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Resume

Cette étude vise a développer un matériau composite innovant biosourcé, avec de bonnes
propriétés mécaniques et thermiques, par I’investigation des matériaux a base des déchets
abandonnés dérives de différentes parties de palmiers dattiers. Différentes combinaisons de ces
matériaux ont été analysées pour évaluer leurs propriétés physiques, mécaniques et thermiques, en
mettant l'accent sur la caractérisation des fibres du pétiole et du rachis, en particulier pour une
utilisation dans des structures sandwich destine a I’isolation thermique. Des analyses physiques et
thermiques complétes, notamment des tests de densité, d'absorption d'eau, de conductivité
thermique, d'ATG et de DSC, ont été menées sur ces fibres. Les fibres de rachis de palmier dattier
ont été incorporées dans une matrice époxy comme couche de peau, avec des rapports pondéraux
de fibres (0-15 % en poids). Les résultats ont indiqué que les fibres de rachis influencaient de
maniere significative I'absorption d'eau, la morphologie, la résistance mécanique et le résistivité
thermique. La DRX a confirmé la nature amorphe du composite, tandis que l'analyse SEM a
montré une hétérogénéité accrue avec une teneur en fibres plus élevée. Le composite Epoxy-
Rachis ER10 % a démontré une forte isolation thermique (conductivité thermique de 0.21
W/(m+K), une diffusivité thermique de 0.17 mm?/s), un comportement de fracture ductile,
atteignant un module de flexion de 3.21 GPa et une résistance a la flexion de 9.28 MPa. De plus,
des fibres de pétiole de palmier dattier renforcées en acétate de polyvinyle (PVA) ont été utilisées
pour former la couche centrale (le cceur) avec des rapports pondéraux de fibres compris entre 15
et 26 % en poids. Il s'avere que le composite Ptl7 % présentait des propriétés d'isolation
exceptionnelles (conductivité thermique de 0.11-0.12 W/(m<K) et diffusivité thermique de 0,096-
0.109 mm2/s) et une faible densité de 0.3002 g/cm3, ce qui en fait le choix idéal pour les noyaux
de panneaux sandwich légers. Les tests du cceurs Pt17% avec des peaux ER10% ont révélé une
rigidité substantielle et une forte adhérence intercouche en raison de la méthode de collage, ainsi
qu'une excellente isolation thermique (0.2 W/m+K), soulignant le potentiel des déchets de palmier
dattier pour le développement des matériaux composites durables et thermiquement efficaces pour
les applications industrielles.

Mots cles :
Palmier dattier, déchet végétal, matériau composite, matériau naturel, conductivité thermique




Abstract

This study aims to develop an innovative bio-sourced composite material, with enhanced
mechanical and thermal properties, by investigating sustainable composites derived from
abandoned date palm waste. A range of combinations of these materials was analyzed to evaluate
their physical, mechanical, and thermal properties, emphasizing the characterization of petiole and
rachis fibers, particularly to be used in sandwich structures. Comprehensive physical and thermal
analyses, including density, water absorption, thermal conductivity, TGA, and DSC tests, were
conducted on these fibers. Date palm rachis fibers were incorporated into an epoxy matrix as the
skin layer, with fiber weight ratios (0—15 wt.%). Results indicated that rachis fibers influenced
significantly water absorption, morphology, mechanical strength, and thermal behavior. XRD
confirmed the amorphous nature of the composite, while SEM analysis showed increased
heterogeneity with higher fiber content. The Epoxy-Rachis ER10% composite demonstrated
strong thermal insulation (thermal conductivity of 0.21 W/(m-K) and thermal diffusivity of 0.17
mm?2/s) and ductile fracture behavior, achieving a flexural modulus of 3.21 GPa and bending
strength of 9.28 MPa. Additionally, polyvinyl acetate (PVA) reinforced date palm petiole fibers
were used to form the core layer with fiber weight ratios between 15-26 wt.%. It turns out that,
the Pt17% composite exhibited exceptional insulation properties (thermal conductivity of 0.11—
0.12 W/(m-K) and thermal diffusivity of 0.096-0.109 mm?/s) and a low density of 0.3002 g/cm?,
making it ideal choice for lightweight sandwich panel cores. Testing the Pt17% core with ER10%
skins revealed substantial stiffness and strong interlayer adhesion due to the bonding method,
along with excellent thermal insulation (0.2 W/m-K), highlighting date palm waste potential to

create durable, thermally efficient composite materials for industrial applications.
Keywords:

Date palm, plant waste, composite material, natural material, thermal conductivity




uedle

A e ey Bam 4y )l a5 4SS pailiads Sadii ¢ Jlaall 4y ga 5 Siie 48 je Bale yyghai ) Al jall 028 Caags
Al ) Lpailiad 4l o) sall oda (e ddlide il 5 dilas & il ey dabine e (e A8 3 e Al )2
Ciligal) dalide JSlgl) 8 2lasindl Lali (opal jally Coandl GUIT (ailiad e 385 ae eyl all 5 48001
Lloo 51 ol (aliaial ARSI ol i) @lld 8 Loy cAlal Ay ) pa 5 Al 5 st Cu el o) all Jjall dacad)
O all G s 23 Gl o3 e (DSC) (Lalédll s )l didaill 5 (ATG) 059 ol oad) didaill ¢y ) al)
Gl G pall Gl o i) <pelal s (715-0) Gl e Ailide )y oy A A8l Ao ) 4 ghoaa (S
Ll AasY) g st STy 2 ) el dasliall 5 ¢ SlSaall Janill 585 (JSE 5 celal) aliaial o S (S
A 80l e ) (8 5305 (SEM) (s rSIY) enal) Bl <yl Lty oS el 45511 e daball (DRX)
(oa)/al s 0.21 W 538 4 ) sa s ) (51 all Jall e Alle 5,38 (ZER10) Conl e -0nS sl S all elal oLy
855 Ul g 3,27 58 liniV) 3355 pe el £ b g ey € sl g ¢(Aaili/2ale 0,17 W a8 4y ) ya 3y 0
S (PVA) i sl oy 35 ) Jodall Conns Gl Caansin) el ) dilal JSulilaze 9,28 La s lias)
8 3len U paibady Sachy ZPH17 S ) o gl il s 7265 15 On ) o8 45 oy (315301 (ans s ddLal)
S Auaddie AUS 5 (40/%ake 0.109-0.096 O &) s Ay iy (lea)/bal 5 0.12-0.11 O s S5 &)l s Aslia sa)
Cilish e ZPL17 8155 el Uil & jelal 5 Aadal) dpiiy suildl 1 5191 5080 J) LAY alesy Las Gan/E 0.3002
(op/al 510.2) Slias 5 a Je () ALaYL cdeadional) Tag 1) 48l Caanes il (g Sl 5358 400a ZER10
e liall clalaill ) ) s Alad 5 dalaiose 4 5e 3 g0 LY Jadill Ll aladin) ClilSa) o5 La

- Lalidal) cilalgl)

.LﬁJ\‘)AJ‘ d,p.a_,.\j\ sz\:\a_HH\ J\}d\ cL,SJA\ J\}A\ c:\.u:\.\.\]\ Calalall cd...\i.ﬂ\



Figure List

Fig 1. 1 Components of @ COmpoSite MALEITAl ...........cooiiiiiiiiiieee e 6
Fig 1. 2 Classification of different types of composite materials ...........c.ccoovvriiiiienniiiniies 6
Fig 1. 3 Composite material with particles reinforced ..........cccovveiieiiiesicc e 7
Fig 1. 4 Composite material with fibers reinforced...........ccovviveiieiiiic e 7
Fig 1. 5 Composite material [aminNate............cooiiiiiiiii e 8
FIg 1. 6 SANOWICH SEIUCLUIE ......oviiieie bbb 8
Fig 1. 7 Sandwich With fOAM COTE......cc.eoiiiic e 11
Fig 1. 8 Sandwich With WOOU COTE .......eoviiiiiiice et re e 11
Fig 1. 9 Sandwich With hONEYCOMD COME ......ceciuiiiiiiccece e 12
Fig 1. 10 Assembling of the SAaNAWICH .........coooieiiiiii e 12
Fig I. 11 The most methods used to elaborate a SANAWICN ...........ccooiiiiiiiiiinicce 13
Fig I. 12 Manufacturing a sandwich structure by gluing .........cccccooveiieieiicie e 13
Fig 1. 13 Application Field of SANAWICH ..........cccooiiiiiiicc e 14
Fig 1. 14 Categories Of DIO-COMPOSITE. ........ciiiiiiiieiere e 15
Fig I. 15 Chemical composition of plant fIDErs ... 18
FIg L. 16 Date PAlM trBES ... .ecueiiveeii ettt ettt e et e e s be e e e sraesteenaeeneenaeereas 20
Fig I. 17 Date palm Schema COMPONENLES ........ccuviiiiieiieic ettt e et sae e 20
Fig 1. 18 Palm's COMPONENTS .....c.veiiiiitiitiitieieee ettt bbbttt 21
Fig 1. 19 Applications of the palm fiDer Waste............cccooviiiiiiiiii e 22
Fig 1. 20 Boom made of bast FIDEr .........cc.ooveiiiec e 22
Fig I. 21 Some applications of bio-composites in the INAUSEIY...........cccoeiieiiieie i 24

Fig Il. 1 Comparative Analysis of the Chemical Composition of Date Palm Wood and Other

INAEUFAL FIDBIS. ... ettt bbb sbe et neenbe e 28
Fig 1. 2 Mechanical properties of date palm fiDers ... 29
Fig Il. 3 Thermal Conductivity and Relative Permittivity of Date Palm Materials: A Comparative
Study of Petiole and Bunch Parts from Deglet-Noor, Mechdeglet, and Elghers Varieties.......... 31

Fig Il. 4 Comparison between experimental data for TS and E with their predicted results........ 32



Fig I1. 5 Flexural modulus of date palm, date palm/bamboo and bamboo composite fibre ........ 34
Fig Il. 6 tensile properties Of DPF/EPOXY ......ccveiiiieiiiiiisiiseeieie et 35
Fig I1. 7 Tensile properties of DS-UPR composites; (a) Stress-strain curves (b) Tensile strain
(%), (c) Tensile strength, and (d) Tensile MOAUIUS ............ccoeiieiiiie i 36
Fig I1. 8 Erosion Efficiency of PVA/DPL Bio-Composites: Impact of Velocity on Wear
RESISTANCE ..eiiieieeie ettt e s b et e e sttt e be e s b e s he e b e e st e e R e e beeneeeReenbeeneenneenreente s 37
Fig Il. 9 Comparative Analysis of Thermal Properties in Raw Wood and Wood-Plastic

(000 0] 010 L (=T (LA 23 SR SS 38

Fig I1l. 10 Bar chart of average normal stresses in bending, in shear, and of average stiffness in

