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a  b  s  t  r  a  c  t

Extruded  cereals  mainly  composed  of  starch  and  enriched  in fibers  were  produced  with  two  types  of
base recipes:  (i) one  recipe  mainly  composed  of  wheat  flour  and  (ii)  one  recipe  mainly  composed  of  corn
and  soya  flours.  The  addition  of  fibers  was  performed  through  the  use  of oat  bran  concentrate  or  wheat
bran,  up  to 32%  of  the  recipe.  The  structure  of  the  extrudates,  assessed  by  X-ray  tomography,  pointed
out  the  decrease  of porosity  and  of  mean  cells  size  with  the  increase  of the  total  dietary  fibers  content  of
the  recipe.  The  hardness  of the  products,  i.e. the  maximum  stress  determined  by  a compression  test,  was
linked to  their  porosity.  The  Gibson–Ashby  relationship  could  be  applied  and the fit was  even  improved
tructure
olid foams
echanical properties
atrix–particles materials

when  considering  the walls  of  the  solid  foam  as  composite  materials.  Fibers  and  proteins  can  be  indeed
considered  as  particles  dispersed  in  the  starchy  phase.  This work  thus  shows  the  impact  of  the structure
of  the extrudates  on  their  mechanical  properties.  The  structure  is taken  into  account  at  different  length
scales;  at  the  level  of the  porous  structure  and  at the  level of  the  phase  of the  main  biopolymers  present
in  the recipe  (starch,  proteins  and  fibers).  The  mechanical  behavior  of  these  products  is  then  discussed

terist
according  to their  charac

. Introduction

The European InsideFood project, combining a consortium of
2 European partners, aimed at studying the structure of different
ypes of food at different length scales, the final objective being to
evelop on-line sensors. In this purpose, there was  a need to firstly
evelop cutting-edge analytical methods and secondly to better
nderstand the selected food products through the ranges of struc-
ures that were possible to produce. The InsideFood project focused
n food products such as gels, foamy gels and extruded cereals.
ince cereal-based products with high amount of fibers are of inter-
st for nutritional purposes and health benefits (Topping, 2007;
itaglione, Napolitano, & Fogliano, 2008; Murphy et al., 2012),
tarch-based extruded cereals supplemented in fibers were chosen
s a food system to develop methods and deepen the knowledge
n the fibers effect.

Extrusion-cooking is a food process that is widely used in the
ood industry for the production of cereal products, allowing the
haping as well as the texturization of cooked cereal flours. Starchy

xtruded cereal products are usually porous and aerated due to the
xpansion process that occurs at the end of the die. This expansion
s governed by the water vaporization, which is the driving force

∗ Corresponding author. Tel.: +41 24 442 71 11; fax: +41 24 442 74 44.
E-mail address: helene.chanvrier@rdor.nestle.com (H. Chanvrier).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.07.005
ics  of composite  solid  foams.
© 2013 Elsevier Ltd. All rights reserved.

of this phenomenon, but also by the rheological properties of the
molten products before reaching their solidification (Fan, Mitchell,
& Blanshard, 1994; Launay, 1994; Della Valle, Vergnes, Colonna,
& Patria, 1997). The rheological properties, and more specifically
the elongational viscosity, create a resistance towards the expan-
sion, and are assumed to be dependent on the composition of the
products and on the presence of fillers (Xanthos, 2005). Indeed, any
major ingredient, such as added proteins, fibers or sugars, strongly
modifies the viscosity of the melt in the extruder. The glass tran-
sition temperature (Tg) of the products is also a key attribute; the
higher the Tg, the quicker the solidification of the structure dur-
ing cooling, thus avoiding any structure collapse. The acquisition
of the porous structure of extruded cereals is thus submitted to
many factors, and the fibers content is one of them. The impact of
fibers on the final extruded products has been widely reported in
literature, and it is known that fibers are detrimental to the expan-
sion (Brennan, Monro, & Brennan, 2008; Robin, Dubois, Pineau,
Schuchmann, & Palzer, 2011a; Robin, Dubois, Curti, Schuchmann,
& Palzer, 2011b). But fibers may  act in a different way according to
their origins and chemistry (Yanniotis, Petraki, & Soumpasi, 2007).

Some textural sensory attributes such as hardness depend on
the mechanical properties of the extruded cereals. According to the

Gibson and Ashby relationship applicable for cellular solids (Gibson
and Ashby, 1997), the stress at rupture of the foam can be related
to the density of the foam, characterizing the aeration of the solid
foam: �*/�s = C(�*/�s)n, with C, a constant, �*, the stress at rupture

dx.doi.org/10.1016/j.carbpol.2013.07.005
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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f the solid foam, �s, the stress at rupture of the dense matrix, i.e.
he intrinsic materials, �* the density of the foams, �s, the density
f the dense matrix. This relationship has been previously applied
o cereal-based solid food products (Warburton, Donald, & Smith,
990; Lourdin, Della Valle, & Colonna, 1995; Liu & Scanlon, 2003;
abin, Della Valle, Dendievel, Lourdin, & Salvo, 2007), but in most
f the cases, the recipes were similar without too many changes in
he content of the major ingredient. The question is whether this
elationship is still valid when the density of the foam is modified
y the addition of fibers and whether the relation between den-
ity and stress at rupture can be improved by taking into account
he mechanical properties of the dense matrix containing different
evels of fibers.

