the samples fractured in one of the glued sides.

The crack propagation was determined by measuring
the prolongation of the notch in the images. The crack
length was used to calculate the prevailing area, which
was necessary for determining the true stress.

The experiments are highly reproducible when ev-
erything in the preparation works satisfactory. In many
of the tests, especially for gels containing low concen-
trations of protein, the gel pieces fractured in the glued
sides instead of in the notch because the gels are very
weak and sensitive for pushes under the attach-stage. At
least three entirely succeeded experiments were made
on each sample.

3. Results and discussion

Real-time dynamic video recording of gels under si-
multaneous stress-strain exposure has been shown
to work satisfactorily. The mini fracture cell moves
very smoothly and few vibration disorders have been
observed. However, because we observed structural
changes during deformation at a high magnification
up to ~80x, a great deal of concentration was needed
during the performance since the gel microstructure
was moving in both an x-y direction and in a z di-
rection while the sample was being deformed. The
same piece of microstructure, which only has a size
of 190 um x 190 pum for the highest magnification,
has to be studied during the whole measurement, and
therefore it is necessary to adjust the stage in these di-
rections in small steps during the performance.

In this investigation we have chosen to study how a
crack propagates from a notch as a starting point. We
have used a low magnification and a large pinhole, so
a large segment of the gel piece can be monitored in
both an x-y and a z direction. In addition, we have
followed the alterations of small structure components
ahead of the notch tip by using a high magnification and
a small pinhole. The stress-strain behaviour was mea-

sured continuously while the microstructural changes
were photographed.

The studied §-1g microstructures have been designed
and chosen according to criteria such as density, ho-
mogeneity and connectivity. Furthermore, the ambient
medium has been varied between water, amylopectin
solution and gelatin gel. The ambient medium was var-
ied both in order to generate the desired network struc-
tures and to investigate the influence of different media
in the pores created by the 8-1g networks.

3.1. B-lactoglobulin gel-structures varying
in density

Pure B-lg gels of varying concentrations were inves-
tigated in order to generate gels that differed in the
density of the B-lg aggregated networks. Fig. 1a and
¢ show CLSM images of unaffected microstructures
of 6 and 12% B-lg gels. The gel with the higher con-
centration has a denser 8-lg gel network (white in the
image) with small pores (black in the image) compared
to the gel containing 6% B-lg. Fig. 1b and d show how
the same microstructures are altered when they are ex-
posed to maximum deformation after tension at a rate
of 0.66 mm/min. The images are taken when the stress
is at its maximum and the crack has almost reached
the photographed section. The size of the images is ad-
justed so that exactly the same structure components
are shown both before and after the deformation. Clear
changes are shown for the gel with a lower concentra-
tion, see Fig. 1a and b. Most of the pores have grown in
the deformation direction. For example, the pore in the
marked area has grown considerably. It is also possible
to see how whole clusters have turned in the deforma-
tion direction, see the cluster in the marked region in
Fig. 1a and b. A comparison of Fig. 1c and d shows
few changes. However, the size of the images indicates
that the total structure has been longer in the x direction
and shorter in the y direction. Nevertheless, if the two
marked regions are compared, it is evident that more
small pores have been formed and that the larger pores
have been somewhat extended in the x direction and
compressed in the y direction.

These two different types of behaviour depending
on the density of the aggregated microstructure proba-
bly reflect the brittleness of the gels. This can be con-
firmed since stress and strain were measured during the
same experiment. The fracture parameters are shown in
Fig. 2, where the dense and firm gel containing 12% f-
Ig has a ~6 times higher oy, stress at break than the
more open and soft gel containing 6% B-lg, which, on
the other hand, can be stretched longer. Furthermore,
the start of lengthening of the notch and crack propaga-
tion is shown for both gel types. Before the start of crack
propagation no new local fractures are observed in the
microstructure at the magnifications studied apart from
widening of the existing ones. The crack propagation
behaves similarly in relation to the stress maximum for
both gel types. However, crack growth differs in ap-
pearance; it is represented by a smooth curve in the
stronger gel, while in the weaker gel crack propaga-
tion is more step-wise, probably as a result of the more
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Figure 1 A 6% and a 12% p-lg gel before (a, ¢) and at maximum deformation (b, d). Examples of the changes in pore size and alteration in the

direction of clusters are marked in the images.
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Figure 2 Stress and crack length versus strain for gels containing 6 and
12% B-lg.

