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Introduction

Despite their abundance and high nutritional value, pulse legumes (pea, lentil, faba bean, etc.) have not been widely adopted in the human diet. The last decades have been marked by a rising number of research studies in pulse texturisation by extrusion. Low moisture extrusion is often used to produce cereal-based expanded foods whose characteristics owe much to their starch content and macromolecular content. Moreover, supplementation with pulse flour or protein isolates may contribute to the health benefits of these foods thanks to the complementary amino acid profiles of legumes and cereals [START_REF] Day | Functionality of protein-fortified extrudates[END_REF], while attempting to understand the structural changes of the flour components. During extrusion, after mixing with water, starchy powder becomes molten by solid friction, viscous dissipation and heat conduction from the barrel. The viscous melt is forced through a die where the vapour expands the material to a porous structure, referred to as a solid foam. The texture is governed by density, cellular structure and the mechanical properties of the intrinsic material. The intrinsic material can be envisioned as a dense composite consisting of a blend of starch and protein [START_REF] Guessasma | Mechanical modelling of cereal solid foods[END_REF]. In addition to its composition, its mechanical properties depend on the morphology created during extrusion.

High input of thermo-mechanical energy leads to structural modification of the biopolymers, including starch melting and depolymerisation (Logié, Della Valle, Rolland-Sabaté, & Descamps, 2018), protein denaturation and aggregation by non-covalent (hydrophobic) and covalent (disulphide S-S) bonds [START_REF] Mession | Effect of globular pea proteins fractionation on their heat-induced aggregation and acid cold-set gelation[END_REF], as well as browning due to Maillard reactions. Shear energy can also favour the unfolding and re-association of protein aggregates [START_REF] Valle | Relationships between processing conditions and starch and protein modifications during extrusion-cooking of pea flour[END_REF][START_REF] Fang | Effects of specific mechanical energy on soy protein aggregation during extrusion process studied by size exclusion chromatography coupled with multi-angle laser light scattering[END_REF]. With increasing melt temperature and specific mechanical energy (SME), the starch depolymerisation and its hydrosolubility increase and the protein solubility in the buffer decreases due to protein aggregation by disulphide bonds and increased product browning [START_REF] Kristiawan | Multi-scale structural changes of starch and proteins during pea flour extrusion[END_REF].

Most research on the morphology of starch-protein composites has focused on cerealbased systems (Chanvrier, Della Valle, & Lourdin, 2006;[START_REF] Habeych | Starch-zein blends formed by shear flow[END_REF][START_REF] Muneer | Innovative gliadin/glutenin and modified potato starch green composites : Chemistry, structure and functionality induced by processing[END_REF]. The effect of protein concentration on the morphology of corn starch-zein composites obtained by extrusion and thermo-moulding was reported by Chanvrier et al. (2006). [START_REF] Habeych | Starch-zein blends formed by shear flow[END_REF] studied the effect of shear rate on the morphology of blends of wheat starch and zein (0-20% db). They found that shear flow changed co-continuous starch-protein morphology into matrix/particle systems with zein aggregates as a dispersed phase. Recently, [START_REF] Kristiawan | Multi-scale structural changes of starch and proteins during pea flour extrusion[END_REF] showed that the morphology of the intrinsic material of pea flour foams changed from dispersed to bicontinuous system. These changes depended on the structural modifications of biopolymers that were governed by extrusion variables, and temperature in particular. It is therefore necessary to better understand the mechanisms of morphology evolution in legume starchprotein composites.