In order to decouple the effect of the foam density from the
ffect of the dense matrix when fibers are added in the recipe, and
lso to know to which extent the dense matrix influences the global
echanical properties of the foam, a model of composite materi-

ls can be used. The mechanical properties of dense materials may
e classified according to different behaviors. They may  be ductile,

.e. elastic or fragile, i.e. less able to deform under stress. The frag-
le behavior characterizes brittle materials, such as dry extruded
ereals. Their brittleness gives them their crispy properties. Upon
oisture uptake, extruded cereals become less brittle, more resis-

ant to fracture and ductile (Fontanet, Davidou, Dacremont, & Le
este, 1997; Roudaut, Dacremont, & Le Meste, 1998). For both duc-

ile and fragile materials, the addition of particles such as fibers,
ay  either reinforce or decrease the mechanical properties. This

an usually be observed on the Young modulus of the materials and
eflected through the maximal stress, i.e. hardness. The reinforcing
r fragilizing effects of the added fibers or particles depend on the
ay they interact with the continuous phase (Leclair & Favis, 1996).

he model of Nicolais and Nicomedo (1974) describes the stress at
upture of a composite, �c, according to the volume fraction of par-
icles, VP: �c = �M

.(1 − aVP)b, where a is a constant linked to the
dhesion between continuous phase and particles (fixed to 1.21 for
ow adhesion), b is linked to the geometry of the particles (fixed to
/3 for spherical particles) and �M is the stress of the continuous
hase. This model has been shown to fit the experimental data very
ell in previous studies dealing with extruded starch/zein blends

Chanvrier, Della Valle, & Lourdin, 2006; Habeych, Dekkers, van der
oot, & Boom, 2008).

The combination of both Gibson–Ashby relationship and
icolais–Nicomedo model could be a way to decouple the impact of

he different levels of structure; i.e. at the foam structure level and
t the matrix (cell walls) level. This approach would be unique when
tarting from experimental data and would fill the gap regarding
he impact of fibers. Previous studies reported in the literature

ainly cover mechanical modeling of cereal solid food through
nite element calculation (Liu & Scanlon, 2003; Guessasma, Babin,
ella Valle, & Dendievel, 2008; Guessasma, Chaunier, & Lourdin,
010; Guessasma, Chaunier, Della Valle, & Lourdin, 2011). In these
tudies, either products are composed of pure starch or only pro-
eins are considered as particles. The present study will add more
omplexity in the recipes by taking into account the added fibers
s particles on top of added proteins, starch still being the major
omponent of the products.

The objective of this study was to enrich extruded cereals with
oluble and non-soluble fibers, i.e. oat bran concentrate (OBC) and
heat bran, respectively. Two types of base recipe were explored:

i) a recipe mainly composed of wheat and (ii) a recipe mainly com-
osed of corn and soya, the latter displaying a higher amount of
roteins. For both recipe, starch is the main component. The prop-

rties of the extruded products were firstly assessed in terms of
orous structure by X-ray tomography imaging followed by 3D

mage analysis and of mechanical properties through a compres-
ion test. In order to understand the impact of the fibers on the
olymers 98 (2013) 842– 853 843

porous structure of the extrudates and also on their wall proper-
ties (i.e. intrinsic material properties), the Gibson–Ashby law was
applied with normalization performed according to mechanical
properties of composite materials. The behavior of composite solid
foams was  thus discussed by considering fibers and proteins as par-
ticles filling the main starchy phase of the extrudates. Finally, the
impact of the fibers content and types on the two base recipes was
also discussed with regards to the composite behavior of the walls
in both recipes.

2. Materials and methods

2.1. Materials

Whole wheat flour type 550 (Provimi Kliba S.A., Switzerland),
wheat bran (Provimi Kliba S.A., Switzerland), wheat flour (Groupe
Minoteries S.A., Switzerland), oat bran concentrate (OBC) Crisp
flat 18% (Rubinmuhle, Germany), corn semolina (Champagne maïs,
France), whole toasted soya flour (Haefliger AG, Switzerland),
sucrose (Zuckerfabriken Aarberg, Switzerland) were used as ingre-
dients for the production of the extruded cereal products. Two
types of recipes were produced: one mainly composed of whole
wheat, refined wheat and corn flours (Exp1) and the other mainly
composed of corn and soya flours (Exp2). The detailed product com-
positions are presented in Tables 1 and 2. All recipes contain 2% of
sugar in the extruded base.

2.2. Production of cereal-based products by extrusion

The extrusion trials were conducted using a co-rotating twin-
screw extruder (BC21 extruder, Clextral, Firminy, France) with a
barrel length of 400 mm,  a screw diameter of 25 mm,  a length-
to-diameter ratio of 16:1 and a die opening of 2.5 mm.  The screw
configuration was composed of conveying and mixing elements.
The extruder was  operated at a constant feed rate of 15 kg/h. The
four heating zones of the barrel were kept at a temperature of
90 ◦C, 135 ◦C, 150 ◦C and 160 ◦C, respectively. The temperature of
the product at the end of the extruder was 135 ◦C. The screw speed
was set at 400 rpm.

For the production of Exp1 and Exp2 products, the ingredients
were mixed prior to extrusion with a solid mixer (Prodima Ac-Li-50,
Switzerland) and introduced into the extruder using a co-rotating
twin screw K-Tron feeder (K-Tron Co, Niederlenz, Switzerland).
Water at ambient temperature (20 ± 2 ◦C) was injected at a con-
trolled rate with a syringe pump. It was adjusted during extrusion
at 20% for Exp1 and 15.2% for Exp2.

After obtaining stable extrusion variables, samples were col-
lected and dried down to 2.7 ± 0.4% and 2.4 ± 0.5% moisture in
a forced air convection oven at 120 ◦C. Extruded products were
then cooled down to room temperature. The specific weight of the
uncoated extruded cereals was measured by weighing in duplicate
the dry extrudates in a 500 mL  cylinder. All samples were then pre-
pared in uncoated and coated forms. The coating consisted of a
syrup composed of sucrose (67%), dextrose (5%) and water (28%)
(TS = 72%). The samples were coated with 29.4% w/w  syrup. All
samples were sealed in aluminum bags at ambient temperature
(20 ± 2 ◦C) until evaluation. The moisture contents of the coated
finished products are presented in Tables 1 and 2 for both Exp1
and Exp2.

2.3. Mechanical properties
Mechanical properties of extruded cereals were measured with
a Texture Analyzer TA. HDI (from Stable Micro Systems) equipped
with a 500 kg load cell. A 10-plate Kramer shear cell was used to
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Table  1
Characteristics of the samples of Exp1 in terms of flours present in the recipe, carbohydrates and proteins content, matrix and particles content and porosity (WG: whole
grain,  OBC: oat bran concentrate, WB:  wheat bran).