PENAING AN 1N SNEAT ...ttt 42
Fig I11. 1 Rachis fiber with a size 0f 0.315 MM ....ccoiiiiiic e 46
Fig 111. 2 Epoxy Resin (MEDAPOXY STR EA)......couiirineeiesssiessosesseosseesssssossssssssssessesnsons 47
Fig III. 3 Petiole granules with @ S1Z€ < TMM .....ccviiiiiiiiciiicc e 49
Fig I11. 4 Molecular formula of polyvinyl acetate glue ..........cccooeiieiieie i 50
Fig I11. 5 Protocol to obtain the specimens bio-composite material (ER) .........ccccccovveveiiieinennns 52
Fig I11. 6 Preparation of Petiole agglomerate. ..o 53
Fig I11. 7 Three points pending test of bio-composite (ER) (a): Geometric dimensions, (b): Three
(010 [ &30 o =1 1o |1 T [ SRS SRPRORPRN 55
Fig I11. 8 Three points pending test of bio-composite (Pt) (a): Universal machine TesT GMBH

model 916713, (b): Three points DENAING TEST.........ccviiiiiiieee e 56
Fig I11. 9 Compression test of bio-composite (Pt) (a): Geometric dimensions, (b): Compression

0T a0 T g0 IR (=T SRS SRPTORRORN 57
Fig I11. 10 INNOVATEST VERZU 750 model of Brinell hardness test ...........cccccvvveveiieeieennns 58
Fig 111. 11 INNOVATEST VERZU 750 model of Brinell hardness test ..........ccccevvveiiivniennne 59
Fig T, 12 KEPLON SUPPOTT ...ttt sttt bbbttt bbb 59
Fig I11. 13 Operating Principle of the SETARAM LABSY'S evo Thermogravimetric Analyzer. 60
Fig I11. 14 Protocol of gravimetric Method............ccoiv i 61
Fig 1. 15 Principle of Thermo Scientific Quanta SEM Prisma E electron microscope.............. 64
Fig I11. 16 Principle of Malvern Panalytical X-ray diffractometer...........cc.ccoovviiiienencniennnnn 65

Fig I11. 17 Principle of PerkinElmer Spectrum Two with an ATR-FTIR.......c..cccceevivvieiiici, 66



Fig IV. 1 SEM Analysis of : (a) a petiole particle Microstructure (b)a Rachis fibers

IVHICTOSIIUCTUIE ...ttt bbbttt b e b bbb e st et e et bbb 70
Fig IV. 2 FTIR spectra analysis of a raw Petiole...........cccccooveiiiii i 71
Fig IV. 3 FTIR spectra analysis of rachis fIDers ..o 72
Fig IV. 4 XRD spectra analysis of Petiole partiCle.............ccooveeiniiiiiiiiiceeee e 73
Fig IV. 5 XRD spectra of rachis fIDEIS .........ccoveiiiie i 74
Fig IV. 6 TGA and DSC analysis pattern of a petiole particle ............ccccoeevevieiviici i 75
Fig IV. 7 TGA and DSC analysis of rachis fIDers ... 76
Fig IV. 8 Load-displacement curves of different bio-composites (ER) in three-point bending tests
....................................................................................................................................................... 77
Fig IV. 9 Flexural modulus of a different bio-composite ER ............cccoeveiieiiiie i 78
Fig IV. 10 Flexural strength of different bio-composite ER.............cccoiiiiiiiniiiiece 78
Fig IV. 11 Hardness properties of different types of bio-composite ER ...........cccooviiiiiiiinnnnnnn 80
Fig IV. 12 Thermal behaviour of different types of bio-composite ER............cccccevieviiieinenns 81
Fig IV. 13 TGA and DSC of bio-composite ER..........cccoooiiiiiiie e 82
Fig IV. 14 Water absorption tendencies of bio-composite ER ...........ccccoviiiiniciencneneee 83
Fig IV. 15 Enhancing Water-Molecule and Cellulose Interaction: A Schematic Diagram of
HYArogen BONAING. ......cc.vouiiieiece ettt te ettt e e ba e be e e e sssesreenesneesneeeeas 83
Fig IV. 16 Density values of different types of bio-composite ER ............ccccceviiiiiciciiciees 85
Fig IV. 17 SEM micrographs for the Rachis/Epoxy (ER) composites with 10 wt. % of the rachis
....................................................................................................................................................... 86
Fig IV. 18 DRX spectra of the bio-composite ER ...........cccccveiiiiiiiciicc e 87
Fig IV. 19 FTIR spectra of the bio-composite ER...........cc.ccoeeiiiiiiiiciecc e 88
Fig IV. 20 Load -. Displacement curve for different types of Pt in three points bending test...... 89
Fig IV. 21 Stress-strain curve of Pt17 by compression tests (a): in the transverse directions, (b):
in the [oNgItUdINAl AIFECLIONS ........iiiiiiiie e 91
Fig IV. 22 TGA and DSC curve of bio-composite petiole agglomerate (PT17) .....cccccoveevvvernnnne. 93
Fig IV. 23 Percentage of water absorption for different types of petiole agglomerate (Pt) ......... 95
Fig V. 24 Density of tested bio-cOmpOosite MALErials ..........ccoviiiiiiiiniireee e 97

Fig IV. 25 SEM image of the Petiole agglomerate (Pt17) .......ccccooiiiiiiiieiiie e 97



Fig IV. 26 XRD spectra of petiole aggIOMErate ...........ccccoeieeieiie i 99

Fig V. 1Bio-composite ER10 used as a skin in the sandwich ............cccccceevviieiiveie e, 104
Fig V. 2 Petiole agglomerate Pt17 used as cores in the sandwich............cccoceviveveiieiicne i, 105
Fig V. 3Sandwich preparation protoCol (SP/R) .......cooiiiiiiiiiieieese s 106
Fig V. 4Sandwich specimen’s types (a): SP/R to three points bending tests, ...........c.ceovvrvrene. 107
Fig V. 5 Geometric dimensions of a sandwich by three-point bending............ccccceoevviinnnenne. 107
Fig V. 6Three-point bending test of SANAWICh SP/R..........cccoiiiiieiiicee e 108
Fig V. 7 Experimental Analysis of Thermal Properties Sandwich SP/R..........cccccooiiiniiinnnn. 109
Fig V. 8Load-deflection curves of Sandwiches SP/R during three-point bending test.............. 110
Fig V. 9Thermal properties of sandwich structure beam specimens bio-composite................... 112
Fig V. 10 Equivalent Electrical Model of Thermal Resistance in Composite Walls ................. 113
Fig V. 11 Comparison between the Thermal Resistance our new sandwich with different

SANAWICH MALEITAIS ...t e st e e sreeaeereenreeneeas 115
Fig V. 12 Schematic View Of FPC MOUEIS........ccciieiiiiccece e 116
Fig V. 13 Variation of the air outlet Températures Vs. FPCs length..........ccccccooveveiieiviiecnene. 119

Fig V. 14 Variation of the FPCs efficiencies Vs. the air flow rate, QV........cc.ccooevveviiicininnne 119



Table List

Table Il. 1Results of tensile tests (Lif-POlYPropylene) ... 32
Table Il. 2 Results of tensile tests (RAChIS/EPOXY) ......ooveriiiiiiiiieieieres s 33
Table 11. 30verall stiffness (DG) values in different sSandwiches ............cccooceviieiiiniinienn, 40
Table 111. 1 Properties of Epoxy Resin (MEDAPOXY STR EA) ... 47
Table 1. 2Properties of VINYI glUE PVA ... 50
Table 111. 3 Five types of Bio-composite ER (Rachis fibers-resin epoXy) .......ccccccevverveieerennennn 51
Table I11. 4 Five types of Bio-composite Pt (Petiole agglomerate) ..........cccoovvvivieieniieiinenen 52
Table V. 1 Mechanical behavior for different types of bio-composite (ER).........ccccccevvevvennnne. 77
Table IV. 2 Thermal properties of different types of a bio-composite ER ...........cccccoceviiininnnn. 80
Table IV. 3 Mechanical property values of different types of petiole agglomerate Pt................. 90
Table V. 4 Elasticity modulus longitudinal and Transverse of petiole agglomerate (Pt17)........ 91
Table IV. 5 Thermal properties of bio-composite material ............cccccooveiiieviiicicce e, 92
Table IV. 6 Bulk density values of different types of petiole agglomerate ............cccccocenvrinnnnn. 96
Table IV. 7 Chemical composition of petiole agglomerate (Pt17) ........cccooviniiiiienineninenee 98
Table V. 1 Proprieties of bio-composite ERLO..........ccooiiiiiieiece e 104
Table V. 2 Proprieties of bio-composite ERLO ...t 105

Table V. 3 Overall stiffness values of sandwich SP/R during by three-point bending test........ 110
Table V. 4 Thermal properties of new sandwich-structured COMpPOSIte ..........cccccvevveveiieieennns 112

Table V. 5Materials Composing the Sandwiches and Their Thermal Conductivity .................. 114



Contents

TANKS ...t 11
(D LTo [ Tor= 1 (o] o TSSO TP TSP PO TP PTR PP \Y
AADSTFACT ...ttt Vi
FIQUIE LS. bbbttt bbbt VI
TADIE LEST ...t X1l
GENEFAl INTFOAUCTION ...t bbbttt b e bt 2
Chapter I: On composite materials and sandwich
structures
1.1.COMPOSITES MALETTAIS. ......eeuiiiiiite e bbb 5
1.2.1. Classification according to the nature of the COmponents ............ccocvvvveiiieninice 7
1.2.1.1. Composite with particles reinforced ...........ccoeiiiiiiieii i 7
1.2.1.2.Composite with fibers reinforced ... 7
1.2.2.Classification according to the Shape of COMPONENTS ........cccoveriiiriiinieieee e 7
112,22, L LAMINALES. ...ttt bbbttt bbbt 8
1.2.2.2.5BNAWICK ...ttt 8
1.3.Components of SANAWICH STFUCIUIES ...........coviiiiicie e 9
L. 3 L SKINS bbbttt bbbt 9
R T O o (- TSP T R OPPTURPPRPPTO 10
L.3.3LAANESIVE ... 12
1.4 MaNUFACTUIING PrOCESSES .. .eevviiiieitieetee sttt este e st e e et e e sbe e st e e be e st e e sbe e s b e e s baeenteesaeeabaesteeannaeas 12
1.5. Application Field of sSandwiCh STFUCTUIES...........ccociiiiiiiiicc e 14
1.6. Bio-sourced COMPOSIte MALEITAIS ..........cviiiiiiiiee e 14