open, or less dense, microstructure of the 6% p-lg gel.
The step-wise crack growth is a consequence of fewer
connections between clusters, explaining why steps be-
came larger between locations that can resist stress.
Tensile deformation of particle gels resembling food
systems such as yoghurt and cheese has recently been
studied by Rzepiela [15] using Brownian Dynamics
simulations. The gels were found to exhibit ductile frac-
ture rather than yielding and maintaining the structure.
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Simulated structural images showed that the whole gel
piece was extended in one direction and shrunk in the
perpendicular direction during deformation. An inher-
ent notch in the structure grew in the early stages of de-
formation in the extension direction and changed shape.
Later, both the thickness and length of the notch in-
creased due to joining of smaller voids. These findings
seem to fit what really happens when comparing them
with our results with S-lg gels. However, the model
also shows that the resulting fracture was due to global
material fracture rather than crack propagation from a
notch, which is not in agreement with our results. Nor
did the stress-strain response correspond to our find-
ings: after the stress maximum a period was reached
when the stress decreased slowly (more slowly than
it increased from the beginning), unlike our measure-
ments where the stress decreased rapidly after the stress
maximum. The model incorporated soft spherical par-
ticles and reversible flexible bond formation.

3.2. Pap-containing g-lactoglobulin
gel-structures varying in connectivity

The appearance of the 8-lg particulate network in the

presence of pap solution with varying molecular weight
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Figure 3 Stress and crack length versus strain for mixed gels containing
6% B-1g/ 0.75% Hmny pap and 6% B-1g/ 2% Lmw pap.

has been thoroughly investigated previously [8—11, 14].
Fig. 3 shows stress and crack length versus strain for
mixed gels containing 6% B-1g/0.75% Hpw pap and
6% B-1g/2% Ly pap, respectively. The stress-strain
behaviour of the weaker gel containing 6% S-1g/0.75%
Hy,w pap is similar to that of a pure 6% B-lg gel, see
Fig. 2. The crack growth starts around the same strain
and accelerates in a similar pattern to the pure 6% -
lg gel when the stress has reached maximum. Since
the gel containing 6% £-1g/0.75% Hyw pap has a low
strain at break, it results in a short period of slow crack
growth. Soon after the notch has started to crack at the
tip, the whole structure behind the notch-tip splits. The
simultaneously photographed microscopy images show
this rigid and “falling apart” behaviour in Fig. 4. Fig. 4a
shows the structure of the gel containing 6% £-1g/75%
H,w pap at the start of deformation and Fig. 4b the
structure just before it falls apart. The clusters behave
inflexibly and do not change much during the pulling.
The pattern in the marked region shows that the connec-
tions between loosely connected small aggregates in-
side larger clusters burst and small pores become larger.

The behaviour of the stronger gel containing 6% -
12/2% L pap is different. The stress-strain curve has
a tendency to show more s-shaped behaviour compared
to the more r-shaped stress-strain behaviour of the other

gel type, which is shaped like the letter r with a decreas-
ing slope. An s-shaped curve indicates yielding of the
material when the slope decreases and the curve has a
sigmoidal behaviour [16]. This somewhat rubber-like
behaviour is common for certain types of foods with
high moisture content. For example, a similar stress-
strain curve has been shown for sponge cake and young
Gouda cheese exposed to compression [17, 18]. The
curve form may also be influenced by the strain rate
[17]. The behaviour is in concordance with the corre-
sponding micrographs; see Fig. 5a and b where Fig. 5a
shows the unaffected microstructure and Fig. 5b the
extended microstructure at maximum stress. The gel
containing 6% B-1g/2% Ly, pap is composed of flex-
ible strands and clusters, i.e., the network components
have the ability to deform and stretch out in the defor-
mation direction without rupturing. Notice also that the
structure has not cracked at any position but has merely
been stretched out. The crack starts earlier, in relation to
the stress maximum, for the gel containing 6% B-1g/2%
Lw pap but has a long period where it develops slowly
and does not accelerate in length before the maximum
in stress has passed.

Both gel types exhibit a somewhat discontinuous,
step-wise, crack growth probably as a consequence of
asymmetric stress-holding connections, since the mi-
crostructure is rather inhomogeneous. The difference
in crack propagation is more clearly presented in Fig. 6,
where the stress is plotted versus the crack length. The
graph shows the stress at which the crack growth accel-
erates and the sample starts to split. The start of sample
split acceleration occurs where the curve becomes hor-
izontal, i.e., when the crack propagates a long distance
at constant stress. It is shown that the gel containing 6%
B-12/0.75% Hy. pap starts to accelerate in sample split
at the stress maximum while the gel containing 6% -
1g/2% Lw pap does not start until after the maximium
in stress because the 6% B-1g/2% L pap-containing
gel is formed of more flexible strands, which can be
deformed considerably without rupturing. This means
that this structure has a rubbery behaviour, since it does
not fall apart when the stress is at a maximum but

Figure 4 A mixed 6% -1g/0.75% Hpw pap gel before (a) and at maximum deformation (b). An example of changes in pore size is marked in the

images.
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Figure 5 A mixed 6% B-1g/2% L, pap gel before (a) and at maximum deformation (b). Examples of the changes in pore size and the extension of

the clusters are marked in the images.
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Figure 6 Stress versus crack length for mixed gels containing 6% S-1g/
0.75% Hpy pap and 6% B-1g/ 2% Lyw pap.

will keep together and not fracture before it has been
deformed considerably.