Samples Whole
wheat (%)

Wheat
flour (%)

Corn flour
(%)

OBC (%) WB (%) Proteins (%) Fibers (%) Product
moisture (%)

Carbohydrate
(%)

Particles
(%)

Porosity
(%)

WG40 40 40 18 0 0 10 4.8 5.4 67.9 14.8 91.6
WG40/OBC10 40 30 18 10 0 10.6 8.2 4.4 63.9 18.8 89.2
WG40/WB10 40 30 18 0 10 10.4 8.4 5 63.5 18.8 88.2
WG40/OBC20 40 20 18 20 0 11.2 11.6 2.5 59.8 22.8 86.8
WG40/WB20 40 20 18 0 20 10.7 12 7.1/1.6 59.1 22.7 84.1
WG60  60 20 18 0 0 10.1 6.2 4.2 65.9 16.3 89.6
WG60/OBC10 60 10 18 10 0 10.7 9.6 5.5 61.9 20.3 88.5
WG60/WB10 60 10 18 0 10 10.5 9.8 4.7 61.5 20.3 87.4
WG60/OBC20 60 0 18 20 0 11.3 13 3.8 57.8 24.3 85.5
WG60/WB20 60 0 18 0 20 10.9 13.4 2.0 57.1 24.3 84.9
WG80  80 0 18 0 0 10.3 7.6 4.7 63.9 17.9 90.5
WG80/OBC10 80 0 8 10 0 11.4 11 4.4 59.3 22.4 86.6
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WG80/WB10 80 0 8 0 10 

WG80/OBC20 80 0 0 18 0 

WG80/WB20 80 0 0 18 0 

rush the extruded cereals placed as a 17 mm thick bed. The thick-
ess of the sample bed was chosen to stand in the optimal range
f measurement of the force (0.5% precision). The Kramer shear
est was carried out on the coated finished extruded cereals. The
rosshead speed was 1 mm/s  across a displacement of 40 mm.  Three
eplicates were performed for each sample.

From the force–displacement curves, different values were
xtracted: (i) Fmax (N), corresponding to the maximum of the curve,
.e. the maximum force or the breaking force and (ii) Npeak, the num-
er of peaks obtained on the jagged curve above a force threshold
f 1 N.

The rationale for using Kramer cell was to try and extract other
ttributes from the force–displacement curve (not presented in this
anuscript). On Exp1, compression test with a flat probe was also

erformed (circular plate of 50 mm).  Fmax with flat probe was  lin-
arly correlated to Fmax with Kramer cell. Even though the bed of
ereals is fully crossed by the Kramer cell, Fmax follows same trend
or both types of measurements applying more or less shear. The
olume of cereals bed is kept constant (8.2 cm × 6.5 cm × 2 cm). The
ed is composed of extruded balls and is itself a solid foam, with air

n the balls and between the balls. All products are in the same range
f size; the air voids between balls can be assumed to be identical.
onsequently, for maximal stress calculation, Fmax was divided by
he total surface of Kramer cell, i.e. 10 pieces with a contact surface
f 3 × 70 mm2. The surface is then 21 cm2.

.4. Structure of extruded cereals assessed by X-ray tomography
X-ray tomography scans were acquired with a 1172 MCT  system
Brüker MicroCT, Kontich, Belgium) with a X-ray source of 40 kV
nd 100 �A. For a pixel size of 5 �m,  the camera was set up at
000 × 2096 pixels with an exposure time of 295 ms.  Scans were

able 2
haracteristics of the samples of Exp2 in terms of flours present in the recipe, carbohydra
BC:  oat bran concentrate, WB:  wheat bran).

Samples Corn flour
(%)

Soya flour
(%)

OBC (%) WB  (%) Proteins (%

CF64 64 34 0 0 17.4 

CF50/OBC14 50 34 14 0 19.0 

CF50/WB14 50 34 0 14 18.6 

CF44/OBC20 44 34 20 0 19.6 

CF44/WB20 44 34 0 20 19.1 

CF38/OBC26 38 34 26 0 20.2 

CF38/WB26 38 34 0 26 19.7 

CF32/OBC32 32 34 32 0 20.9 

CF32/WB32 32 34 0 32 20.2 
11.2 5.6 58.9 22.3 86.6
13.7 7.2/1.7 55.5 25.9 83.3
14.1 5.2 54.9 25.9 82.6

performed on a representative specimen of each experiment over
180◦, the rotation step was 0.4◦ and the frame averaging was  10.
The reconstruction of datasets was performed on average over 450
slices with Brüker MicroCT recon software (version 1.4.4.).

3D image analysis was performed on 10 �m per pixel datasets
with CTAn software (version 1.7.0.3, 64 bit, Brüker MicroCT, Kon-
tich, Belgium). After segmentation of the grey level images at 40,
the selection of the volume of interest was  performed through the
shrink-wrap function to adjust to the surface or contour line of
extruded pellets. The porosity of the pellets was  then calculated
as the ratio of the volume of pores to the extrudate volume, the
extrudate volume being equal to the volume of interest previously
defined. The relative density corresponds to the ratio of volume
of materials to the volume of extrudate. The structure separation
function gave the cells size distribution and the thickness separa-
tion function gave the walls thickness distribution, and their mean
values calculated from the distribution in volume.

3. Results

3.1. Structure of extruded cereals assessed by X-ray tomography

Fig. 1 presents representative cross-sectional X-ray tomography
images of the extruded products of Exp1. The visual observa-
tion shows that regardless of the amount of added fibers in the
recipe, increasing the amount of whole grain (WG)  flour induces
more compacted products (with smaller diameter of the prod-
ucts). The cells look also globally smaller. For a fixed amount of

WG in the recipe (40%, 60% or 80%), increasing the added fibers
content, regardless of the types of fibers, also induces a loss of
expansion and a decrease of cell size. The most compacted product
is obtained for the highest amount of WG  and 20% wheat bran (WB).

tes and proteins content, matrix and particles content and porosity (CF: corn flour,

) Fibers (%) Product
moisture
(%)

Carbohydrate
(%)

Particles
(%)

Porosity
(%)