1.6.1. Plant fiber reinforCemMeNt .. ..o 16



1.6.1.1. Chemical composition of plant fiDErs...........cccoveii e 16

1.6.1.1. 1. CeIIUIOSE. ... .ottt 16
1.6.1. 1. 2. HEMICEIIUIOSE ... 17
L. L. L 3 0NN et b e 17
1.6 0. 1.4, PECLINS ...ttt bbb et bbb 17
1.6.1.2.Properties and benefits of plant fibers...........ccooveiiic i 18
L.7.DALE PAIM ...ttt bt 18
1.7.1.Components OF date PalM ..o 20
7.1 L PAIM ot b et nrenre s 21
1.7.2.Date Palm By-Products and Their AppliCations ............cccovvevieiieii i 21
1.7.2.1.DAtE PAlM FIDEE ..ot 21
1.7.2. 0. 1.PAIM FIDEIS. ... bbb 21
1.7.2.1.1.BASE FIDEIS ...t 22
1.7.2.1.2W000 FIDES ...ttt 22
1.7.2.1.3.SUITACE FIDEIS ...ttt 23
7.2, LA F UL FIDBIS. ... b bbb 23
1.8.Bio-composites (natural fiber COMPOSITES) ........ccveiieiiiiiieiiece e 23
1.8.1.Characteristics 0f DIO-COMPOSITES ........ccveiieiicie e 24
1.8.2. Applications OF DIO-COMPOSITES.........cuiiiiiiiieiiie et 24
Chapter I1: State of the art
11.1. Search bibliographies 0N fIDEIS........cuiii e 27
11.2. Search bibliographies 0N SKIM .........oiiiiiiiei e 32
11.3. Search bibliographies 0N COME ........ooiiiiiecic e 36

11.4. Search bibliographies 0n SaNAWICK...........c.oiiiiii i 39



Chapter I11: Materials and Methods

FEEL IMAEETTAL......ceeec bbb 45
I11.1.1. Materials of the SKINS ..o 45
111.1.1.1. Reinforcement (RAChiS FIDEIS) ..c..oiiiiieiie s 45
THL.1.1.2. MAErixX (EPOXY FESIN) ..ottt bbb 46
111.1.2. Materials 0f the COTe.........o.oiiiee s 48
111.1.2.1. Reinforcement (petiole granules) ... 48
111.1.2.2. Matrix (Polyvinyl acetate glue (PVA)) ..o 49
111.2. Processes of preparing sandwich Plates ............coiiiiiiiiiiiiieeeee e 50
111.2.1. Preparation 0f the SKINS ..o 51
H1.2. Preparation Of the COMe.......cooiiiiiece e 52
1.3, EXperimental teCANIGUES..........oiiiiiieeiee e 54
111.3.1.1. Three-point bending tests of bio-composite RE (Rachis fibers-resin epoxy)............. 54
111.3.1.2. Three point bending tests of bio-composite Pt (Petiole agglomerate)..........c..cc........ 55
111.3.1.3. Compression tests of bio-composite Pt (Petiole agglomerate)...........ccccceevvevveievnenee. 56
111.3.1.3. Brinell hardness tests of a bio-composite RE (Rachis fibers-resin epoxy) ................ 57
111.3.2. Thermo-phySical Properties ... 58
111.3.2.1. Thermal conductivity 0f Pt and RE ............cccooiiiiiiiiii e 58

111.3.2.2. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 60

111.3.2.3. Water absorption test 0f Ptand RE ...........ccooii it 61
111.3.2.4. Density teSt Pt and ER ... s 62
[11.3.3. MICIrOSIIUCTUIE PIrOPEITIES. ... viiviiiiiieiieiete sttt bbb bbb 63
111.3.3.1. Scanning electron MicroSCOPY (SEM) ......oooviiiiiiii it 63

111.3.3.2. X-ray diffraction (XRD) ......ccoiiiiiiiieiie ittt 64



111.3.3.3. Fourier-transform infrared spectroscopy (FTIR)......ccccccceviievi i iiie i 65

Chapter IV: Results and discussion

IV.1.Properties of a petiole particle and rachis fiDers.........c.cccoveveiieiiiie e, 69
IV.1.1. Scanning electron Microscopy SEM reSUILS .........ccooiiiiiiiiiiiiiieceeeee e 69
1V.1.2. Fourier-transform infrared spectroscopy (FTIR) result..........ccccooiiiiiiineniininnnns 70
IV.1.2.1. FTIR analysis of a petiole partiCle...........ccccooveiiiie i 70
IV.1.2.2. FTIR analysis 0f RaChis fIDEI .........cccoveiiiieeee e 71
1V.1.3. X-ray diffraction (XRD) analysis reSUILS ............ccccuriiiiiiiiiiiiiseeeeee e 72
1V.1.3.1. XRD analysis of Petiole PartiCle..........ccooiiiiiiiiiiiieiec e 72
1V.1.3.2. XRD analysis of RaChis fIDErS.........cccooveiiiiiic e 73
IV.1.4.Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC) analysis...... 74
IV.1.4.1. TGA and DSC analysis of petiole PartiCle ...........cccooeieiiiiiiiiniiieeeee s 74
1V.1.4.2. TGA and DSC for Rachis fIDErs..........cccooiiiiiiiiiee e 75
V.2. Results and discussion of experimental teChNIQUES ..o 76
IV.2.1. Mechanical characteristics of bio-composite ER (Rachis fibers-resin epoxy).............. 76
IV.2.1.1.Load-displacement curves (Three-point bending tests) of bio-composite ER.............. 76
1V.2.2.4. Bulk Density of bio- COMPOSITE ER ........cooiiiiiiiiiiicccee e 84
1V.2.3.2.X-ray diffraction (DRX) of bio-composite ER ..ot 86
IV.2.6 Structural properties of petiole agglomerate (Pt) ..o 97
1V.2.6.1.Scanning Electron Microscope (SEM) of petiole agglomerate (Pt) .........c..ccceevveinne 97
1V.2.6.2.X-ray diffraction (XRD) of petiole agglomerate.............cccooeririniniciiieiee e 99

Chapter V: Experimental investigation of sandwich
structure for thermal insulation purpose

V. 1. SANAWICH COMPONENTS ... .ouiiiiiiiitiiieie ettt sb e bbb eneas 104

V.1.1 SKin (Bio-COMPOSItE ERL0D).....cciiiiiiiiiieiiiiiiiiesisieeeee s 104



V.1.2 Core (Petiole agglomerate PLL7) ........cccoieiiiieiieie e 105

V.1.3. Sandwich preparation [petiole agglomerate (Pt17)/Rachis fibers -epoxy resin (ER10)]

..................................................................................................................................................... 106
V.2. Experimental technique of sandwich StruCture (Sp/R) .. ..coveeververererinieieerese e 107
V.2.1. Mechanical properties of SandWiCh (SP/R).......vvvvieiiiiiiiiiiei e 107
V.2.2. Thermal properties of SANAWICH (SP/R) ...ververviiiiiiiiiiiieiee e 109
V.3, RESUIS AN AISCUSSION ..ottt bbb 109
V.3.1. Results of Mechanical properties of SANAWICN (SP/R).....verververeririniiieeese e 109
V.3.2. THermal ProPEItIES ......ccveiieieiecie ettt ettt te e be et e e sreeae s e e sraeneas 111
V.4.Thermal Evaluation, Application in Solar Flat collector............ccccccevvveiiiieiiieiiceieee 112
V.4. 1. THeoretiCal ANalYSIS.......ccooiiiiiiiiieiee e 112
V.4.1.1. Thermal resistance of SANAWICNES ..o 112
V.4.1.2. Comparison of Thermal Resistance of different Sandwiches .............c.cccoeovvieinennns 113
V.4.2. Application in Solar Flat plate collectors (FPCS)......ccccoveeiieiieiicieese e 115
V.4.2.1.Presentation 0f FPCS MOGEIS .......c.ooiiiiiiiiiiiisceeee e 115
V.4.4.2. TREOIEtICAl @NAIYSIS......ccviiiiiiiiiiiiieee e 116
AT PP PP PP PPPRPR 118

CONCIUSION . .ottt e e e e e e e ettt e e e e e e e e ettt e e e e e e e ee s 120



General Introduction



General Introduction

General Introduction

The rising energy consumption in residential buildings is largely due to the inadequate insulation
properties of conventional construction materials. As insulation plays a key role in enhancing
energy efficiency, there has been a growing interest in exploring sustainable, biodegradable, and
bio-based alternatives, particularly natural fibers, for eco-friendly bio-composites. Vegetal fibers,
either used alone or as additives, are becoming popular due to their abundance, low cost,
biodegradability, renewability, and non-toxic properties [1]. Their low density also makes them
suitable replacements for certain synthetic fibers like glass, carbon, and aramid fibers. However,
incorporating natural fibers into polymer matrices can sometimes reduce the mechanical strength
of composites, although exceptions exist [2]. The performance of these composites heavily
depends on the bond between the fibers and the matrix, which significantly affects the material's
mechanical and physical properties. In Algeria, date palm fibers (DPF) are an especially promising

alternative, due to their wide availability and potential for use as renewable natural resources.

This doctoral thesis, aims to demonstrate the significant potential of date palm waste, particularly
fibers from mature palms, as a renewable and sustainable resource for bio-composite materials,

offering a compelling alternative to conventional wood-based products.

Following the research carried out in this area, and especially those carried out in our two
Mechanics laboratories at the University of Biskra (LGM and LGEM laboratories). This
investigation constitutes a continuation of the works carried out previously [3-5], with emphasis
on one of the essential parts in the residues of the date palm, which is the petiole/rachis which

proves to be more suitable for thermal insulation.

Within this environmental, economic, and innovative framework, the present study aims to
develop and characterize new bio-composite materials that can serve as effective thermal
insulation. This doctoral thesis investigates the mechanical behavior of bio-composite sandwich
panels derived from date palm waste, aiming to develop and characterize a bio-sourced material
for structural applications. The sandwich panels feature a core of petiole granules within a

polyvinyl alcohol (PVA) matrix and a skin layer composed of rachis fibers embedded in an epoxy
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resin matrix. To validate the selection of these materials, the thesis will conduct comprehensive
tests to predict and evaluate the mechanical properties of each layer, supporting the effective use
of date palm waste in sustainable composite insulator panel production. Various parameters, such
as fiber ratio, are considered. Experimental analyses are conducted to evaluate the bio-composite's

morphological, thermal, physical, and mechanical properties.

This study seeks to determine whether these new bio-composites meet the technical criteria for
use as insulation material. To examine this issue in depth, this thesis is structured into five chapters

as follows:

The first chapter introduces key concepts related to composite materials, including classifications,

historical development, and applications, with a focus on natural fiber-reinforced composites.

In the second chapter, we review some existing research on composite materials utilizing date
palm fibers as reinforcement within a matrix, which forms the basis of the materials used in this

study.