Several studies have investigated the effect of composition and microstructure (morphology) on the mechanical properties of particulate-biopolymer composites (Chanvrier et al., 2006;[START_REF] Fu | Effects of particle size, particle/matrix interface adhesion and particle loading on mechanical properties of particulate-polymer composites[END_REF][START_REF] Hashin | On some variational principles in anisotropic and nonhomogeneous elasticity[END_REF][START_REF] Leclair | The role of interfacial contact in immiscible binary polymer blends and its influence on mechanical properties[END_REF][START_REF] Verbeek | The influence of interfacial adhesion, particle size and size distribution on the predicted mechanical properties of particulate thermoplastic composites[END_REF]. Several empirical or semi-empirical models have been proposed to predict Young's modulus and ultimate strength from composite microstructure, taking the strength of interfacial adhesion, aspect ratio and volume fraction of particles into account [START_REF] Hashin | On some variational principles in anisotropic and nonhomogeneous elasticity[END_REF][START_REF] Nicolais | The effect of particles shape on tensile properties of glassy thermoplastic composites[END_REF][START_REF] Verbeek | The influence of interfacial adhesion, particle size and size distribution on the predicted mechanical properties of particulate thermoplastic composites[END_REF]. The mechanical properties of glassy cereal-based starch-protein composites were shown to be weakened by the presence of incompatible dispersed protein aggregates (Chanvrier et al., 2006[START_REF] Habeych | Starch-zein blends formed by shear flow[END_REF][START_REF] Muneer | Innovative gliadin/glutenin and modified potato starch green composites : Chemistry, structure and functionality induced by processing[END_REF]. In the case of films of peanut protein isolate blended with pea starch, the decrease of tensile strength and the increase of strain at rupture were attributed to the interaction between swollen pea starch granules and proteins, leading to the formation of a flexible network [START_REF] Sun | Mechanical, barrier and morphological properties of pea starch and peanut protein isolate blend films[END_REF]. To our knowledge, none of the previous studies has determined the relationship between mechanical properties and morphological features of legume composites.

The aim of this work is to determine the relationship between morphological features and mechanical properties for legume composites. To do this, pea flour and a blend of pea starch and pea protein isolate were selected as a model system. The extrusion variables were varied in order to obtain dense composites with a wide variation in starch-protein morphology. The biopolymer transformations and the morphology and mechanical properties of composites were analysed.

Materials and methods

Raw materials

Yellow pea grits (Pisum Sativum L.) were purchased from Sotexpro (France) and ground (SARL Giraud, France) in order to obtain pea flour with a median diameter of 480 μm. Pea starch (amylose content: 35%) and pea protein isolate PPI (Nutralys ® F85F) were supplied by Roquettes Frères S.A. (Lestrem, France). The median diameter of pea starch and PPI, determined by laser diffraction (Partica LA-960, HORIBA, Japan) was 27 and 72 µm, respectively. A starch-protein (SP) blend was obtained by mixing pea starch and PPI using a Kenwood mixer for 20 min. The flour and SP blend had a similar ratio of starch and protein:

1.94 and 1.99 dry matter, respectively. The chemical composition of the raw materials (Table1) was determined by standard methods described by [START_REF] Kristiawan | Multi-scale structural changes of starch and proteins during pea flour extrusion[END_REF]. (*) Fibre and other components, determined by difference method [START_REF] Kristiawan | Multi-scale structural changes of starch and proteins during pea flour extrusion[END_REF][START_REF] Li | Extrusion expansion characteristics of samples of select varieties of whole yellow and green dry pea flours[END_REF].

Extrusion

Composites were obtained as strips by extrusion of the pea flour and SP blend using a laboratory scale co-rotating twin-screw extruder (Thermo Scientific™ Process 11, Germany) equipped with a plate die (section: 26 x 1 mm 2 ; length: 70 mm). The screw diameter was 11 mm and the ratio of length to diameter was 24.5. The barrel was divided into five sections heated separately at 30, 40, 60, 80 and T5 (92-164) °C. The screw profile included conveying elements with a pitch of 11 mm, followed by four kneading discs (length: 2.75 mm each) that consisted of alternate discs with 0° and 90° on the hexagonal shaft orientation, and one reverse element (length: 5.5 mm) located in the fifth barrel. The die temperature was regulated at 90-95 °C in order to obtain dense composites. The raw material was fed into the first barrel by a volumetric feeder and the water was added to the second barrel using a volumetric pump.

In order to obtain composites with a wide range of starch-protein morphologies and mechanical properties, the operating parameters were varied in the following ranges: moisture content (25-35% wb), screw rotation speed (120-700 rpm) and the temperature of the last barrel of the extruder T5 (Tm-20 °C, Tm, Tm+20 °C), where Tm is the melting temperature of the raw material. Product pressure and temperature (T) were measured at the die entrance with an accuracy of ± 200 kPa and ± 1 °C, respectively. SME (J/g) was calculated as follows:
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where C is the measured torque (N.m), N the screw speed (rad/s), and Q the mass flow rate (g/s). Apparent viscosity of the melt (η, Pa.s) at the die exit was calculated using Poiseuille's equation through a rectangular channel:
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where ΔP is the pressure drop inside the die (Pa), Qv the volumetric flow rate (m 3 /s), W the die width (m) and H the die thickness (m).