5.4 3.6 55.6 22.8 90.0
10.1 2.8 49.0 29.1 85.9
10.4 2.2 49.5 29.0 76.8
12.2 3.1 46.2 31.8 75.6
12.6 2.7 45.5 31.7 76.8
14.2 3.7 43.4 34.4 62.9
14.8 2.5 42.5 34.5 74.8
16.2 1.5 40.6 37.1 59.2
16.9 3.2 39.5 37.1 73.3
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Fig. 1. Representative cross-sectional X-ray tomography images of the extrudates of Exp1 (OBC: oat bran concentrate).
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(%): (a) porosity (%) and (b) mean cells size (�m).
ersus specific weight (g/L) of the extruded products for Exp1 and Exp2.

he most aerated product is the one with 40% WG and no added
bers. These observations are not unexpected and consistent with
he results reported in the literature concerning fibers addition in
xtruded cereals (Brennan et al., 2008; Yao, Jannink, Alavi, & White,
006). However, in this study, the 3D image analysis performed on
he X-ray tomography images gave more insight on the expanded
tructure than destructive microscopic 2D observations.

Since the observation of the X-ray tomography images only
ives a visual impression of the structure, a quantification of this
tructure has been performed through 3D image analysis in order
o get an objective comparison of the different extrudates.

Fig. 2 shows a linear negative correlation between the porosity
f the extrudates assessed by 3D image analysis and the specific
eight. This correlation is valid for both experimental designs. The
ethod developed for 3D image analysis on the X-ray tomogra-

hy images is thus validated by the physical measurement of the
pecific weight.

The structural attributes such as porosity and mean cells size
MCS) of the extrudates were plotted against the total dietary fibers
ontent (TDF) of each product (Fig. 3a and b). Both porosity and
CS  decrease when TDF increases, thus showing the strong impact

f the fibers levels in the recipe on the foam structure of the extru-
ate. If the trends are similar for Exp1 and Exp2, for the latter,
he TDF increase induces a higher loss of porosity. This result may
e explained by two reasons: (i) the difference of granulometry of
he fibers used for Exp1 and Exp2 (Carvalho, Takeiti, Onwulata, &
ordesimo, 2010). Due to segregation between fibers and the other
omponents of the recipe in Exp2 during dry mixing, the particles
ize of the fiber has been reduced through milling. This segrega-
ion did not happen for Exp1, the fibers were thus used as such and
ad larger particles size. It is assumed that this segregation was
ue to the presence of soya in Exp2. The presence of soya flour cer-
ainly creates larger range of specific weights within the flours of
he recipe.

The milling of the fibers for Exp2 increases the specific sur-
ace between the fibers and the matrix, thus possibly changing the
mount of interactions between fibers, starch and proteins dur-
ng the expansion step. Moreover, products from Exp2 contain a
igher amount of proteins due to the presence of soya flour: Protein
ontent stands between 10% and 12% for Exp1 whereas it stands
etween 15% and 23% for Exp2. This higher amount of proteins

n Exp2 may  also modify the amount of interactions between the

tarch/protein matrix and the fibers in comparison to Exp1, which
isplays a preponderant starchy matrix (Table 1).
For both experimental designs, the loss of porosity with TDF is
linked to smaller cells (Fig. 3b). This is certainly due to the limitation
of the expansion of the cells at the end of the die due to the pres-
ence of fibers. Some hypotheses have already been developed to
explain this phenomenon (Robin et al., 2011a), such as cell breakage
during expansion at the interface between starch and fibers, thus
decreasing the driving pressure for cell growth (Chanvrier et al.,
2007) and also loss of elasticity of the melt as measured by on-line
capillary rheometry (Robin et al., 2012). If the trends are similar for
both experimental designs, the absolute values are different; cells
are smaller in Exp2 than in Exp1 (Fig. 3b). This is certainly due to
the higher amount of proteins in Exp2 which may  change the elastic
properties of the melt (Chanvrier et al., 2006) and limit the stretch-
ing of the walls during expansion at the end of the die when the
product is still in the rubbery state. This is in accordance with the
observations of Yu, Ramaswamy, and Boye (2013), who reported a
loss of expansion when extruding soya proteins–corn flour blends
with increased levels of soya.

The combination of high levels of proteins with increased TDF is
detrimental for the expansion of the extrudates. It is either a matter
of rheological properties of the products in this state which may be
less stretchable with possibly less elasticity, higher shear viscosity
or even elongational viscosity and/or a matter of morphology of
the walls that may  rigidify the products under expansion (Xanthos,

2005; Pai, Blake, Hamaker, & Campanella, 2009).
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.2. Mechanical properties of the extruded cereals

The main impact on the maximum force is porosity. Maximum
orce, Fmax, measured during a compression test of the extrudates,
epresents the hardness of the products and is usually linked to the
ensory hardness perception (Roudaut, Dacremont, Vallès Pamies,
olas, & Le Meste, 2002). Fmax decreases when porosity increases,
egardless of the fiber type and the base recipe (Fig. 4a). This trend
s observed for both Exp1 and Exp2, however, the absolute values of
ardness (Fmax) stand above for some samples of Exp1. For similar
orosity, the trend shows that Exp1 would have higher hardness.
wo explanations are possible for this observation: (i) the differ-
nce of composition of the walls with higher levels of proteins for
xp2, (ii) the moisture content of the extrudate; the average mois-
ure levels for Exp1 is 4.7% whereas it is 3.1% for Exp2. Products
ith higher moisture content (Exp1) may  be more elastic and less

rittle thus leading to higher Fmax. However, not too many conclu-
ions should be drawn from this observation since in the range of
5–90% porosity, products from both experimental designs display
imilar values of Fmax, and there is no product of Exp1 in the range
f 60–80% porosity. Moreover, two variants of Exp1 have a much
igher moisture level (7%) which may  induce a bias in the trend.
his issue will be addressed in the next part with the application of
he Gibson–Ashby law for cellular foams.

