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‘Ductile’ mixed biopolymer gel composites
K.P. Pluckneft, V. Normand, S.J. Pomfret, D. Ferdinando

Unilever Research, Colworth House, Sharnbrook, Bedfordshire, MK44 1LQ, UK
Received 23 July 1999; received in revised form 17 August 1999; accepted 19 August 1999

Abstract

The deformation and failure behaviour of novel ‘pseudo-ductile’ gelatin/maltodextrin mixed biopolymer gels have been assess
dynamic mechanical tests, conducted on the stage of a confocal laser scanning microscope. These materials exhibit a phas
structure, with sphericahaltodextrin-richinclusions within a continuougelatin-rich matrix. Using both conventional tension and notch
compact tension tests, it was observed that the apparent ductility was due to inclusion/matrix interfacial debonding, resulting in
elastic modulus. Based upon a simple debonding model, an interfacial fracture ener@y26fJ m? was determined® 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction elastic modulus for failure within the particle). This beha
iour is less common, but has been noted in composi

Biopolymer gels have found widespread application in comprised of agarose particles (5% (w/w)) in a consideral
structured foods during the past decade. While it can there-less stiff agarose matrix (1% (w/w)) [6].
fore be envisaged that they are subjected to large deforma- The present work describes a preliminary study of t
tion strains during processing or consumption, most large strain deformation and failure behaviour of immiscib
examinations of their mechanical behaviour have focused phase-separated gelatin/maltodextrin biopolymer gels.
upon small strain behaviour in shear [1]. Recent large defor- elucidate the failure mechanisms that may be operatin
mation studies have therefore attempted to redress thisthese materials, emphasis has been placed upon dyn
balance [2]. In many real structured food applications, observation of deformation and fracture by conducti
mixed biopolymer gels are utilised that exhibit typical emul- tensile mechanical tests on a confocal laser scanning mi
sion-like phase separated microstructures, with sphericalscope (CLSM), which is an approach that has not been tal
inclusions within a continuous matrix [3]. Currently, the with these materials before.
deformation and failure response of these materials is not
well understood. However, several attempts have been
made to characterise and model the failure behaviour of
analogous composite gels, with both rigid and deformable
ir?cludedparticles,. gssuming either strong or weak interfa'— Gelatin (LH1e, SKW Biosystem, Carentan, France) sol
cial bondlng_ conditions betweer_w the pa_rtlcles and the matrix ;< \vere prepared by dissolving the powder in de-ionis
[4,5]. In the mstance_of a weak mte_rfamal bond between f[he water (0.1 M NaCl) at 68 for 30 min, with sodium azide
two phases, debonding can be anticipated when the particlegg g nom) addition to prevent bacteriological degradati
have a S|gn|f|cantly higher elastic modul_us thaq the contin- Sirius Red (500 ppm) was also added to fluorescently st
uous mgtrlx. Co_nversely, for a system with re!atwe!y ;trong the gelatin for CLSM (MRC 600 CLSM (Bio-Rad Inc.,
lntgrfaCIaI bonding, fracture thrqugh the partlclgs is Ilkgly. Hemel Hempstead, UK) attached to an Ortholux microsc
Failure can also occur near the mterfa_lce, but s!lghtly within (Leica, Milton Keynes, UK)). Maltodextrin (SA2e, Avebe
the matrix (or particle), when there is a relatively strong .y gojutions were prepared by dissolving the powder
mterfacu'_;ll bond an(_j the included particles ha}ve a signifi- 98°C, for 30 min, in deionised water (0.1 M NaCl). Biopo
cantly higher elastic modulus than the matrix (or lower lymer mixtures were subsequently prepared by mixing t
individual gelatin and maltodextrin solutions at°60 The

* Corresponding author. mixed solution was then poured between glass plat

2. Experimental section
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whereF is the applied loadAL is the change in gauge
. \ : length, andL, and A, are the initial gauge length and
| Maltodextrin Gelatin | gauge section cross-sectional area, respectively. There was

continuous’ continuous’ no evidence of localised necking during tensile testing of
I ] these materials.