When comparing the results of the gels containing
amylopectin with earlier studies on these gels [10], it
is shown that the stress at break is in agreement but not
always the strain at break. This is a consequence of the
different beahviours of the structures of the gel types
depending on variation in strain rate.

3.3. B-lactoglobulin gel-structures
incorporated in gelatin gels

Gelatin was the third medium in which particulate 5-Ig
was allowed to form a gel. The gelatin forms a fine-
threaded gel on cooling between the heat-induced par-
ticulate B-lg strands without changing the particulate
structure. The microstructure and the rheological be-
haviour of mixed §-1g gelatin gels have previously been
studied thoroughly by Walkenstrom et al. [19], but not
at the initial stage of fracture. It appeared that the exten-
sion at fracture of a 8% B-lg gel with a 1% gelatin addi-
tion (not shown) followed the behaviour of the pure 8%
B-lg gel, but addition of 3, 5 and 10% of gelatin resulted
in shorter strain at fracture, see Fig. 7. The mutual rela-
tions between the samples were similar for the stress at
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Figure 7 Stress and crack length versus strain for pure and mixed gels
containing 8% p-lg, (—A—), 8% B-1g/3% gelatin, (—O—), 8% pB-
1g/5% gelatin (—x—) and 8% B-1g/10% gelatin (—[1—).

break; the pure 8% B-lg gel and the gel containing 1%
gelatin had the same behaviour, while gels containing
10% gelatin were stronger than the gels containing 5%
gelatin, which were stronger than the ones containing
3%. The studies by Walkenstrom et al. [19] showed that
a transition occurred in rheological properties around
the addition of 3% gelatin but that the particulate net-
work structure was unaffected. Slow crack propagation
starts earlier for gels containing 3% gelatin or more
compared to pure B-lg gels, which is shown in Fig. 7.
When the stress is plotted versus the crack length as
in Fig. 8, it is clearly shown that gels containing 3%
gelatin or more have a region where the curve levels
out earlier in relation to the stress maximum, i.e., the
stress continue to increase although the crack has frac-
tured more than 2 millimetres. We can observe that
the higher the gelatin concentration in the gels, dur-
ing the longer crack length the stress continues to rise.
For the samples containing 5 and 10% gelatin, the
stress continues to rise even after crack propagation
has started to accelerate.

As a comparison, mixed particulate 8-1g/gelatin gels
can resist fracture to a high extent but are not as flexi-
ble as a mixed particulate 6% S-1g/2% Ly pap gel, in
which acceleration of crack growth does not start until
after the stress maximum, compare Figs 6 and 8. In the
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Figure 8 Stress versus crack length for pure and mixed gels containing
8% B-lg (—A—), 8% B-1g/3% gelatin (—(O—), 8% B-1g/5% gelatine
(—x—) and 8% B-1g/10% gelatine (—1—).

CLSM images, Fig. 9, the behaviour of gels contain-
ing 8% p-1g/1% gelatin and 8% B-1g/5% gelatin can
be compared in the undeformed and deformed state.
Addition of 1% gelatin to 8% p-lg gel has no influ-
ence on rheological or microstructural properties. The
B-lg network is still stronger than the gelatin network
and the behaviour follows that of a pure 8% B-1g gel,
i.e., the pores become larger and whole clusters can be
displaced and split up during deformation, see Fig. 9a

and b. The behaviour is alike that of the pure 6% B-lg
gel, see Fig. 1a and b. In the gel containing 5% gelatin,
on the other hand, no clusters have split up. Pores and
clusters have only stretched out and follow the move-
ment of the gelatin gel, see Fig. 9c and d. The marked
areas in Fig. 9 are regions where the rearrangements
described above are clearly shown.