Fig. 4b displays the number of peaks extracted from the
orce–displacement plot of the compression test. In previous works
n the case of puncture test, some authors described the NSR (num-
er of spatial ruptures) as the ratio of the total number of peaks
o the distance of puncturing and found a correlation with crisp-
ess of products, as determined by sensory analysis (Valles Pamies,
oudaut, Dacremont, Le Meste, & Mitchell, 2000; Roudaut et al.,
002). In our study, where a compression test was  used, the num-
er of peaks reflects the number of fractures events occurring in
he products upon compression and breakage. Npeak, which can
lso be an attribute reflecting crispness, tends to increase when
orosity increases. In the range of 80–85% porosity, Exp1 displays
ewer peaks than Exp2. This may  be explained by the same rea-
ons mentioned above, i.e. lower amount of proteins in Exp1 thus
nducing a different morphology of the walls and possibly a dif-

erence in the fracture mechanisms, and/or moisture discrepancies
etween the experimental designs. The fracture event occurring

n the walls reflects the cracks propagation within the solid cereal
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Fig. 5. Maximum stress (stress max.) versus relative density of extruded cereals for 
by  compression test with Kramer cell: (a) maximum force, Fmax (N) and (b) peak
number, Npeak versus Porosity (%).

foams, as studied by Hedjazi, Guessasma, Della Valle, & Benseddiq
(2011). The crack propagation is driven by the concentration of local
stresses and is certainly dependent on both lengthscales of struc-

ture: expanded structure and walls morphology, as suggested by
our present results.
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Exp1 and Exp2 in comparison to Gibson–Ashby law for open and closed cells.
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Table  3
Correlation coefficients R2 of the Gibson–Ashby fit for the different corrections and normalization applied (OBC: oat bran concentrate, WB:  wheat bran).

Expl Exp2 Expl–Exp2 Expl–Exp2 without two
outliers

Expl–Exp2 with
corrections
for two outliers

No normalization 0.745 0.891 0.802 0.901 0.880
Vp = fibers

All  fibers 0.796 0.886 0.804 0.899 N.C.
OBC  0.774 0.918 N.C. N.C. N.C.
WB  0.875 0.929 N.C. N.C. N.C.

Vp = fibers + proteins
All  fibers 0.798 0.886 0.862 0.927 0.914
OBC  0.779 0.919 0.853 N.C. N.C.
WB  0.877 0.928 0.878 N.C. N.C.

V = fibers + proteins and normalization with walls thickness
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. Discussion

.1. Application of the Gibson–Ashby relationship

In this part, relative density is considered instead of porosity.
elative density is easily calculated from porosity as described

n the X-ray tomography method. The range of relative density
btained (from 0.08 to 0.17 for Exp1 and from 0.09 to 0.40 for Exp2)
llows applying the Gibson–Ashby relationships for cellular solids.

.1.1. Gibson–Ashby relationship for Exp1 and Exp2
The Gibson–Ashby model has been applied for both Exp1 and

xp2 separately and plots of stress versus relative density are pre-
ented in Fig. 5. Stress corresponds to the maximal stress calculated
rom the Fmax values obtained for the extrudates and presented
bove in the results chapter. Even though the maximum stress
f the dense materials, i.e. the constitutive materials of the walls
f the extrudates, has not been considered yet, the correlation
oefficients are already good (Table 3, R2 of 0.745 for Exp1 and
.891 for Exp2). This representation shows in a clearer manner that
xp1 displays higher values of stress than Exp2. The reasons for this
esult were already discussed in the previous part (difference in
oisture and/or proteins levels). The exponent obtained for Exp1

s close to 2, thus reflecting a structure which certainly has closed
ells. For Exp2, the exponent is 1.75. For both recipes, same trends
re observed versus relative density, but the absolute values are
ifferent.

When combining the data of Exp1 and Exp2 and applying the
ibson–Ashby equation, the correlation coefficient R2 is 0.802.
his value is rather good as well, thus showing that mechani-
al properties of the extrudates of both experimental designs are
ainly dominated by their relative density. Indeed, in this case, the
echanical properties of the intrinsic materials of the walls are not

aken into account in the equation.

.1.2. Application of the model of Nicolais and Nicomedo
The improvement of the fit of the Gibson–Ashby relationship

an be undertaken by including the maximum stress of the
ntrinsic materials. Since it would have been extremely difficult
nd time-consuming to produce dense materials with the same
omposition of the expanded extrudates and to characterize them
echanically, the following approach has been used. It was shown

arlier in past studies that dense extruded corn cereals could be
onsidered as matrix/particles materials with regards to their
orphology and their mechanical properties: the matrix being the
tarchy phase, the particles being the proteins and the adhesion
eing low between them (Chanvrier et al., 2006; Habeych et al.,
008). For starch-based extruded cereals enriched in fibers, the
atrix can also be the starchy phase and the particles (or dispersed
0.937 0.931

phase) can be assumed to be the proteins and the fibers (Robin
et al., 2011b). Even though the proteins content is up to 23% in
some recipes, they can still be considered as particles and not as
matrix. Indeed, the percolation threshold of the proteins, i.e. the
amount of proteins at which the inversion phase takes place, was
measured between 19% and 38% of proteins for starch/protein
blends (Chanvrier et al., 2006). Since 23% stands at the lower limit
of the co-continuity morphology, in our products proteins are
either fully dispersed or dispersed with a slight co-continuity with
starch, but they definitely are not fully continuous. Low adhesion
between those components is also assumed. Consequently, the
model of Nicolais and Nicomedo (1974) can be applied.

In this purpose, the value of the maximum stress of a dense
material of pure non-granular starch was  obtained from the lit-
erature (Nicholls, Appelqvist, Davies, Ingman, & Lillford, 1995;
Guessasma et al., 2011). The value of 100 MPa  was used in this study
as an average of values obtained by bending test. Of course, same
solicitation mode, i.e. compression, as the extruded balls cannot
be achieved on dense materials. Using values obtained from bend-
ing is acceptable since bending of the cereals walls occurs during
their compression with Kramer cell. In bending, tensile and com-
pression occur in the materials. The fibers and proteins content
expressed as a percentage of the recipe (w/w) were converted into
volume fraction of the recipe, as required in the Nicolais–Nicomedo
equation (Nicolais and Nicomedo, 1974). The use of this equation
always induces a maximum stress of the composite lower than the
one of the matrix alone. Indeed, due to the low adhesion hypoth-
esis, the volume fraction of particles or fillers is considered to act
as a fragilizer for the starch matrix. The higher the volume fraction
of particles, the lower the maximum stress, thus meaning that the
material is less resistant. The decrease of maximal stress is depend-
ent on the strength of interaction between the filler and the matrix,
i.e. for cereals, the type of proteins (Zeng et al., 2011).