Dynamic mechanical tests were also performed in situ on

L/ ] the CLSM, using a tension/compression stage (Minimat,
va Rheometric Scientific, Epsom, UK), using ‘dog-bone’
T T S Y shaped samples (30 mm gauge length and 3 mm width due
@ True strain to stage size constraints). Due to stage vibration, real time
dynamic video recording of the tests was not possible.
Consequently, stepped tensile displacements were used
(typically 2 mm at a rate of 10 mm mir), with an image
acquired after each step. This procedure was repeated until

S
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True stress (kPa)

20| ]

3300 - ' ' ' ] the sample failed, after which further images were recorded
50| - of the relaxed microstructure.
¢ \ A simple notched compact tension (CT) test was also
2200 | 4 developed to examine crack/microstructure interactions,
st adapted from tests developed for fracture energy determina-
150 - . tion [8]. Rectangular samples were uséD mm longx
I T 20 mm widg with a side notch, perpendicular to the load-
1o T ing axis, of~5 mm depth. Fracture energies were not deter-
50 _ mined using this configuration, in the current work. For the
I | CT experiments, the notched samples were subjected to
oL - . . ) g small stepped tensile displacements (typically 0.1 mm
0.0 02 04 06 08 steps at 2 mm mint), while observing the notch tip on
(b True strain the CLSM. Eventually a crack propagates from the notch

Fig. 1. (a) Typical true stress/true strai for both maltodextrin (4.6% tip and grows in a stable manner. Further stepped displace-
ig. 1. (a) Typical true stress/true strain curves for both maltodextrin (4.6%
(w/w) gelatin/20% (w/w) maltodextrin) and gelatin continuous (12% (w/w) ments were then usua"y unnecessary. Crack advance was

gelatin/12% (w/w) maltodextrin) mixed biopolymers tested in tension. (b) ollowed ‘real time’ on the CLSM, and recorded directly to

Typical true stress/true strain curve obtained for the separated gelatin-rich Video. Still images were subsequently captured from the
matrix phase, originally from a gelatin continuous composition (12% (w/iw) video. For the micrographs presented in the present paper,
gelatin/12% (w/w) maltodextrin), demonstrating strain-hardening. the gelatin-rich phase appears Iight (due to the addition of

the fluorescent stain), while the maltodextrin-rich phase
separated by 1.4 mm thick spacers, and cooled quickly to gppears dark.

5°C to prevent large scale phase separation. Samples were

subsequently stored at this temperature for 24 h, prior to

testing. All of the compositions examined in the current 3. Results and discussion

work lie within the immiscibility domain of the LH1e-

SA2e-HO phase system [7], with the continuous and  Typical true stress/true strain curves for gelatin/malto-

included phases each containing a small fraction of the dextrin composites are shown in Fig. 1(a). Maltodextrin

other biopolymer [7]. For simplicity, each phase will in continuous samples (i.e. when gelatin is the included parti-

future be referred to by the major constituent biopolymer. cle phase) show brittle behaviour, with an initially linear
After storage, samples were cut from the gel sheets usingelastic response followed by catastrophic failure. Conver-

a ‘dog-bone’ shaped cutters (60 mm gauge length and 6 mmsely, when the phase structure is inverted (i.e. gelatin

width). Samples were then gripped using double-sided tape,continuous/maltodextrin included), the composite exhibits

stuck to cardboard tabs, in order to minimise handling a novel ‘pseudo-yielding’ behaviour. This contrasts with

damage. Tension tests were performed at a displacemenpure gelatin gels of a similar concentration, which exhibit

rate of 50 mm min* (Instron 4502, High Wycombe, UK).  strain-hardening deformation in both compression and shear

True stress,oy, and true strain,e;, were calculated [9], as well as uniaxial tension [10]. The density difference

following; between the two phases in the present gelatin/maltodextrin

composite system allows the gelatin-rich phase to be sepa-
oy = F(Lo + AL)/(AoLo) D rated from the mixed solution, prior to gelation (which was
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Fig. 2. Dynamic CLSM images of a tension test performed on a gelatin continuous sample (12% gelatin/12% maltodextrin), demonstrating thefevc
interfacial debonding (arrowed), and the subsequent formation of ‘cusp’ shaped voids, with increasing strain. Each image is taken from trenssrtieere
sample and the deformation strains, calculated using Eq. (2), are: (a) 0.0 strain units; (b) 0.125; (c) 0.288; (d) 0.514; (e) 0.726; and (f) D8 8i(itDis
equivalent to 100% strain).