Immediately after extrusion, the composites were dried at 40 °C for 24 h in order to avoid starch retrogradation and to obtain a final MC of less than 10% wb.

Starch transformation

Melting transition

In the presence of small amounts of water, as in the case of extrusion (MC < 35% wb), the starch transition is the 'melting' of crystallites in the starch granule. Data for the melting temperature (Tm) of pea flour and the SP blend at various moisture contents is essential to establish the barrel temperature profile (T5) in order to obtain composites with amorphous starch. Tm values of the SP blend were assumed to be the same as those of pea starch.

Moisture content adjustment was performed by the addition of appropriate quantity of water followed by overnight equilibration or by conditioning pea starch and flour under controlled relative humidity (RH: 58-98%) over saturated salts at 20 °C for one month. The Tm value of native pea starch and flour was determined using a differential scanning calorimetry apparatus Q100 DSC (TA Instruments, USA) according to the method of Logié et al. ( 2018). The samples were heated from 20 to 200 °C at a heating rate of 5 °C/min. Melting temperature (Tm) was defined as the offset temperature of the melting endothermic peak (Appendix: Fig. A1). The measurements were done in duplicate (relative error: 10%) and were compared to data in the literature (Appendix: Fig. A2).

Crystalline structure DSC analysis in excess water was performed on the extruded products in order to verify if all starch crystallites were molten by extrusion process. The existence of residual crystalline structure can be indicated by the presence of so-called residual gelatinization endotherm in DSC thermogram. The composites were ground into a fine powder (< 250 µm) using a cryogrinder. The sample (10 mg) and deionised water (40 mg) were directly weighed in a pan and hermetically sealed. The DSC scans were run at 3 °C/min from 20 to 100 °C.

Colour measurement

The colour of composite surfaces was determined using a Chromameter (Konica and blue-yellow (-100, +100) colours, respectively. The reported values were the means of ten measurements (relative error: 10%).

Morphology

Confocal Laser Scanning Microscopy (CLSM)

The organisation of proteins and starch in pea composites was determined using CLSM.

Sample preparation and labelling

Before cryosectioning, the composites were hydrated by conditioning at 20 °C and RH 98% for 4 days, and then cut into pieces of 5 mm in length. For protein labelling, one part (mass) of 0.01% (w/v) fuchsine acid in 1% (v/v) acetic acid was mixed with one part (mass) of Kaiser's glycerol/gelatine solution at 40 °C. Kaiser's solution was used to improve the adhesion of specimen slices on microscope slides [START_REF] Zweifel | Influence of hightemperature drying on structural and textural properties of durum wheat pasta[END_REF]. The specimen slices (thickness: 20 µm) were obtained by cutting the embedded pieces within the freezing medium tissue (Tissue-Tek O.C.T) perpendicularly to the extrusion flow using a cryotome at -20 °C. The slices were mounted in the frozen state onto microscope slides, covered with stained Kaiser's solution and a glass coverslip. The slides were stored for 24 h (20 °C) to insure optimum diffusion of the markers.

Image acquisition

Images were acquired using CLSM (Nikon A1) with an attached NIS imaging system (Nikon, Germany). Samples were examined in the epifluorescence mode of the microscope, excited by a green laser beam at 561 nm. The emitted light was selected by a long-pass filter at 570-620 nm. Images of 512×512 pixels were taken with a magnification of 20 and a resolution of 1.24 µm/pixel.

Image analysis

Image analysis was done for at least three plane projection images of three spots in the composites. It was performed using Matlab software to determine the median particle width (D50), total area and total perimeter of protein aggregates. Firstly, CLSM images were digitised by applying a grey level threshold obtained with a k-mean algorithm [START_REF] Jain | Data clustering : 50 years beyond K-means[END_REF].

The total area of the particles and the total perimeter of their interface with the matrix were then determined. The starch-protein interface index (Ii) was computed as the ratio of the total aggregate perimeter to the square root of the total aggregate area. Granulometry analysis was subsequently performed using mathematical morphology operations [START_REF] Devaux | Macro-vision and grey level granulometry for quantification of tomato pericarp structure[END_REF][START_REF] Bleis | Destructuration mechanisms of bread enriched with fibers during mastication[END_REF]. A curve of the cumulated area of the particles (proteins) was then built according to the width of the openings. This curve was fitted by the Gompertz function [START_REF] Dehaine | Modelling heavy and gangue mineral size recovery curves using the spiral concentration of heavy minerals from kaolin residues[END_REF]:
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where y is the cumulative fraction of particle width less than or equal to the opening width x, c

is the amplitude of the cumulative surface (100), k is the constant describing the fragment uniformity, and xc is the central particle width. The median particle width D50 was computed from the Gompertz fit at 50% of the cumulated surface.