The third chapter outlines the materials, experimental protocol, and manufacturing processes for
different investigated bio-composites. The first composite consists of petiole fibers reinforced with
polyvinyl alcohol (PVA) core, while the second is based on rachis fibers and expanded epoxy resin
waste, forming the components of a sandwich structure. Additionally, this chapter presents the

various morphological, mechanical, and thermophysical tests performed on the samples.

Analyzes and interpretations of the results from these tests are presented in the fourth chapter. A
comparison with existing literature is also presented to assess the performance of the bio-

composites developed in this study.

The fifth chapter is an application of the bio-composites developed in the previous sections as
thermal insulation sandwich panels. We investigate the mechanical and thermal proprieties of a
different combination of composite material based on the characterizations previously realized.
The skin is made from an epoxy resin matrix reinforced with rachis fibers, and the core is
composed of petiole particles embedded in PVA. Two different manufacturing methods are

employed. The mechanical properties, such as three-point bending, and thermal conductivity are
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analyzed for these sandwich panels. A comparison of thermal insulation performances with

different sandwich is also presented for application in flat plate solar collectors.

At the end of the manuscript, we provide a general conclusion, which encompasses the results
from this research as a comprehensive summary of the findings, highlighting the key contributions

of this work and offering insights into future research prospects.
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Chapter I: On composite materials and
sandwich structures

Introduction

Composite materials have garnered significant attention across various industries due to
their lightweight nature, high strength and superior mechanical properties when compared to
traditional materials. One particular area of interest within composite materials research involves
utilizing natural fibers as reinforcement in sandwich structures. Historically, the utilization of plant
fibers in composite materials can be traced back to ancient times when natural fibers like flax,
hemp and sisal were commonly used for reinforcement. Recently, there has been a shift towards
exploring the potential of palm tree fibers as a reinforcement in sandwich composite structures.

Palm tree fibers offer numerous advantages, including high strength, low density and
biodegradability. Studies have indicated that incorporating palm tree fibers in sandwich
composites can enhance mechanical properties such as increased flexural strength and impact
resistance. Furthermore, palm tree fibers are readily available and sustainable making them an
environmentally friendly option for composite materials.

The incorporation of palm tree fibers into sandwich composite materials holds great
promise in transforming the industry through the provision of an environmentally friendly and
economically viable substitute for synthetic fibers. As ongoing research in this domain progresses,
it becomes imperative to delve into different processing methods and material blends to enhance

the overall efficiency and effectiveness of palm tree fiber-reinforced sandwich composites.

I.1.Composites materials

Composite material is generally made up of one or more discontinuous phases distributed
in a continuous phase (Fig 1.1). In the case of several discontinuous phases of different natures,
the composite is called a hybrid. The discontinuous phase is usually harder and has mechanical
properties in traction superior to the continuous phase. The continuous phase is called matrix and

the discontinuous phase is called reinforcement[6].

Natural materials like wood and bones exhibit composite structures combining fibers within

a matrix to achieve specific mechanical properties [7]. Wood, for example, contains cellulose
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fibers providing flexibility and strength against tension, embedded in a lignin matrix for
structural support[8]. The fibrous nature of wood, evident in its grain, showcases the
arrangement of these fibers within the matrix contributing to its overall mechanical behavior[9].
Similarly, bones possess a rigid yet lightweight structure due to the arrangement of collagen
fibers within a mineral matrix, highlighting the diverse applications of composite materials in
nature for achieving a balance between strength and flexibility.

ontinuous phase
(Matriy)
Discontinuous phase
’— (Reinforcement)

Fig I. 1 Components of a composite material [10]

1.2.Classification of composite material
There are a large number of composite materials that can be classified either according to the nature
of the components or according to the shape of the components (Figure 1.2) [11].

==
=

=
=

Fig I. 2 Classification of different types of composite materials [12]
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I.2.1.Classification according to the nature of the components
There are two main classifications of composite materials according to the nature of the

components (particles reinforced and fibers reinforced).

1.2.1.1.Composite with particles reinforced

When the reinforcement is in the form of particles, a composite material with reinforced
particles is strong. These particles are generally used to improve certain properties of materials
such as stiffness, temperature resistance, abrasion resistance and shrinkage reduction, etc.(Fig 1.3)
[13].

? -
Particles

Fig 1. 3 Composite material with particles reinforced
1.2.1.2.Composite with fibers reinforced
When the reinforcement is in the form of fibers, the composite with fibers is reinforced. They

are either short fibers or long fibers [13]. (Fig 1.4)

Long fibers

Short fibers

Fig 1. 4 Composite material with fibers reinforced

1.2.2.Classification according to the Shape of Components

Composite materials can be classified according to shape:
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1.2.2.1.Laminates
A laminate consists of a stack of monolayers and each one of them has an orientation specific
to a reference frame common to the layers and designated as the laminate reference frame (Fig
1.5). It is possible to finely adapt the mechanical properties of the laminate to external stresses.
Therefore to achieve a high level of optimization by putting the material where it is most useful
[13].

Fig 1. 5 Composite material laminate
1.2.2.2.sandwich
Sandwich structures are crucial in composite part construction and are widely used across
various application fields. These structures consist of two thin and rigid skins glued or welded to
a lighter core with lower mechanical characteristics (Fig 1.6) [5]. This core maintains the skin's
spacing and transmits mechanical actions by shear from one skin to the other. Sandwich structures
offer the unique ability to stiffen and lighten a structure while providing additional properties such
as sound or thermal insulation depend on the chosen core material. This combination results in a

construction that is strong, rigid and lightweight, demonstrating high efficiency and robustness

Skins

Fig 1. 6 Sandwich structure

In sandwiches, the skins are often identical in material and thickness. These structures are

called symmetrical sandwiches. However, in certain special cases, the two skins may have two
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different thicknesses or two different materials. They are varied according to the loading

conditions or the working environment. These structures are called asymmetrical sandwiches.

In general, sandwiches are symmetrical; the variety of sandwich construction depends on
the structure of the core. It can be made of any material or any architectural form, but they are
generally classified into several types: foam or solid core, honeycomb core, corrugated cardboard
core and lattice.

The adhesion between the skins and the core is crucial for load transfer in sandwich structures
where the skins bear bending loads while the core carries shear loads due to the skins' superior
strength and stiffness in tension and compression compared to the core's low density [14].
Sandwich panels excel in bending offer resistance to buckling and shear and making them effective

structural components. [15]

I.3.Components of sandwich structures

Sandwich structures are made of a wide variety of materials. These materials are characterized
by great lightness and good flexural rigidity and high thermal insulation [16].

A sandwich is generally made of three components with different, but complementary properties:
the skins, the core and the adhesive [17].

To successfully select the materials for a sandwich composite, it is important to understand
how the structure functions as a whole. Therefore, it is also important to know the physical and
mechanical properties of each of the materials used and how they contribute to the functioning of
the composite material [18].

The skins should be made of materials with a high modulus of elasticity while the core should

be made of materials with a low density [19].

1.3.1.Skins

In a sandwich structure, the skins can be made of several different materials, a metallic material
or a composite material. The choice of the nature of the skin is mainly made according to the
required mechanical performances [9].
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Generally, high rigidity and excellent resistance to compression and traction are the main qualities
sought [20]. The skins of sandwich materials are generally made of fibers coated with a resin-
based matrix. There are several types of fibers among which we find [21] :

» Metallic: Skins in the form of sheets made of various metallic materials such as steel and
aluminum alloys are most often used [22].

« Synthetic or mineral: Among the various synthetic fibers used we can cite:

Glass fibers which are obtained by spinning glass (silica + sodium and calcium carbonates) in
fusion (T>1000 ° C), through platinum alloy spinnerets, Kevlar fibers (aramid) which are flavored
polyamides obtained by synthesis at -10 ° C, then spun and stretched to obtain a high modulus of
elasticity and have modulus ranging from 60 to 180 GPa and a density of approximately 1400
kg.m-3. Carbon fibers which are acrylic filaments of tergal or rayon obtained from the distillation
of coal or petroleum and have modulus that vary from 150 to 800 GPa and a density generally less
than 2000 kg m.

« Plants: Among the plant fibers used, we cite bamboo fibers, linen fibers, hemp fibers and date

palm fibers. A plant fiber can be represented at different scales (Microscopic, macroscopic).

1.3.2.Core
In general, the core has a very low bending resistance. Its purpose is to absorb compression and
shear forces. In addition, it must be able to support localized punching loads. Hollow cores,
especially honeycombs, are generally used for structures with high mechanical performance. They
have relatively high performance but have a relatively high manufacturing cost and are generally
limited to flat structures. Solid cores, such as foams or balsa, allow the production of flat or curved
sandwich structures with a relatively high performance-price ratio. Among the different types of

cores that exist on the market, we find [23]:
* Foams

Foams (Fig. 1.7) are the most frequently used, they are produced from polyvinyl chloride,
polystyrene, polyurethane or other synthetic polymers. Their densities vary from 30 to 300 kg/m3
and their thicknesses from 3 to 40 mm. The average sampling is 80 kg/m3 of density and 15 mm
of thickness. They are thermo-formable and therefore allow to production of parts of complex
shapes. Their mechanical properties are good and adhere well to the resin and absorb little water.

However, their weak point lies in a low impact resistance[24].

10
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< / / Foam core
4

Fig 1. 7 Sandwich with foam core

* Wood

Wood (Fig. 1.8) is used for its very good compressive strength. Balsa is the most common variety
because it is the lightest: with a density of 100 kg/m®. Wood is the least expensive material, but it

is the most porous [23].

Wood core

Fig 1. 8 Sandwich with wood core [25]

e Honeycomb

It is a hexagonal structure (Fig. 1.9) that can be made of various materials such as paper and
aluminum. Its mechanical characteristics depend on the material and the size of the cells. Its
density varies from 15 to 100 kg/m? and its thickness from 3 to 50 mm. It can be curved moderately,
but the cells deform and then the mechanical properties change depending on the orientation.
Gluing can also be a problem since it is done on the edge of the structure. Their properties are
exceptional, but they are difficult to form and their prices are high. The most common varieties
are Nomex and Korex which are made from Kevlar [24].

11
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Honeycomb core

Fig 1. 9 Sandwich with honeycomb core [26]

1.3.3.Adhesive

The assembly of the sandwich structure (Fig. 1.10) can be carried out by gluing, welding or
brazing. Whatever the method of assembly of the different layers, but the bond is perfect. The
adhesive is an essential component involved in the manufacture of a sandwich. It allows a good
assembly of the structure and a transmission of loads. Its main mechanical characteristic is the
shear resistance. In the case of composite skins, the insertion of this third phase can be avoided by

the use of a self-adhesive resin [27]

Skines Core

Adhesive

Fig 1. 10 Assembling of the sandwich [27]
I.4.Manufacturing processes
Sandwich structures are manufactured by several methods with standard processing
technologies (contact molding, vacuum bag molding, resin injection molding, press molding,
filament winding molding or centrifugation,... etc.) which allow a core to be integrated into the
thickness of the structure thus manufactured. Figure 1.11 shows the most commonly used processes

for the production of a sandwich.