achieved by holding the sample at’@0or 5 h). It is appar- The ‘pseudo-yielding’ phenomenon of the gelatin conti
ent that this phase alone also exhibits similar strain-hard- uous samples has been observed dynamically in tens
ening behaviour in tension (Fig. 1(b)) when the usingthe CLSM (Fig. 2). At strains above20%, debond-
maltodextrin-rich included phase is removed. For deforma- ing occurs at the interface between the maltodextrin pal
tion strains above that observed fapparent yielding, cles and the continuous gelatin matrix (Fig. 2(c)), wit
strain-hardening also occurs in the composite system (Fig.subsequent void formation and growth. Debonding w
1(a)), inferring that the continuous gelatin-rich phase domi- occasionally observed at lower strains~12.5%),

nates the mechanical response after debonding. between particles that are in close proximity, due to stre
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3 (d)

Fig. 3. Dynamic CLSM images of a notched tension test performed on a gelatin continuous composite sample (9.3% gelatin/8.0% maltodextrin): (a)
Maltodextrin particle debonding is apparent ahead of the crack tip (i.e. particle 1); (b—d) with further crack advance maltodextrin partidled at¢ pu
from the gelatin matrix (i.e. particle 2), while the strain around the debonded particle relaxes (particle 1).

concentration (Fig. 2(b)). Qualitatively, it can be seen that energies between glassy polymers (i.e. 0.05-0.5% m
the larger included particles debond first. Such an observa-[14,15]. It should be noted that all of these values are signif-
tion is consistent with the debonding/void formation beha- icantly less than the fracture energies for many pure poly-
viour of elastomeric composites [11]. The interfacial mers (i.e. 16-10* J m™?)[8]. The approximate nature of the
fracture energy@., can then be approximated, following;  present analysis should be stressed, as the original model

assumes non-interacting stress fields around each particle
02 = 4nG E/3r ©) (i.e. a dilute system) [11].

Crack/microstructure interactions were assessed using the
if the debonding stress;, is known for a particle of radius,  CT test geometry (Fig. 3). On a macroscopic level, the over-
r, within a matrix of elastic modulusk,, [11]. For the all crack profile is relatively blunt, similar to that expected
present example, debonding initially occurs -a27 kPa for conventional ductile materials [8]. Conversely, similar
for a particle diameter of100um andE,,, ~75 kPa, corre-  tests performed on maltodextrin continuous composites (i.e.
sponding to an interfacial fracture energy-60.25J m2 gelatin included particles), showed a sharp crack profile
This is an order of magnitude lower than typically observed [16], which is typical of brittle materials [8]. Fig. 3(a)
for immiscible homopolymers (i.e. 1-5JTW), without demonstrates that debonding of the particle/matrix interface
copolymer reinforcement [12,13], but similar to adhesion can occur ahead of the crack tip, due to stress concentration
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in this region. As the crack advances, complete particles areFrith, A.H. Clark and B. Wolf for valuable discussion
‘pulled out’ of the matrix on one side of the crack or the and comments on biopolymer gels.
other. Post test examination of the failure surfaces revealed

that the particles did not fracture, but remained intact,
confirming the low interfacial fracture energy noted earlier.

In the present work, novel mixed biopolymer composites
have been developed which exhibit a ‘pseudo-yielding’

stress/strain response. One of the unique aspects of this 3] van viiet T, Walstra P. Faraday Discussions 1995:101:359.

work is the utilisation of dynamic tension and notched
tension tests, performed on a CLSM, to elucidate mixed
biopolymer failure mechanisms. Using this approach it
was shown that the yielding phenomenon could be attribu-
ted to particle/matrix interfacial debonding and the subse-
guent growth of ‘cusp’ shaped voids. Using a simple
elastomer composite debonding model [11], an approximate
interfacial fracture energy 0f~0.25Jm? is calculated,
comparable to weak glassy polymer interfaces. Future
work will aim to confirm these measurements using the
appropriate interfacial mechanical tests used for weak
polymer interfaces [14,15], and also to determine the frac-
ture energy of the bulk samples directly using a thin film
plane stress work of fracture test [17].
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