Scanning Electron Microscopy

The starch-protein interface of composite materials was ascertained using a scanning electron microscope (JEOL JEM-1230) at an acceleration voltage of 10 kV under low vacuum (100 Pa). Composite samples (1 x 5 x 5 mm 3 ) were held on specimen holders with transversal cross-sections facing the lens.

Mechanical properties

Extruded materials were conditioned at a relative humidity of 59% at 20 °C for two weeks in order to obtain a uniform moisture distribution in the material (12+0.5% wb;

Appendix: Sorption isotherm measurement, Fig. A3). The mechanical properties of specimen strips (th x 100 x 10 mm 3 ) were determined by a three-point bending test mounted on a dynamometer (Adamel Lhomargy, France). The thickness (th) of specimens was measured at three locations with a Vernier caliper. The support span (L) was 40 mm and the crosshead speed was 100 mm/min. The tests were performed until specimens broke. Engineering stress σ (Pa) -strain ε (%) curve was derived from the force-crosshead displacement data as follows:
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where F is the force (N), h is the specimen width (0.01 m) and d is the crosshead displacement (m). The stress and strain at rupture corresponded to the maximum of the stressstrain curve. The flexural modulus E (Pa) was defined by the slope of the linear part of the stress-strain curve. The measurements of mechanical properties were performed with ten repetitions, leading to a variability of 20% that mainly due to structural heterogeneity within the specimens.

Results

Extrusion trials

A large interval of SME values was obtained (100-2000 kJ/kg), indicating that a wide range of biopolymer changes may be expected (Fig. 1a). SME increased with increasing screw speed and, conversely, decreased when feed rate and moisture content MC increased. A negative correlation (R 2 = 0.83) between SME and the ratio of total feed rate to screw speed (Q/N) was obtained for any MC and raw material. This result suggested that SME can be well controlled by the tuning of these extrusion parameters.

Overall, the larger values of SME obtained with pea flour might be due to its higher fibre content than that of SP blends (26% versus 3%, in db).

The effect of SME on product temperature T was positive, regardless of the raw material (Fig. 1b). This trend could be attributed to solid friction between particles and to viscous dissipation in the molten phase, both phenomena explaining why product temperature is higher than barrel temperature. Higher viscous dissipation suggested that pea flour melt has higher viscosity than that of SP blends, possibly because of its larger fibre content (Fig. 1c).

For all extrusion trials, the melt shear rate maintained the same value (≈ 11±2 s -1 ) because the total mass flow rate Q did not vary much (Table 2). The variations of apparent melt viscosity with SME reflected biopolymer structural changes during processing, whereas the dispersion may be attributed to the influence of temperature on viscosity. For instance, it is well known that starch melt viscosity decreases with SME because of macromolecular degradation.

Colour and starch changes

The L* values of extruded composites (Fig. 2) were lower than that of raw materials (L* 90±1), probably due to Maillard reactions. Concerning pea flour, the darkness of extruded materials increased with SME (R 2 = 0.60) (Fig. 2a). The samples also appeared to be redder (higher a*, result not shown). No significant L* colour difference was detected among SP blend composites (L* = 55+5) (Fig. 2b, ANOVA, p = 0.5, at 5% confidence level).

During extrusion, Maillard reactions occur between protein amino groups and reducing saccharides derived mainly from depolymerised starch. The increased darkness of flour composites at SME > 1500 kJ/kg may be due to additional Maillard reactions between proteins and reducing saccharides present in the pea flour fibre (Santillán-Moreno, Martínez-Bustos, Castaño-Tostado, & Amaya-Llano, 2011).

Based on the trend of variation of composite colour with SME, three samples of flour composite at different SME were selected for further analysis. For the purpose of comparison, three representative composites of SP blend, extruded at similar SME levels (≈ 200, 1000, 2000 J/g) were also selected. The name of selected samples was given in Fig. 2 (F: pea flour, B: SP blend; L: low; M: medium; H: high SME), and the corresponding extrusion variables were reported in Table 2.