12
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Wet technology (Direct Impregnation)

> Dy technology (Indirect impregnation)

- Assembly by gluing

* Foaming (in situ)

MManufacturing processes

» Continuous panel molding

Fig I. 11 The most methods used to elaborate a sandwich [22]

The assembly of sandwiches by gluing remains a very widespread process which consists of
associating the core and the skins with an adhesive. The shaping and assembly phases are then
very distinct. The preparation of the surfaces is an important step which ensures quality
adhesion[28] :

* Cleaning to remove grease or dust;
* Increasing the roughness;
* Priming by chemical attack of the metal skins...

The adhesive, the nature of which depends on the materials constituting the sandwich, must be

applied uniformly. The stack (core + adhesive + skins) is put under pressure, (figure 1.12) [22].

Pressure/Temperature

1"'” ]

Adhesive i I'If. “‘ _»L _. ﬁx\.ﬁ

Lower tray

Fig 1. 12 Manufacturing a sandwich structure by gluing [29]
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1.5.Application Field of sandwich structures

Sandwich structures were invented in the early 19th century[30]. These structures provide great
possibilities in several very different fields. The main goal is to increase the stiffness/weight ratio
by using lightweight materials in the core of the sandwich structures. There are several fields of
application. Therefore, we can cite some sectors of the use of sandwich structures as in the

following figure (Fig 1.13) [8].

»  The construction industry

Y

Railway

Road transport

> Aeronautical transport

Application Field of sandwich structures
A

N Maritime transport

Fig I. 13 Application Field of Sandwich [8]

1.6.Bio-sourced composite materials

In today's world, the use of renewable resources in composite materials is gaining significant
traction due to their economic, environmental and mechanical significance. Bio-composites, also
known as biodegradable and biocompatible materials, involve at least one component derived from
renewable sources like natural fibers or bio-polymers to showcase of the different levels of
environmental friendliness and biodegradability based on their constituents [31]. These materials
play a crucial role in various applications such as food packaging, agriculture, medical products,

construction and more offer benefits like low cost, renewability and sustainability[32]. The

14
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development of biopolymer-clay nanocomposites has further enhanced the properties of
biopolymers lead to multifunctional applications with improved physicochemical and biological
characteristics [28].In addition to ,the use of bio-renewable and sustainable supplies in nano-
composites has shown exceptional advantages like rapid fabrication, better stability and diverse
applications in sectors like food preservation, healthcare, energy storage and more[33]. Figure 1.14

shows that bio-composite fall into two categories: Partially Eco-friendly and Eco-friendly (green).

Bio-composite

Partially Eco-friendly Eco-friendly
(Green)
Biofiber /Petroleum Synthetic Biofiber /Biobased
derived polymer fiber/Biobased polymer matrix
matrix polymer matrix

Fig I. 14 Categories of bio-composite

The development of bio-composites with high mechanical properties faces challenges due to
the immature state of bio-polymers, variability in fiber properties and processing difficulties that
limit their performance compared to traditional synthetic composites [34]. However, the
environmental advantages of bio-composites have spurred new research efforts to enhance their
properties and develop novel materials aim for a successful and sustainable bio-composite
industry[32]. By exploring different extraction methods for natural fibers such as water treatment,
alkaline chemical treatment ,burial in moist soil and utilizing innovative assembly techniques
researchers have been able to improve the mechanical properties of bio-composites make them
more competitive with synthetic materials while maintaining environmental benefits[35]. This
continuous progress in characterizing and enhancing bio-composite properties holds the promise
of achieving an environmentally friendly and economically stable bio-composite industry in the

future.
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1.6.1. Plant fiber reinforcement

Plant fibers are increasingly utilized as reinforcement in bio-sourced composite materials due
to their exceptional mechanical properties and environmental benefits. These fibers, sourced from
annual plants like Cryptostegia Grandiflora, offer advantages such as renewability,
biodegradability and improved mechanical characteristics [36, 37]. Various extraction methods
and assembly techniques impact the mechanical properties of these composites with chemical
treatments significantly enhancing the tensile behavior of the materials [35]. Moreover, the
hybridization of natural fibers with other biofibers or synthetic fibers can mitigate drawbacks like
hygroscopic nature and lower mechanical performance result in composites with enhanced
properties and improved sustainability [38] . Overall, the use of plant fibers in bio-sourced
composites showcases a promising avenue for developing eco-friendly materials with diverse

applications in various industries.

1.6.1.1.Chemical composition of plant fibers
Plant fibers are distinguished by their chemical composition, which greatly influences their
durability, especially in alkaline environments. The chemical composition of plant fibers consists

of various lignocellulosic and organic constituents (Fig.l.15).

1.6.1.1.1.Cellulose

Cellulose, a polysaccharide composed of B(1—4) linked D-glucose units, is the primary
structural component of plant cell walls that provides them with rigidity and resilience [39].
Natural cellulosic fibers, extracted through various methods and treated with surface
modifications, offer eco-friendly and sustainable alternatives to synthetic materials in industries
like composites, textiles and packaging [40]. Cellulose-based materials, known for their high
mechanical and thermal stabilities, have been extensively studied for their potential in developing
green technologies and include composites with metal/semiconductor nanoparticles and polymers
for energy conversion applications like solar cells and lithium-ion batteries[41]. By leveraging
self-assembly techniques and additive manufacturing processes.Cellulose-based materials,
particularly cellulose nanocrystals, exhibit promise in mimicking natural photonic structures for
applications such as colorimetric sensors and optoelectronic devices, although further research is

needed to optimize their optical properties and manufacturing processes [42].
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1.6.1.1.2.Hemicellulose

Hemicellulose, the second most abundant organic substance after cellulose, contains 2.6 times
more moisture than lignin [43]. It is a diverse group of non-cellulosic polysaccharides found
alongside cellulose and lignin in plant cell walls. Unlike cellulose, hemicelluloses have a
disordered and branched molecular structure and consist of various sugar monomers like glucose,
mannose, galactose, xylose and arabinose [44]. Hemicelluloses play a crucial role in linking
cellulose fibers and connecting them to lignin to enhance the flexibility and pliability of the plant
cell wall[45]. Moreover, hemicelluloses exhibit higher susceptibility to hydrolysis compared to
cellulose that contribute to their importance in various industrial processes and

bioconversions [46].

1.6.1.1.3.Lignin

Lignin, a crucial biopolymer in plants, contributes significantly to structural support and
stress tolerance. It is the second most abundant biopolymer after cellulose that forms ester linkages
with hemicellulose and composed of coniferyl alcohol (G), p-coumaryl alcohol (H) and synapyl
alcohol (S) precursors [47]. Lignin's aromatic structure and hydrophobic nature create a distinct
network that reinforces and stiffens the plant's cellulose/hemicellulose matrix [48]. This complex
polymer with its rich and versatile chemistry offers various applications and includes the
production of biofuels, chemicals, resins, composites and functional coatings[49]. Efforts are
ongoing to valorize lignin through techniques like producing lignin nanoparticles to enhance its

potential applications across industries from pharmaceuticals to automobiles[50].

1.6.1.1.4.Pectins

Pectins, as acidic polysaccharides, found in plant cell walls possess high hydrophilicity
attributed to the presence of carboxylic acid groups. These carboxylic acid groups enable pectins
to interact with water molecules effectively, making them suitable for various applications such as
water remediation and hydrogel formation[51]. Moreover, pectins, along with lignin and
hemicellulose, play a crucial role in binding individual fibers in plant cell walls[52]. While pectins
are known for their hydrophilic nature, they can also undergo hydrolysis under elevated
temperatures, a process that can be significant in various industrial and biomedical
applications[53]. This combination of properties makes pectins versatile compounds with potential

uses in fields ranging from food and biomedical applications to environmental remediation[54].
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Microfibril

@ 20nm
Lignin

| Macrofibril

Fig 1. 15 Chemical composition of plant fibers [49]

1.6.1.2.Properties and benefits of plant fibers

Plant fibers, particularly those derived from natural sources, are gaining recognition in the
building industry as bio-based materials due to their commendable thermal insulating
properties[1]. These fibers offer a promising alternative to conventional insulation materials,
contributing to lower environmental impact and improved sustainability[55]. However, challenges
such as hydrophilic properties and limited thermal stability hinder their widespread applicability,
necessitating enhancements to overcome these drawbacks[56]. Recognizing the value of plant
fibers in tropical climates is crucial due to their abundant availability to present a significant
opportunity to address climate change concerns, especially in the building sector[57]. By
leveraging the benefits of plant fibers and addressing their limitations through advancements, these
materials hold great potential in mitigating environmental impacts and promoting sustainable

practices in construction and insulation applications.

1.7.Date palm

The date palm is typically grown in Saharan oases. The one originating from North Africa is
widely cultivated from Arabia to the Persian Gulf where it forms the characteristic vegetation of
oases. It is also grown in the Canary Islands, in the northern Mediterranean, and the southern part
of the United States. It is a cold-sensitive plant that grows on any type of soil and provided it with
fertile and well-drained. In regions with a mild climate, it is grown outdoors, in a sunny position

and mainly used as an ornamental plant for its slender appearance and foliage.
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There are more than 2,600 species of palm trees. One might think that it is a tree with a trunk
when it is actually a monocotyledon that does not contain wood or a trunk but has a stipe.
Furthermore, it is a dioecious plant; it contains male and female palm trees. The palm tree has a
very slender trunk that reaches up to 30 meters in height and visibly covered by the sheaths of dead
leaves. The leaves gathered in a certain number of up to 20-30 maximum, form a sparse apical
crown. They are pinnate; up to 6 meters long; the upper leaves are ascending, the basal ones curved

downwards with tough, linear, rigid, spiky segments and green in color.

Date palms (Phoenix dactylifera L) are traditionally cultivated in South-West Asia and North
Africa with increasing consumption worldwide and cultivation in regions like America, sub-
Saharan Africa, Oceania and Southern Europe [58]. They are also grown in arid and semiarid
regions of Iran to showcase a high degree of genetic diversity among different populations[59]. In
Algeria, particularly in the southwest, date palms exhibit considerable genetic diversity with some
cultivars facing the risk of extinction to emphasize the importance of conservation efforts [60].
Date palms are valued for their phytochemical-rich fruits, leaves and trunk contain compounds
like polyphenols, flavonoids, carotenoids, tocopherols and triterpenoids which offer various health
benefits such as antioxidant, anti-inflammatory and anti-tumor activities, along with effects against

diabetes and cardiovascular issues[61].