4.1.3. Data normalization including fibers and proteins as
particles

The Gibson–Ashby relationship including the calculated maxi-
mal  stress of the dense starchy materials was  applied for different
configurations: (i) including the volume fraction of fibers only and
(ii) including the volume fraction of both fibers and proteins. The
first configuration does not improve much the fit when combining
the data of both Exp1 and Exp2 (Table 3). However, when consid-
ering the volume fractions of both fibers and proteins, the fit is
significantly improved (R2 increases from 0.804 to 0.862). Basically,
including protein effects allowed building a master curve includ-

ing data of both Exp1 and Exp2. This normalization of the data
allowed eliminating or reducing the discrepancies due to differ-
ent protein contents in the recipes. The range of proteins content
was larger for Exp2 than for Exp1, as described in Section 2.1.
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he negligible improvement through the fibers normalization can
hus be explained by the fact that the ranges of TDF are very close
etween Exp1 and Exp2 (between 5% and 16% for both). In con-
lusion, after normalization for fibers and proteins impact on the
ense materials, both recipes not only show similar behaviors in
erms of maximal stress versus relative density, but are also aligned
egarding the absolute values of maximal stress.

The discrepancies towards the Gibson–Ashby equation
R2 = 0.862) and to the perfect fit can be attributed to the ele-

ents that are neglected in both the Gibson–Ashby fit and the
icolais–Nicomedo model. First of all, at the level of the porous

tructure, only the impact of the relative density is considered.
ut the cells size distributions and the walls thickness distribution
ould have an impact as well. The way cells and walls size are
istributed in the products may  indeed impact the fracture behav-

or of the whole structure. The foam structure of the extruded
ereals displays a lot of irregularities that may  move the breaking
ehavior away from the Gibson–Ashby relationship. Secondly, at
he scale of the biopolymers phase, the dispersed particles are
onsidered as spherical and homogeneously dispersed. However,
n reality, proteins and fibers particles have different size and are
andomly spread in the starchy matrix. The shape of the particles
s not obviously spherical: Elongated shape for fibers and possible
acked protein aggregates for proteins. In material science, the
acking arrangement of particles is known to impact the mechan-

cal properties of the material (Kastner, Kickinger, & Salaberger,
011; Mazzola, Bemporad, Squeo, Trovalusci, & Tagliaferri, 2011).
inally, it could even be that for the highest protein level, some
bers are locally embedded in a protein matrix, itself dispersed in
he starchy phase. The quality of the contact between the starchy

atrix and the particles, i.e. fibers or proteins, supposed to be of
ow adhesion, may  be modified according to the surface contact
nd the type of contact between components: starch/proteins,
tarch/fibers, fibers/proteins.

Neither the quality of these contacts nor the surface contacts
ere possible to assess. The surface contacts determination would

equire microscopic observations with specific staining comple-
ented with image analysis for quantification, but has not been

ndertaken in this study due to the complexity of the recipes.
When the data are fitted separately for OBC and WB,  the correla-

ion coefficient is improved for WB products and decreased for OBC.
his result may  reflect some of the above-mentioned causes of dis-
repancies: difference of shapes between OBC and WB,  difference
f size, difference of adhesion between starch/WB and starch/OBC
nd possibly, different molecular changes of WB  and OBC upon
rocessing (Tosh et al., 2010).

In a previous work considering expanded extruded flat breads
omposed of different ratios of amylose and amylopectin (Babin
t al., 2007), the R2 of the Gibson–Ashby fit is rather low (0.51). The
cattering of the data was mainly related to the cellular structure
f the foam: The more dispersed the cell wall size distribution, the
ess resistant the foam. In order to improve the fit, the walls of these
roducts could also be considered as composites of amylose and
mylopectin. Due to steric effects, these two macromolecules are
ncompatible and one may  be dispersed in the other, with regards
o their respective content. Applying the Nicolais–Nicomedo equa-
ion similarly to our study could confirm or infirm the composite
ehavior of the walls. Indeed, in this case, the behavior of the walls
ay  be at the edge between composite-type behavior (particles

ispersed in a matrix) and biopolymer blends (e.g. macromolecules
lended together with domains enriched in amylose dispersed in

 continuous phase of amylopectin). In extruded products, pro-

eins can be considered as particles because they form compacted
ggregates as observed by microscopy (Chanvrier et al., 2006). The
roteins aggregation also occurs during the extrusion process at the
olecular level with formation of disulfides bonds (Fisher, 2004).
olymers 98 (2013) 842– 853 849

4.1.4. Data normalization with walls thickness
In a second step, the thicknesses of the walls of the cells were

also included in the normalization. Indeed, during compression
of the extrudates, the breaking behavior of the walls is not only
dependent on their composite properties, but also on their thick-
ness. The ability to break off a cell wall is also obviously governed
by its thickness, as mentioned by Babin et al. (2007): The more
dispersed the walls size, the less resistant the foam. Consequently,
including the walls thickness in the correction may  also be a way
to consider the heterogeneity of the foam structure. Since the walls
size distributions cannot be used as such for the normalization, the
data were normalized with the means walls thickness values. The
Gibson–Ashby fit was  improved from 0.862 to 0.905 for the corre-
lation coefficient (Table 3), thus showing the relevance of the walls
thickness effect on the mechanical properties of the foam.

An improvement of the fit was obtained along the whole process
of normalization by fibers, protein contents and walls thickness.
This allowed building a master curve independent of the base recipe
of the extruded cereals. These normalizations are valid for cereals
in the case of recipes where starch is the main component.

4.1.5. Moisture correction for two outliers
One of the important attributes of the product that impacts the

mechanical properties of extruded cereals and that has not been
discussed yet in this study, is the moisture content of the products.
This subject will be thoroughly addressed in this paragraph.