Table 2. Extrusion variables of pea composite

The starch transformation of selected composites was investigated by comparing their DSC residual gelatinisation enthalpy to the gelatinisation enthalpy of native raw materials (Appendix: Fig. A4). In the excess water (80% wb), the native SP blend and pea flour showed an endothermic transition, reflecting starch gelatinisation, with enthalpies of 5.7 J/g and 3.7 J/g, respectively, at the same peak temperature (69-70 °C). No residual gelatinisation enthalpy was detected for the selected composites, indicating complete melting of starch crystals during extrusion. Therefore, for all extruded composites, starch was considered amorphous.

Morphology

The organisation of starch and proteins of raw material and selected composites was investigated using CLSM and presented in Figs. 3a, b andc. The grey areas correspond to the starch phase and the green areas depict the protein phase. -Amorphous starch and protein aggregates in pea flour (c) and SP blend (d) composites extruded at three levels of SME. The sample B_H was slightly rotated on the microscopic slide.

The proteins were stained green with fuchsin acid. Unstained amorphous starch was in grey.

The white space at the interface of starch and protein aggregates indicated the void.

Image description

In native pea flour, proteins surrounded starch granules, whereas proteins formed an independent structure in native SP blends (Fig. 3a). In all composites, the morphology showed protein aggregates dispersed in a continuous matrix of amorphous starch for various SME values (Figs. 3b,c). Chanvrier et al. ( 2006) also observed similar morphology, namely matrix-particle, for thermo-moulded or extruded corn flour and starch-zein blends, when zein concentration was lower than 20% (db). They suggested that the protein aggregates derived from the protein bodies were disrupted, denatured and cross-linked due to high mechanical energy and temperature. In our case, protein aggregates observed in SP blend composites were clearly larger than in flour composites, likely due to the wet extraction process of PPI that results in assembled protein particles (Fig. 3b). For both composites, starch and protein domains were separated by voids, as precisely observed by scanning electron microscopy (Fig. 4).

These voids can result from interfacial debonding during melt cooling after leaving the extruder die, as well as from sample cryosectioning for microscopy analysis. The interface voids indicating poor interfacial adhesion were also observed for starch-zein blend composites formed by simple shear flow [START_REF] Habeych | Starch-zein blends formed by shear flow[END_REF]. Utracki (2002) reported that the presence of voids in polymer blends was due to poor compatibility of the phases. Hence, regardless of the explanation, it is likely that composite morphology is due to poor adhesion of starch and proteins in the glassy domain.

The CLSM images showed that the size and shape of protein aggregates was not uniform within composites, and this non-uniformity was more marked in SP blend composites than in those of flour. The composites extruded at SME < 200 kJ/kg (F_L, B_L) exhibited the highest protein area. Protein aggregates in flour composites did not present any orientation, whereas they were oriented in the extrusion direction in SP blend composites extruded at SME > 1000 J/g (B_M, B_H). Starch granules were transformed into a homogenous matrix of amorphous starch with the exception of F_L and B_L composites. Indeed, these composites presented deformed ghost starch granules (size ≈ 22 mm) that were entrapped by proteins in F_L, and were dispersed and elongated in continuous phase in B_L. Similar flour composite morphology was observed by [START_REF] Kristiawan | Multi-scale structural changes of starch and proteins during pea flour extrusion[END_REF] in the intrinsic material of expanded pea flour. These observations clearly revealed that the variation of extrusion variables (SME) led to various composite morphologies, which required morphological analysis for further quantification.

The total area of protein aggregates decreased from 130 to 80 mm 2 with increasing SME (R 2 = 0.97; Fig. 5a). This result may be attributed to the increase in starch transformation with SME, reflected, for instance, by the increase in water swelling [START_REF] Kristiawan | Multi-scale structural changes of starch and proteins during pea flour extrusion[END_REF]. These changes would cause the starch to swell up and disperse more easily, leading to a larger area of the continuous phase at the expense of the dispersed phase, protein aggregates in this case. 

Image analysis

The distribution curves of the width of protein aggregates were presented as the cumulated percentage of the total area occupied by aggregates (Fig. 5b). The good curve fitting by the Gompertz function allowed accurate determination of median aggregate size (D50). The SP blend composites presented larger protein aggregates (D50 = 22-31 µm) than flour composites (D50 = 8-18 µm). The relative standard deviation of D50 values was between 11 and 15% for all samples, except for B_L that was 28%.