The date palm (Fig.1.16), a significant agricultural resource in Algeria, generates a substantial
amount of fibrous waste annually with Biskra alone producing up to 80,000 tons of waste per year.
This waste includes various by-products such as Spadice, Grappe, Dry palms, Scrap dates and Lif,
contributing to the estimated 382,200 tons of dried palms produced yearly in Algeria. With an
average weight of 1.4 kg per palm and an annual production of 15 palms per tree, the
approximately 18.4 million date palms in Algeria include 4.3 million in Biskra, significantly
impact the total volume of dried palms in the region. The management and utilization of this
substantial waste output from date palms present opportunities for sustainable resource utilization

and environmental management in the Sahara Desert region[62].
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Fig 1. 16 Date palm trees
1.7.1.Components of date palm
Date palm tree (Phoenix dactylifera L.) is a versatile plant with various parts such as the trunk,

crown, flowers and fruit. Each one of them plays a crucial role in its lifecycle and fruit production.

Petiole

Lif Stipe/trunk

Fig I. 17 Date palm Schema Components
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1.7.1.1.Palm

The palms (Fig.1.18) are one of the constituent elements of the date palm. They are made up of the
petiole, the rachis, the spines and the leaflets which are arranged along the rachis. Palm can be 4

to 7 metres.

Petiole Spines Rachis Leaflets

Fig I. 18 Palm's components
1.7.2.Date Palm By-Products and Their Applications
Date palm, beyond being a significant source of dates for human consumption, offers a
plethora of valuable by-products that are extensively utilized. Date palm waste, including fibrous
materials, dried fruits and seeds is rich in degradable biomass.It serves as a resource for natural
fiber composites, active carbon precursors and nano-featured sheets [63].

These by-products are the result of palm waste that is destroyed throughout the year.

1.7.2.1.Date Palm Fiber
The date palm has a fibrous structure and possesses five types of fibers:

1.7.2.1.1.Palm Fibers
Palm fibers are found in the petiole of the leaf. These fibers are long, flexible and have high tensile
strength and make them ideal for several applications:

- Ropes: Due to their strength and flexibility, leaf fibers are twisted together to create ropes that
are durable and can withstand heavy loads.

- Mats: The fibers are woven into mats used for various purposes and include floor coverings,
wall hangings and even temporary roofing.

- Baskets: Palm fibers are also woven into baskets which are lightweight yet strong and

make them suitable for carrying goods and agricultural produce.(Fig.1.19)
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Fig 1. 19 Applications of the palm fiber waste
1.7.2.1.1.Bast Fibers

Bast fibers are located in the trunk of the fruit. These fibers are shorter and stiffer than palm fibers :
- Brooms (Fig.1.20): The bast fibers make them suitable for making brooms that are effective for
sweeping.
- Brushes: bast fibers are used in the manufacture of brushes for cleaning purposes.
- Other Tools: The fibers' durability lends them to being used in various other tools that require a

combination of strength and rigidity.

Fig 1. 20 Boom made of bast fiber

1.7.2.1.2.Wood Fibes

Wood fibers are found in the trunk of the tree. These fibers are short and stiff and though not
as strong as leaf or bast fibers. They have their own set of uses:

- Paper: Wood fibers are processed to make paper, a common and essential product.

- Particleboard: The fibers are combined with adhesives to create particleboard are used in
construction and furniture making.
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- Wood Products: Other products, such as MDF (Medium Density Fiberboard) are also made using

wood fibers.

1.7.2.1.3.Surface Fibers
Surface fibers are present on the surface of the trunk. These fibers are short and soft and do
not possess the strength of other fiber types:
- Stuffing for Mattresses: The softness of surface fibers makes them suitable for stuffing
mattresses to provide cushioning and comfort.

- Pillows: Similarly, they are used to stuff pillows to offer a soft and comfortable filling.

1.7.2.1.4.Fruit Fibers
Fruit fibers are found in the date fruit. These fibers are short and soft with lower strength
compared to other fiber types:
- Animal Feed: The fibers are mixed into animal feed to provide a source of roughage that
aids in digestion.
- Fertilizer: Fruit fibers are also used as organic fertilizer to enrich the soil with nutrients and to

improve its structure for better plant growth.
1.8.Bio-composites (natural fiber composites)

Bio-composites, which are natural fiber composites, are gaining traction as a sustainable
alternative to traditional materials in various industries. These composites, made by combining
natural fibers like hemp, linen and kenaf with biopolymer matrices, offer advantages such as low
cost, renewability, biodegradability and reduced environmental impact [32]. Research highlights
the potential of bio-composites in applications like packaging, construction, vehicle parts, biofuels
and medical uses to showcase their versatility and wide-ranging benefits [64]Studies emphasize
the importance of optimizing fiber surface modifications to enhance the interfacial bonding with
the polymer matrix leads to improved mechanical properties and biodegradability of the resulting
bio-composites[65].In addition to, the development of novel bio-composites using natural fibers
and bio-resins demonstrates comparable mechanical performance to conventional composites to
indicate their potential for semi-structural applications [66]. Overall, bio-composites represent a
promising avenue for sustainable material development, offering durability, lightness and

recyclability for various industrial applications [64].
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Fig 1.21 present some application for bio-composite in the industry.
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Fig 1. 21 Some applications of bio-composites in the industry

1.8.1.Characteristics of bio-composites

Bio-composites, which combine natural fibers with polymer matrices, exhibit unique
characteristics that set them apart from traditional composites. The mechanical properties of bio-
composites are influenced by factors like the type of fiber used, the characteristics of the polymer
matrix and the manufacturing techniques employed [67]. Natural fibers provide adequate
mechanical strength and excellent vibration absorption capabilities while the polymer matrix offers
chemical resistance and ease of use[68]. Studies have highlighted the favorable mechanical and
thermal properties of bio-composites to showcase their potential for various industrial applications
such as in vehicles, aerospace structures, buildings and soundproofing applications[69]. The use
of lignocellulosic fibers in polymer matrices has gained traction due to their biodegradability,
renewability and cost-effectiveness to make bio-composites a promising material for sustainable

and environmentally friendly solutions in different industries.

1.8.2.Applications of bio-composites
Bio-composites are increasingly utilized across various industries due to their sustainable
attributes and superior performance characteristics. In the automotive sector, they play a crucial

role in manufacturing lightweight interior components such as dashboards and door panels which
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significantly enhance fuel efficiency and reduce emissions. In construction, bio-composites are
employed for structural elements, insulation materials and sustainable cladding solutions to offer
excellent thermal and acoustic properties that contribute to energy-efficient buildings. Moreover,
in the packaging industry, bio-composites provide eco-friendly alternatives to traditional plastics,
particularly in food packaging to help to reduce plastic waste and promote sustainability. The
aerospace industry also benefits from bio-composites use them for lightweight components that
improve fuel efficiency and overall aircraft performance. Beyond these sectors, bio-composites
find applications in consumer goods include furniture and sporting equipment like bicycles and
skis where durability and reduced environmental impact are essential. In electronics, they are
increasingly used for device casings and housings to support the push for greener technology.
Furthermore, bio-composites are making strides in the medical field with applications in
biodegradable implants and sustainable medical device housings. This wide range of applications
underscores the versatility and growing importance of bio-composites in fostering sustainability

and innovation across multiple industries.

Conclusion

In this chapter, we provided an overview of composite materials and their classifications,
focusing on bio-sourced composites reinforced with natural fibers from date palms specifically
fibers and wood. We discussed the extraction methods and manufacturing processes of these
composites, highlighting their good mechanical and physical properties. We noted that the
properties vary depending on the extraction part and treatment methods. Date palm wood and
fibers show promise for use in particle boards and sandwich structures due to their low density and
good thermal insulation. This research aims to further explore these materials for use in bio-

composites, utilizing mechanical and biological extraction techniques and various matrix types.
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Chapter 11:State of the art

Introduction

Numerous studies in the literature explore composite materials reinforced with plant fibers.
In this chapter, we focus on research that closely aligns with our work. We provide a detailed
summary of these studies, highlighting the objectives and significant findings of each. By
presenting the key results, we aim to offer insight into the advancements made in this field and
how they contribute to the development of bio-composite materials. Our goal is to establish a clear
connection between existing research and our work, show casing how date palm fibers and
different matrices have been utilized to achieve improved mechanical, thermal, and physical

properties in composite materials.

11.1. Search bibliographies on fibers

Almi et al. [70] presented an experimental investigation of the physical, chemical,
mechanical, and thermal properties of eight different types of date palm residues from Biskra,
Algeria. The study aims to evaluate the potential of these residues, individually or in combination,
for producing composite materials. The results show that the rachis variety exhibits high tensile
strength and Young's modulus, at 213 MPa and 8.5 GPa, respectively. The petiole variety stands
out for its mechanical properties due to its low bulk density of 0.160 g/cm?, high porosity of
81.52%, and significant water absorption rate of 140%. Furthermore, thermal analysis reveals that
the leaflets variety has the highest resistance to heat degradation, with primary degradation
occurring at 360°C. Figure Il.1. shows the result of A comparative study of the chemical

composition of date palm wood and other natural fibers.
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Fig 11. 1 Comparative Analysis of the Chemical Composition of Date Palm Wood and Other Natural
Fibers[70]

Abdalla Abdal-hay et al. [71] conducted a detailed study on date palm fibers (DPFs) with
different diameters classified into three distinct ranges: 800-600 um, 600-400 pum, and 400-200
um, they investigated the impact of alkali treatment on these fibers. They employed a range of
analytical techniques, including scanning electron microscopy for morphological observations,
energy-dispersive X-ray spectroscopy density mapping for quantitative elemental analysis, X-ray
diffraction, and Fourier-transform infrared spectroscopy, to examine both treated and untreated
fibers. In addition to these analyses, the tensile properties of individual fibers and fiber/epoxy
composites were evaluated with comparisons between chemically treated and untreated fibers. The
DPFs in the composites were randomly aligned and discontinuous. The results revealed a strong
dependency of mechanical properties on both alkali modification and fiber diameter. For instance,
the tensile strengths of untreated and treated fiber composites with diameters of 400-200 pm were
18.5 MPa and 40.6 MPa, respectively shown in Figure I11.2. FT-IR analysis further confirmed the
significant effect of 6% alkali treatment on the surface properties of the DPFs, indicating the

enhancement in bonding characteristics after treatment.
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Fig 11. 2 Mechanical properties of date palm fibers [71]

Elseify et al. [72] conducted an extensive study on date palm fibers (DPFs), focusing on
extracting cellulosic fibers from four distinct parts of the palm: the midrib, peduncle, leaflets, and
reticulum. The research revealed that DPFs possess excellent physical, mechanical, chemical,
morphological, and thermal properties, which are comparable to or even superior to other well-
known natural fibers such as flax, hemp, and sisal. A key aspect of the study was the comparative
analysis between date palm fibers and other natural fibers, showcasing DPFs' potential for various
applications. The results indicated that the density of date palm fibers reached a maximum of 1.32
g/cm3. Additionally, the thermal conductivity of date palm mesh fibers was found to range between
0.475 and 0.0697 W/mK.