All the products of each experimental design were extruded
at the same level of moisture in the extruder. However, due to
the difference of recipes and fibers content, it was difficult to
obtain exactly the same level of moisture in the finished prod-
ucts, especially knowing that the capacity of fibers to bind water
is higher than for starch. The majority of products displayed mois-
ture contents between 2% and 5%, the average moisture level being
3.9%. In this range, we can assume that the moisture differences do
not significantly impact the mechanical properties since the prod-
ucts are very dry and, at room temperature, very much below their
glass transition temperature (Bizot et al., 1997). Moreover, previ-
ous studies show that significant changes in texture with increased
moisture levels occur above 5% (Sauvageot & Blond, 1991; Fontanet
et al., 1997; Roudaut et al., 1998). Nevertheless, two outlier prod-
ucts had higher moisture level of 7% and this value is critical since
it stands above the threshold at which texture properties change
considerably.

In order to check the impact of the two  outliers on the
Gibson–Ashby fit, they have been removed from the fit and the
correlation coefficient increased from 0.905 to 0.937 (Table 3). This
clearly shows that the two outliers had a strong impact and that
moisture level definitely has to be uniform enough amongst sam-
ples to compare their mechanical properties. A higher moisture
level can lead to an increase in elasticity of the material which may
increase the maximal compression stress due to the higher ability of
the material to deform. In order not to fully exclude them out of the
study, the two outlier products were dried and then assessed again
in terms of maximal compression stress. The drying led to mois-
ture levels of 1.6–1.7%, which is lower than the average moisture
contents of the products. In order to decrease possible bias, a cor-
rected maximal compression stress was calculated at 3.9% moisture
for both outliers. The calculation was performed proportionally to
the stress values obtained at 7% and 1.6% moisture content. The
data are plotted in Fig. 6. After all normalization and moisture cor-
rection, the correlation coefficient reached 0.931, which is quite
high considering the difficulties of performing mechanical testing

on heterogeneous and moisture-sensitive materials such as food.
The global improvement of the correlation coefficient including
normalization and moisture correction for two outliers went finally
from 0.802 to 0.931.
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.1.6. A foam structure with closed cells
Fig. 6 shows the fit for which the exponent of the Gibson–Ashby

s 1.96, very close to 2. This means that the cells are mainly closed
nd the structure is not open. Due to limit of resolution or con-
rast by X-ray tomography, it is difficult to define clearly by 3D
mage analysis whether a wall is completely closed or slightly
pen. According to the Ashby description of open cells, which
ook more like edges or thin bridges between cells, the cells of
he extruded cereals are closed as visually observed on the X-
ay images. The walls may  be slightly discontinuous in some
rea thus giving narrow openings between cells but globally they
xist in the products. A quick check has been performed with the
vizo software (Avizo 7.0, VSG3D, Bordeaux—partner of InsideFood
roject) allowing 3D characterization and image analysis of the X-
ay tomography dataset. After the segmentation step, a dilatation
as performed in order to remove the narrow openings within

he walls. The further labeling of the cells of the cereals clearly
ndicated a good separation of the cells, observed visually in a
D representation with different colors through a volume render-

ng. Further investigations can be undertaken with this software
hanks to the labeling in order to gain more information on the cells
haracteristics themselves, such as shape information, circularity,
tc.

.2. Impact of fiber types and of base recipe composition on the
echanical properties of the extruded cereals

In order to observe the effects of the type of fibers and of the base
ecipe on the mechanical properties, maximal stress is presented in
ig. 7a and b for Exp1 and Exp2, respectively. Non-normalized data
re used in this case; the normalization was performed in order to
uild hypothesis on the effects of other attributes than relative den-
ity on mechanical stress and the normalized data have shown that
he Gibson–Ashby fit was improved. Consequently, the normalized
ata are only explained by the relative density, and the other effects

f attributes tested, such as fiber types and content, proteins con-
ent and walls thickness, are not apparent anymore. Conversely,
he corrected data for moisture level for the two outliers was used
or this comparison.
s been corrected for lower MC%  (on top of the corrections described above for the

4.3. Focus on Exp2

For Exp2, at 14% added fibers, there is a similar matrix–particles
ratio between OBC and WB  (49% starch and 29% particles, Table 2).
The porosity is smaller for WB14 which explains its higher maximal
stress than for OBC14, based on the Gibson–Ashby relationship. At
20% added fibers, again, WB20 and OBC20 display similar matrix
and particles contents of about 46% and 32%, respectively. In this
case, both products have a porosity of about 76%. This explains why
their maximal stress is very similar (Fig. 7b). At 26% and 32% added
fibers, the observation is similar: The matrix–particle content does
not depend on the type of added fibers. However, in this case, poros-
ity is lower for OBC than for WB,  which leads to a higher maximal
stress for OBC. This is the reverse when compared to 14% added
fibers.

A question remains: Where does this inversion of trends for
porosity with the increase added fibers come from? The most prob-
able hypothesis suggests the limitation of expansion at the end of
the die for high levels of OBC (above 26%). This limitation may  be
due to a change of OBC dispersion in the starchy matrix for high
levels of OBC, which would induce a change in the elongational
viscosity of the walls. Some studies have shown a strain harden-
ing behavior of some biodegradable polymer blends depending on
their composition (Eslami & Kamal, 2012).

4.4. Focus on Exp1

Based on the Gibson–Ashby fit and the matrix–particles inter-
pretation, the very similar maximal stress obtained for WG40,
WG60 and WG80 (without added fibers) can be explained by
their very similar porosities (between 89.6% and 91.6%) and their
very close starchy matrix–dispersed particles ratio (about 65%
matrix, 16% particles; dispersed particles being fibers and proteins,
Table 1). The slightly significantly higher stress obtained for WG80
may  be explained by the difference of fiber contents (7.6% versus

6.2% and 4.8% of fibers, with proteins contents being very similar).
This suggests a difference of adhesion or behavior of fibers versus
proteins when dispersed in starch (due to differences of shape or
behavior).
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NMR relaxometry was applied to gel type products (Iuliano, Piggott,
b)  (In Exp1 the outliers values due to high moisture levels have been corrected)
WG: whole grain, F: fibers, OBC: oat bran concentrate, WB:  wheat bran).