The interface index (Ii) of pea flour composite, defined as the ratio of the total aggregate perimeter to the square root of the total aggregate area, varied from 3 to 1, the lower value being obtained for SP blend composites. Not surprisingly, it was strongly and negatively correlated with D50 (R 2 = 0.93): the smaller the aggregates were, the larger the relative interface between proteins and starch was (Fig. 5c). This result confirms the qualitative trend observed from CLSM images (Fig. 3): many small protein aggregates (F_L) have a larger total perimeter than a few large and sparse aggregates (B_H). Since both features, interface index and median width are correlated, the following results will be compared using only Ii. The interface index decreased slightly with the apparent viscosity η (Fig. 5d). This variation is tiny and even not significant in the case of SP blends, given the large variation of viscosity. Conversely, during shear flow, viscosity is expected to increase with interface because of interfacial effects between the molten phases, as suggested for starch-zein blends (Chanvrier, Chaunier, Della Valle, & Lourdin, 2015). Hence, this result suggests that other structural changes, possibly antagonistic, like fragmentation of protein aggregates or starch degradation prevail in the building of the composite morphology.

Mechanical properties

The main results of the three-point bending test of composites (MC 12% wb, 20 °C) are illustrated in Fig. 6. Stress-strain curves revealed that flour composites exhibited brittle behaviour with the rupture of specimens in the elastic domain. SP blend composites were less brittle because their rupture took place beyond the elasticity stage. At similar SME, SP blend composites had higher values of stress and strain at rupture and lower values of flexural modulus than flour composites (Table 3).

The rupture stress of pea composites was in the range of extruded and thermomoulded corn flour (18 MPa) and starch-zein composites (~25 MPa) (Chanvrier, Chaunier, Della Valle, & Lourdin, 2015;Chanvrier, Colonna, Della Valle, & Lourdin, 2005). The higher fibre content of pea flour (26% db) may partly explain the difference in the mechanical behaviour of the composites [START_REF] Muneer | The impact of newly produced protein and dietary fiber rich fractions of yellow pea (Pisum sativum L.) on the structure and mechanical properties of pasta-like sheets[END_REF]. According to [START_REF] Robin | Effect of wheat bran on the mechanical properties of extruded starchy foams[END_REF], the rupture could occur either by fibre fracture or by fracture at the interface of fibre and continuous starch.

The flexural modulus was found to be independent of morphological characteristics (Appendix: Fig. A5). Chanvrier et al. ( 2016) reported that zein content had no significant effect on the storage modulus of starch-zein composites at room temperature. This may be due to close values of the storage modulus of glassy starch and proteins. The mechanical properties were defined only by stress and strain at the rupture point. The interface index (Ii) negatively influenced the composite breaking stress and strain (R 2 ≈ 0.90; Fig. 7). This result can be explained by the poor interfacial adhesion between the starch matrix and protein aggregates, as suggested from microscopy images. The larger Ii was, the higher the interfacial debonding created under stress and the more brittle the composite were. The strength of composites strongly depends on the stress transfer between the particles and matrix [START_REF] Fu | Effects of particle size, particle/matrix interface adhesion and particle loading on mechanical properties of particulate-polymer composites[END_REF]. For a poorly bonded particle/matrix, the stress transfer at the interface was inefficient. As shown in Fig. 5c, the flour composites had smaller D50 and larger made flour composites more brittle than those of SP blends. In the field of polymer/material science, it is assumed that the incorporation of microand nanoparticles reinforces composite mechanical properties, i.e., increases Young's modulus, breaking strength and fracture toughness. The challenge for the food sciences is the opposite. Increased brittleness of extruded foods is considered to be advantageous for chewing and nutrient release during digestion. Expanded leguminous snacks, obtained by extrusion, were distinguished by uniform and relatively small pore structure [START_REF] Li | Extrusion expansion characteristics of samples of select varieties of whole yellow and green dry pea flours[END_REF].

For the same density, starch foams with a fine cellular structure were found to be more resistant to rupture than coarser structures (Babin, Della Valle, Dendievel, Lourdin, & Salvo, 2007). A fine cellular structure with crispy texture can be obtained by controlling the fragility of cell walls, which depends on starch-protein morphology, i.e., interface index and strength of interfacial adhesion. In turn, morphology can be controlled by tuning the extrusion variables (SME) and formulation.