Mahdavi et al. [73] present new insights into date palm fibers (DPF), focusing on their
morphological and chemical characteristics, bulk density, and the morphological and mechanical
properties of DPF/HDPE wood plastic composites. The study utilized fibers derived from three
parts of the date palm: the trunk, rachis, and petiole. The findings revealed a significant difference
in fiber length between the trunk and petiole, while the rachis showed no significant variation
compared to the other parts. Aspect ratios varied notably among the three parts, where the petiole
exhibited the highest values and the trunk the presented the lowest one. The chemical composition
also varied significantly across different parts of the date palm, with the rachis containing the
highest levels of cellulose and lignin. Bulk density measurements showed the lowest value at 0.082
g/cm3 for the trunk. The highest mechanical strengths in the composites were observed with 30%

and 40% fiber content, depending on the specific part of the tree used.
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Agoudjil et al. [74] conducted a detailed analysis of the thermophysical, chemical, and
dielectric properties of three varieties of date palm wood from Biskra, Algeria. The study utilized
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) to examine the
microstructure and chemical composition of the wood. The micrographs revealed that date palm
wood exhibits irregular surfaces with numerous filaments and pores, characteristics that likely
contribute to its insulating properties.Key findings from the study indicate that the orientation of
the fibers within the wood has a more significant impact on its relative permittivity (dielectric
properties) than on thermal conductivity. Despite this, date palm wood showed promising
insulating performance under both vacuum and atmospheric pressure, making it a viable material
for energy-efficient and safe insulation applications. Regarding Figure 11.3, which compares the
thermal conductivity and relative permittivity of date palm materials, the study focused on two
distinct parts: the petiole and the bunch. These parts were taken from three varieties: Deglet-Noor,
Mechdeglet, and Elghers. This comparative analysis highlighted how the different parts and
varieties influence the thermal and dielectric properties, with certain combinations demonstrating

superior performance in terms of insulation.
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Fig 11. 3 Thermal Conductivity and Relative Permittivity of Date Palm Materials: A Comparative Study
of Petiole and Bunch Parts from Deglet-Noor, Mechdeglet, and Elghers Varieties[74]

Bezazi et al. [75] improved the physical, chemical, and tensile properties of vascular fibers
extracted from Algerian date palm trunks. The study used the Taguchi L16 orthogonal array to
optimize experiments, comparing boiling and soaking methods for fiber extraction, followed by
NaOH treatments at varying concentrations and durations. Characterization techniques like SEM-
EDX, ATR-FTIR, XRD, and TGA were employed to analyze the fibers. Statistical analysis,
including signal-to-noise ratio and ANOVA, identified key factors affecting tensile strength and

Young's modulus, with a desirability function developed to optimize these properties in figure 11.4.
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11.2. Search bibliographies on skin

In a study conducted by R, Benzidane [76], mechanical characterization of composites was
carried out using Rachis/epoxy without chemical treatment. The investigation explored various
mass fractions, including 5%, 10%, and 15%. This finding underscores the significance of
considering different mass fractions in composite fabrication to achieve desired mechanical
properties, offering valuable insights for developing composite materials with enhanced
performance characteristics.The results show that the rachis variety exhibits high Young's
modulus, at 3.57 GPa a rachis/epoxy 15 % untreated and 3.24 GPa a rachis/epoxy 10 % treated.

Y. Djebloun [77] conducted a study on the mechanical characteristics of thermoplastic matrix
composites, specifically polypropylene, reinforced with fibers extracted from date palm trees (Lif).
Utilizing a single-screw extrusion machine. He fabricated blends comprising polypropylenes and
Lif fibers across a range of mass fractions, including 3%, 4%, and 5%. This investigation aimed
to assess how different concentrations of Lif fibers impacted the mechanical properties of the
resulting composites. By varying systematically the mass fractions of fibers, this study sought to
gain insights into the relationship between fiber content and the mechanical performance of

composite materials. The results of all tested specimens are presented in the following table 11.1.

Table 1. 1Results of tensile tests (Lif-Polypropylene) [77]
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samples Mass fractions Mechanical properties
(%)
E(MPa) a(MPa) &(%)
PPLO 0 622.043+17.70 10.62 28.363+9.739
PPL3 3 642.70+23.78  19.19+2.008 9.057+3.241
PPL4 4 682.83+8 13.381+0.957 6.520+3.239
PPL5 5 686.30 / 5.25

The investigation conducted by Djoudi [4] delved into the mechanical properties of composite
materials featuring a polypropylene matrix reinforced with fibers extracted from date palm
rachises. These composites were meticulously crafted with different mass fractions, namely 4%,
7%, 10%, and 15%.This study aimed to evaluate the effect of concentrations of date palm rachis
fibers on the mechanical behavior and performance of the resulting composites. Through
systematic experimentation and analysis, a meticulous examinationof the impact of these different
fiber concentrations on crucial mechanical properties such as tensile strength, flexural strength,
impact resistance, and modulus of elasticity is carried out by evaluating the performance across
this range of mass fractions. The investigation sought to provide valuable insights into the optimal
fiber concentration for enhancing polypropylene-based composites' mechanical integrity and
durability, thereby contributing to advancements in sustainable and resilient materials

engineeringThe results of all tested specimens are presented in the following table 11.2.

Table 1. 2 Results of tensile tests (Rachis/Epoxy)[4]

Specimen Mass Mechanical properties
fractions (%0)
o (MPa) £(%) E(MPa)
PFR04 4 23.06+£0.65 0.064+0.02 0.66+0.02
PFRO7 7 18.81+0.59  0.064+0.08 0.79+0.08
PFR10 10 18.14+0.06  0.062+0.08 0.90+0.12
PFR15 15 10.79+3.71  0.019+0.05 0.99+0.13

The investigation conducted by A.B.M. Supian [78] investigated the physical and
mechanical properties of date palm fiber-reinforced epoxy composites, including various
components such as leaf stalk, tree trunk, fruit stalk, and leaf sheath. Additionally, the study
investigated date palm/bamboo hybrid composites suitable for non-structural and semi-structural
applications. Fabrication of these composites was achieved through a hand lay-up technique

combined with compression molding. Mechanical testing, including tensile, flexural, and low-
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velocity impact testing, was conducted to characterize both the date palm fiber/bamboo hybrid
composite and pure composites. The study also examined the effects of exposure to liquid water
and environmental conditions on the durability of these biobased composites, water absorption
behavior, thickness swelling, changes in density, and physical performance. Results indicated that
the date palm fiber/bamboo hybrid composite exhibited superior mechanical properties compared
to date palm fiber composite without hybridization, with tensile strength, flexural strength, and
impact toughness values recorded at 39.16 MPa, 61.10 MPa, and 12.70 J/m, respectively shawen
in figure I1.5. Notably, the physical tests revealed that the date palm fiber/bamboo hybrid
composite displayed reduced thickness swelling and water absorption compared to the single date
palm fiber composite, suggesting its potential for application in non-structural and semi-structural

components.

&l Date Palm Date Palm/Bamboo Bamboo

Flexural modulus (GPa)

Type of composite

Fig I1. 5 Flexural modulus of date palm, date palm/bamboo and bamboo composite fibre [78]

The research conducted by B.Alshammari [79] focuses on the production of epoxy
composites reinforced with 50 wt% of date palm leaf sheath (G), palm tree trunk (L), fruit bunch
stalk (AA), and leaf stalk (A) as fillers using the hand lay-up technique. The fabricated composites
underwent comprehensive characterization and comparison in terms of mechanical, physical, and
morphological properties. Mechanical analysis demonstrated that the incorporation of AA
significantly enhances tensile(figure 11.6) (20.60-40.12 MPa), impact strength (45.71-99.45 J/m),
flexural strength (32.11-110.16 MPa), and density (1.13-1.90 g/cm3) properties. The recorded
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higher water absorption and thickness swelling values in the AA/epoxy composite are attributed
to its elevated cellulosic content compared to other composite materials. Microscopic examination
of fiber pull-out, matrix cracks, and fiber dislocations on the fractured surface morphology
confirmed the observed trends in mechanical properties. Overall, the findings suggest that
reinforcing the epoxy matrix with AA filler significantly enhances the properties of the developed
composite materials. Consequently, date palm fruit bunch stalk filler emerges as a sustainable and
environmentally friendly reinforcement material akin to other natural fibers, suitable for various

commercial, structural, and non-structural applications requiring high mechanical strength.
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Fig Il. 6 tensile properties of DPF/Epoxy [79]

Abu-Jdayil [80] conducted an investigation on the potential of date palm seeds (DS), the
predominant waste in the dating industry, as a filler in unsaturated polyester (UPR) matrix for the
development of thermal insulation material. Homogeneous DS-UPR composites with a natural
filler content of up to 70 vol% were successfully prepared at room temperature via a thermoset
curing process. The developed composites underwent comprehensive physical, thermal, and
mechanical testing. Furthermore, various characterization techniques, including scanning electron
microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
and Fourier-transform infrared spectroscopy (FTIR), were employed to analyze the properties of
the composites. Density and water retention measurements were validated using different

theoretical models. FTIR analysis indicated the presence of hydrogen bonding between DS fibers
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and UPR, particularly notable at higher filler loadings. Substituting up to 50 vol% of UPR with
DS resulted in composites demonstrating promising thermal insulation and construction
properties, exhibiting low thermal conductivity (0.126 — 0.138 W/(m-K)), low thermal diffusivity
(0.109 — 0.096 mm2/s), low water retention (0.47—3.44%), and high compressive (38.4—88.0 MPa)
and tensile strengths (figure 11.7)(9.4 — 35.1 MPa). Additionally, the incorporation of date seeds
into the unsaturated polyester matrix marginally increased its glass transition temperature and
enhanced its thermal stability. The novel DS-UPR composite presents itself as a viable alternative
insulation material due to its superior properties compared to traditional thermal insulators.
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Fig I1. 7 Tensile properties of DS-UPR composites; (a) Stress-strain curves (b) Tensile strain (%), (c)
Tensile strength, and (d) Tensile modulus [80]

11.3. Search bibliographies on core

K. Almi[81] developed and studied composite materials based on various date palm wood
particles using two matrices (unsaturated polyester resin, and vinyl poly acetate adhesive). All date
palm wood particle boards were produced under a constant pressing pressure of 0.1 MPa over a
temperature range of 28°C to 200°C for 10 minutes. The results obtained from various physical-
thermal and mechanical tests demonstrate the influence of binder content (matrix), particle size
and molding conditions (temperature, pressing duration) on the physical and mechanical properties
of the produced boards. The mechanical properties, elasticity modulus and rupture stress of the

date palm wood particle become higher when using smaller particles (d<0.5mm and d<Imm) with
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PV A adhesive at a molding temperature of 80°C. The elasticity modulus and bending rupture stress

reach values of 1.73 GPa and 22.25 MPa, respectively.