3.3.1. Initial stage of crack propagation

Fig. 10 shows the initial crack propagation in CLSM
micrographs for a pure 8% B-1g gel (left column) and
for a mixed 8% pB-1g/10% gelatin gel (right column),
at a lower magnification than presented in earlier mi-
crographs. The images at the top show the hand-made
notch before the crack has started to propagate. The
other images show how the structures near the notch
are altered when the crack has just started to propa-
gate from the notch. A pure 8% B-lg gel is fractured
via a winding pathway. The fracture path moves be-
tween clusters and chooses the easiest passage. Frac-
ture in the microstructure has also occurred deeper in-
side the structure ahead of the crack, not only at the
tip of the crack. The mixed gel containing gelatin has
a similar B-lg network structure to the pure S-Ig gel in
the undeformed state. However, during fracture, crack
propagation through the B-lg clusters occurs. A more

Figure 9 Mixed gels of 8% B-1g/1% gelatin and 8% B-1g/5% gelatin before (a, ¢) and at maximum deformation (b, d). An example of changes in pore

size is marked in the images.
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Figure 10 Pure 8% f-1g (a) and mixed 8% B-1g/10% gelatine (b) gels at the initial stage of crack propagation increase.

brittle fracture is verified compared to the pure S-lg gel.
The structure deeper inside the structure is uninfluenced
with respect to fracture, only the structure at the tip of
the notch is fractured. Hence, the mixed gel follows the
behaviour of the gelatin gel after a certain amount of
added gelatin, about 3%, i.e., when the gelatin phase
is stronger than the $-Ig network. The fracture path of
the gel containing 6% B-1g/2% L is winding and
moves between clusters similarly to the pure 8-lg gel.
The difference compared to the pure B-lg gels is that
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the structure ahead of the crack tip has not brooked-up,
but like the gelatin-containing gels, just the structure at
the tip of the crack is fractured.

Notice also the differences in the curvature of the
notch between the two gel types when the cracks have
propagated the same distance (the images at the bottom
in Fig. 10). The radius of curvature of the notch in the
gelatin-containing gel was less than that of the pure 8-
Ig gel, because the pure S-1g gel was longer extended
than the gelatin-containing gel.
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Figure 11 Crack length versus strain for pure and mixed gels containing
6% B-1g (—x—), 8% B-1g (—A—) and 8% B-1g/10% gelatin (—[—).

The B-lg gel which cracks via a winding path-
way shows discontinous crack propagation while the
gelatin-containing gel shows continuous crack propa-
gation. Fig. 11 shows crack growth during the initial
stage for the mixed 8% B-1g/10% gelatin-containing
gel type and for pure 6 and 8% pB-lg gels. Both the
pure B-lg systems demonstrate a jagged growth of
the crack because the B-lg structure is inhomoge-
neous on this length scale. The junction points be-
tween the B-lg clusters exist at irregular intervals and
breaks are therefore discontinuous. A lower concentra-
tion of S-Ig results in a more open aggregated structure
with fewer junction points, explaining why the crack
growth for the 6% B-lg gel is represented by an even
more jagged curve than the one for the pure 8% f-lg
gel.

Within food science, which deals with comparatively
weak structures, few studies have taken up the sub-
ject of crack propagation in contrast to the sciences
dealing with metals, ceramics and polymers. A study
of raw and cooked carrots has shown that raw carrots
fractured via rapid crack propagation through the cell
walls while boiled carrots exhibited a fracture path-
way track around the cells [3, 20]. Despite substantial
differences in the strength of other materials, for in-
stance polyethylene, the behaviours are still compara-
ble. In the structure of polyethylene, which splits via
discontinuous crack propagation, the pores also break
up and grow far ahead of the crack tip while the con-
tinuously cracked polyethylene has a limited altered
zone at the crack tip. High magnification shows a re-
gion of new developed voids as far as 500 um ahead
of the crack tip for the discontinuous crack. The frac-
tured fibrils are much coarser after the discontinuous
break-up compared to the continuous one [4]. This may
be compared with our results where we also observed
the formation of new pores far ahead of the crack tip
for the discontinuous case and as well coarser fracture
surfaces.

4. Conclusion

New possibilities have opened up within this project
concerning the understanding of fracture behaviour,
rheologiocally as well as microstructurally. The mini
fracture cell makes it possible to observe small al-

terations in stress and strain because the cell is ex-
tremely sensitive (a resolution around 0.001 N) while
small changes in the structure can be documented si-
multaneously by micrographs at high magnification.
Our study shows that unique structure-rheology re-
lationships can be revealed using this technique. For
example:

o Structures formed of thin strands of particle aggre-
gates and clusters which are relatively flexible dur-
ing deformation and form many new pores before
they crack have moderately high strain at fracture,
&, and low stress at fracture, oy, and discontinuous
crack propagation.

e An open structure formed of poorly connected
large clusters which are rigid and easily fall apart
during deformation has both low ¢ and low of and
discontinuous crack propagation.

e A dense homogeneous structure with good con-
nectivity is rigid during deformation and shows
high o¢ and low & and more continuous crack
propagation.

e An open structure formed of thick network strands
of clusters with good connectivity is flexible and
can be deformed before cracking and shows high
ot as well as high ¢ and discontinuous crack prop-
agation.
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