Conclusions

Pea composites were obtained by extrusion in a large interval of SME which was particularly tuned by the ratio of total flow rate to screw speed. Different morphologies were obtained by modifying the SME. The structure of pea flour and starch-protein (SP) blend composites consisted generally of dispersed protein aggregates in an amorphous starch matrix. The presence of voids between the phases indicated poor interfacial adhesion. The total area of protein aggregates decreased with increasing SME due to starch swelling leading to larger area of the continuous phase (starch) at the expense of dispersed protein aggregate.

Pea flour composites exhibited brittle behaviour with rupture in the elastic domain, whereas SP blend composites exhibited higher breaking stress and strain with rupture in the plasticity stage. The interface index, which was defined as the ratio of the aggregate perimeter to the square root of the total aggregate area, explained the variation of mechanical properties, regardless of the composite formulation. Increasing the interface index with poor compatibility between the phases weakened the composites. Finally, it is possible to modulate the mechanical properties by tuning the composite morphology through extrusion variables.

These results will contribute to the determination of constitutive laws of starch-protein composites. These laws will be integrated into multi-scale numerical models to predict the mechanical properties of solid foams based on knowledge of the cellular structure and morphology of intrinsic material.
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Figure 1 .

 1 Figure 1. Control of extrusion variables at different moisture contents: 0.25 (white), 0.30 (grey) and 0.35 (black) for pea flour (square) and starch-protein blend (circle): (a) Variation of specific mechanical energy (SME) with the ratio of total feed rate (Q) to screw speed (N), (b) Variation of product temperature (T) with SME, (c) Variation of melt viscosity (η) with SME for moisture contents of 0.25 and 0.35. The dotted line represents data fitting using a power (a, c) and linear (b) function.

Figure 2 .

 2 Figure 2. Variation of composite lightness (L*) of pea flour (a) and the SP blend (b) with specific mechanical energy (SME). The L* value of raw materials was 90±1.The symbols refer to data at different extrusion temperatures and the curve represents data fitting using a

Figure 3 .-

 3 Figure 3. The morphology of raw material and composites observed by CLSM:

Figure 4 .

 4 Figure 4. Scanning electron microscope images of pea flour (a) and starch-protein blend (b) composites. Voids were observed at the interface of amorphous starch and protein aggregates.

Figure 5 .

 5 Figure 5. Variations of composite morphology features: total area of protein aggregates with specific mechanical energy (SME) (a); cumulative distribution of protein aggregate width for pea flour (square) and starch-protein blend (circle) composites (b); solid lines represent data fitting using the Gompertz function (Eq. 3, R 2 > 0.98); interface index Ii with median protein aggregate width D50 (c); interface index Ii with apparent viscosity η (d). The dotted lines represent the data fitting using appropriate mathematical, polynomial or power functions.

Figure 6 .

 6 Figure 6. Engineering stress-strain curve obtained by a 3-point bending test for pea flour (black lines) and starch-protein blend (grey lines) composites (20 °C, MC 12 ± 0.5% wb).

Figure 7 .

 7 Figure 7. Effect of the interface index on stress (a) and strain (b) at rupture. The dotted lines represent data fitting using power functions.

Table 1 .

 1 Chemical composition of raw material (% db)

		Starch Proteins Ash	Lipids Others*
	Pea starch	98	0.5	0.1	-	1.6
	PPI	0.4	88.3	4.5	-	6.8
	Pea Flour	46.3	23.9	2.1	2	25.7
	Starch-PPI blend	63.3	31.6	1.6	-	3.5

Table 3 .

 3 Morphological features and mechanical properties of pea composite

		Morphological features	Mechanical properties
	Samples Total area	D50	Ii	σrupture	εrupture	E
		(mm 2 )	(µm)		(MPa)	(%)	(GPa)
				Pea flour			
	F_L	127±23	8±1	3.1±0.2	15±2	0.8±0.3	2±0.6
	F_M	101±15	18±3	1.8±0.2	25±5	1.1±0.3 2.4±0.5
	F_H	82±8	12±1	2.3±0.1	30±7	1±0.2	3.1±0.5
			Pea starch-PPI blend		
	B_L	133±38	28±8	1.1±0.2	44±5	2.1±0.2 2.4±0.2
	B_M	104±18	31±3	1±0.04	40±2	2.8±0.4 1.9±0.1
	B_H	71±19	22±3	1±0.04	46±2	2.5±0.1 2.4±0.1
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