For WG40 F10, the porosities and the ratio matrix–particles are
imilar for both OBC and WB  products. However, the maximal stress
s higher for WB (Table 1, Fig. 7a).
For WG80 F10, the same observation is made as for WG40
10, i.e. the porosities and the ratio matrix–particles are similar.
owever, in this case, the reverse is observed; the maximal stress
olymers 98 (2013) 842– 853 851

is higher for OBC. This peculiar behavior is consistent with the
following hypothesis: At a specific threshold of particles con-
centration (and specifically fibers), some areas may  become
co-continuous with the starch phase. Similar behavior has been
reported for starch matrices containing between 19% and 38% pro-
teins (Chanvrier et al., 2006). In the present study, when getting
closer to 25% particles, co-continuity may  appear. Since WB is insol-
uble and OBC soluble, the co-continuity with starch may  be reached
at a different threshold concentration of WB  and OBC, due to the dif-
ference of compatibility or miscibility with starch (Ajji and Utracki,
2002; Avérous & Boquillon, 2004; Avérous, 2004). A better misci-
bility combined with a co-continuous morphology for OBC would
reinforce the mechanical properties of the cell walls of OBC, versus
WB.  These observations and hypothesis are also valid for F20 prod-
ucts.

For WG 40 and WG  60 (for F10 and F20), maximal stresses are
respectively lower for OBC or not significantly different. This may  be
attributed to different particles size distribution of the added fibers,
different shape of fibers, and different dispersion of the fibers in
the continuous phase. However, at this stage, we  cannot conclude.
Only microscopic observations of the walls with stained particles
(e.g. confocal scanning light microscopy) would help identifying
the right hypothesis.

In summary, since the switch of trend occurs at WG60 with an
increasing dispersed phase content, where the matrix represents
60% of the materials and the dispersed phase represents 20%, we
may  assume that it is linked to the morphology of the dispersed
phase in the matrix. This morphology is known to be affected by the
shape of the particles, the compatibility between phases (Utracki,
2002), the granulometry and the percolation threshold. All these
characteristics are certainly different between OBC and WB.

This hypothesis of different spatial distributions of fibers accord-
ing to the type of fibers is coherent with the hypothesis developed
for Exp2. Nevertheless, for Exp1, due to less protein in the recipes,
the expansion at the end of the die is not impacted. Similar porosi-
ties are obtained for OBC versus WB.  The preponderant effect is
thus the hardness of the walls. The latter is impacted by a possible
lower percolation threshold for OBC than for WB.

4.4.1. Importance of the spatial dispersion of particles
Finally, in Exp1, for same fibers content, there is a negligible

impact of fibers type on the porosity, thus the switch is explained
here by a different dispersion of OBC versus WB  due to their differ-
ences of shape, particles size and of compatibility with the starchy
matrix (soluble versus insoluble fibers). In Exp2, for fixed fibers con-
tent, the impact of the fibers types on porosity is significant. This
may  be due to the nature of the matrix containing more proteins
in Exp2. The switch of mechanical trends due to different porosi-
ties reflects an impact of fibers type on the ability to expand of
the material, which does not exist in Exp1. This modification of the
expansion ability may  also arise from the morphology of the walls,
depending on the fibers types (ability to be dispersed) and on the
continuous matrix (ability to disperse), that may  rigidify the walls
upon expansion.

4.5. Walls structure

This level of structure of the walls is important for the under-
standing of the texture of such complex products. Cutting edge
microscopic techniques are critical to improve our understanding
of this phenomenon. The InsideFood project aimed at develop-
ing new tools for structure characterization of food products. 2D
Venturi, & Hills, 2010) with a validation by microscopy. This method
could give the insight needed to better understand the walls inter-
nal structure. Further developments would be needed to be able
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o apply this method to products such as extruded cereals with
egards to the previous work performed on bread (Bosmans et al.,
012). The moisture level in the cereal would have to be increased
o be able to get a decent signal. A validation with microscopic
bservations and quantification would be necessary. This would
e an interesting but a very challenging piece of work.

. Conclusion

This study dealing with two types of starchy extruded recipes
ith added fibers such as oat bran concentrate (OBC) and wheat

ran (WB) showed that porosity of the cereals was the major prod-
ct attribute impacting the maximal stress, i.e. hardness of the
roduct, in accordance with the Gibson–Ashby relationship. How-
ver, it was possible to decouple the porosity from the walls impact
y taking into account the composite behavior of the extruded
aterials, i.e. a starchy matrix dispersing fibers and proteins. This

evel of structure is thus of importance since it allowed improv-
ng the fit of the Gibson–Ashby relationship. On the basis of the

atrix–particles behavior type of the extruded products supple-
ented in fibers, the impact of the fibers types on the two  types

f recipes was assessed for both Exp1 and Exp2. The switch of OBC
rends versus WB was attributed to their ability to be dispersed,
hich modifies the morphology of the walls. Within the Inside-

ood project, this level of structure has been studied by 2D NMR
elaxometry for highly hydrated food products such as gels. The
pplication of this method to extruded cereals in a hydrated man-
er would be of interest for the food industry, since microscopy
ethods such as confocal scanning light microscopy are time-

onsuming and most of the time, the images are difficult to quantify.
f the tools to quantify the structure at the solid foam level have
trongly evolved within the last 10 years with the X-ray tomogra-
hy development and the use of algorithms for 3D image analysis,

 spectroscopic method would definitely give a quicker and inter-
sting insight at the level of walls morphology. The 3D X-ray
icroscopy would also be a future method to explore for complex

roducts such as extruded cereals. With this recent method, the
ifferent phases in the cells walls may  become accessible without
oo much samples preparation.
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Glossary

CF: corn flour
Db: dry basis
Exp1: experimental Design 1
Exp2: experimental Design 2
F: fibers
MCS: mean cells size
MWT: mean walls thickness
OBC: oat bran concentrate

TDF: total dietary fibers
WB:  wheat bran
WG:  whole grain flour
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