Mohanty et al. [82] conducted a study on the solid particle erosion behavior of short date
palm leaf (DPL) fiber-reinforced polyvinyl alcohol (PVA) composite. The investigation utilized
silica sand particles (200 = 50 um) as an erodent at various impingement angles (15-90¢) and
impact velocities (48-109 m/s). The influence of fiber content (wt. % of DPL fiber) on the erosion
rate of PVA/DPL composite was also explored. The results revealed that neat PVA exhibited the
maximum erosion rate at a 30 impingement angle, while PVA/DPL composites displayed the
maximum erosion rate at a 450 impingement angle, regardless of fiber loading, indicating
semiductile behavior. The erosion efficiency of PVA and its composites varied from 0.735% to
16.289% for different impact velocities studied. The eroded surfaces were examined under a
scanning electron microscope (SEM) to gain insights into the erosion mechanism.
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Fig I1. 8 Erosion Efficiency of PVA/DPL Bio-Composites: Impact of Velocity on Wear Resistance [82]

Djoudi et al. [83] study focuses on valorizing waste from date palm trees that are often left
abandoned in palm groves to produce new composite material as an alternative to conventional
insulators. This approach involves creating a composite material from petiole wood (WPC) with
varying particle sizes (ranging from 0 to 1, 1 to 3, and 3 to 5 mm) and characterizing its physical,
thermal, and mechanical properties. The results demonstrated that the material's relative anisotropy

and particle size distribution's impact on these properties. The WPC composites exhibited low
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density within the 0.16-0.56 g/cm? range and low thermal conductivity between 0.109-0.122
W/mK, indicating their insulator efficacy showen in figure 11.9. These properties were comparable
to other thermal insulation materials such as cork agglomerate and traditional wood. In addition
to, tensile and three-point flexural tests highlighted the promising mechanical properties of the

new composite, suggesting potential industrial applications for WPC materials.
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Fig 1. 9 Comparative Analysis of Thermal Properties in Raw Wood and Wood-Plastic Composites
(WPC) [83]

Masri et al. [84] presented an experimental study on the characterization of innovative
wood-plastic composites using waste materials (date palm fronds and expanded polystyrene). Date
palm frond waste is utilized as reinforcement particles while dissolved expanded polystyrene waste
in a solvent serves as the matrix. The results obtained from mechanical, thermal and morphological
tests on composite materials prepared in various particle sizes and mass fractions demonstrate
excellent adhesion at the wood/matrix interface. Mechanical properties are satisfactory with a
flexural modulus and maximum stress reaching up to 0.78 GPa and 2.84 MPa, respectively and a
density ranging from 542 to 824 kg/m?, comparable to conventional materials such as hardwood,

softwood and MDF. The average thermal conductivity ranges between 0.11 and 0.16 W/me<K.

Boukhattem [85] conducted an experimental study on the water absorption and humidity
effects on thermal conductivity and density of binderless date palm fiber (DPF) mesh boards and
mortar-DPF composites. The results showed that both thermal conductivity and density increased

significantly with water content. Incorporating DPF mesh in the mortar reduced density and
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thermal conductivity due to increased porosity. In addition to, DPF's addition lowered water
retention capacity and benefits the thermal insulation. The experimental data were compared with

theoretical models to determine the intrinsic thermal conductivities of DPF and mortar.

Benmansour [86] investigated the utilization of a novel material composed of natural
cement, sand and date palm fibers (DPF), aiming to assess its potential as an insulating building
material. Various composites were prepared with varying weight concentrations (ranging from 0%
to 30%) and utilizing three sizes of fibers. Experimental analyses were carried out on water
absorption, thermal conductivity and compressive strength. Findings indicate that integrating DPF
reduces both the thermal conductivity and compressive strength of the composite while also
decreasing its weight. With a DPF loading below 15%, the composite meets the thermal and
mechanical requirements of construction materials and suggesting its suitability for use in wall
structures. Thus, the incorporation of DPF as filler in mortar presents a promising option for

application as thermal insulation material in buildings.

Ouchabi et al. [87] investigated the preparation of rigid polyurethane (PU) with an apparent
density of about 40 kg/m3 using commercial polyols and polyisocyanate. This reference
petrochemical formulation was modified by incorporating natural and renewable components such
as date palm particles (DPP). The aim was to mitigate environmental impacts and reduce costs
associated with petroleum-based polyurethane (PU) by developing polyurethane/date palm
particles (PU-DPP) composites with comparable or superior heat insulating and mechanical
properties to those of the reference material (PU). Composites were fabricated with varying DPP
loadings: 5%, 10%, and 20% by weight. The results indicated that the heat-insulating and
mechanical properties of the PU-DPP composites were on par with those of the reference
petrochemical formulation (PU). Moreover, these mechanical and thermal performances were
competitive with existing insulating materials in the market. Consequently, PU-DPP emerges as a

promising candidate for the development of efficient, cost-effective and safe insulating materials.

11.4. Search bibliographies on sandwich

Djemai et al. [88] presented an experimental study on the mechanical behavior of four bio-
sourced sandwich materials differentiated by their core types. The skins of these sandwiches are
made of a composite material composed of rachis fibers and epoxy resin, while the cores are made

of: 1) raw petiole and petiole agglomerate in two sizes (0-1 mm and 1-3 mm), and 2) cork
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agglomerate for comparison. The comparison between these sandwiches is based on their overall
stiffness, determined by three-point bending tests. The results show that the overall stiffness of the
petiole agglomerate with a size of 0-1 mm, combined with rachis fibers and epoxy resin, is higher
than that of the other sandwiches in table 11.3 represented a result properties mecanique of

sandwiches.

Table I1. 30verall stiffness (DG) values in different sandwiches[88]

Sandwich De(Mpa) CV(%)
SP01 818.90+32.77 4.00
SP03 485.99+17.06  3.51
SRP 569.11+46.06 8.09
SCA 106.73+13.94  13.06

The investigation of Djoudi et al. [89] aims to study the feasibility of implementing a new
bio-composite with a sandwich structure made from date palm tree waste. This work developed
several sandwich-structured composite plates based on this waste. The skins are composite
materials composed of an epoxy matrix and palm tree fibers (Epoxy/Rachis fibers), while the core
is made of raw wood or a composite with petiole wood particles. After conducting three-point
mechanical bending tests, macroscopic analysis and SEM micrographs were used to determine the
damage the specimens sustained. Characterization tests on the new bio-composites showed good
thermal properties, with thermal conductivity below 1 W/m.K, ranging from 0.0148 W/m.K to
0.0178 W/m.K. Additionally, the composites are characterized by their low volumetric mass, less
than 1.2 g/cm3."

Khalili et al.[90] prepared composites from virgin and recycled polypropylene (PP and
rPP) reinforced with 15 wt% sisal fibers, using compression molding to create a three-layer
sandwich structure. The composites were assessed for their physical and mechanical properties. A
factorial experimental design was employed to statistically evaluate the mechanical properties.
The densities of the composites varied between 0.892 and 0.927 g/cm3. FTIR and XRD analyses

indicated a partial removal of amorphous materials from the sisal surface after alkali treatment.
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Djemai et al.[91] Presented an experimental investigation of damage in sandwich
structures. These sandwich panels result from the combination of glass-polyester as skins and cork
agglomerate as the core. For this purpose, a delamination test (mode 1) is carried out on double
cantilever beams (DCB) in sandwich beams. The initiation crack is characterized by toughness
obtained from the determination of energy release rate (GIC) using the modified beam theory
method. The skins of these sandwiches are considered orthotropic materials, while the core is
considered an isotropic transverse material. The results show that the energy release rate at the
initiation of the crack in (DCB) specimens remains almost constant despite the variation of the

initial crack and good adhesion between the skins and core is also noticed.

Benzidane et al. [92] utilized date palm wood to develop sandwich panels and demonstrate
through tensile tests that rachis fibers are more efficient than petiole fibers. Subsequently, petiole
wood is used as the sandwich core, while short rachis fibers (5%, 10%, 15%) reinforce the epoxy
skins. The skins undergo tensile and bending tests, identifying 15% Mf untreated short fibers as
the optimal choice for skin stiffness. Three parameters are analyzed to optimize the core design:
orientation (longitudinal, transverse, radial), length of the wood pieces (30 mm, 100 mm), and
thickness (10 mm, 15 mm, 20 mm). The sandwich efficiency is evaluated through three-point
bending tests, linear elastic beam theory, and failure mode analysis. The dominant failure modes
are bottom skin failure and core shear, with core shear not occurring in the transverse orientation

of the core.
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Fig 11. 10 Bar chart of average normal stresses in bending, in shear, and of average stiffness[92]

Conclusion

Based on the literature review, there is strong potential for natural fibers and matrices in improving
composite materials' mechanical and thermal properties. While past research shows promising
results, further exploration is needed. Our work builds on these findings, focusing on novel
approaches to enhance mechanical strength and thermal insulation. By addressing key challenges,

we aim to advance the field toward more sustainable and efficient material solutions.
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Chapter II1: Materials and Methods

Introduction

In this chapter, we examine the mechanical, physical and thermal properties of sandwich
structures made from petiole and rachis fibers. The petiole used in the core and the rachis fibers
used in the skin. Sandwich structures are valued for their lightweight yet strong characteristics
where the choice of core and skin materials plays a critical role in performance. With their unique
hierarchical structure, petioles and rachis fibers offer excellent reinforcement and present promising
bio-based options. Through systematic analysis, we explore their mechanical behavior, thermal
conductivity and insulation properties to highlight the potential of these materials in sustainable

engineering applications.

I11.1. Material
The sandwich structures that are proposed in this work consist of bio-composite (Rachis fibers

- epoxy resin) in the skins and petiole agglomerate in the core

I11.1.1. Materials of the skins
The bio-composite material of the skins of this study is elaborated of the date palm wastes

(Rachis fibers) as reinforcement while the epoxy resin is used as a matrix
111.1.1.1. Reinforcement (Rachis fibers)

The rachis fibers used in this study were meticulously prepared at the Technical Institute for
the Development of Saharan Agriculture (ITDAS) in Biskra which is located in southeastern
Algeria. The preparation process began with the harvesting of the palms, from which the rachises
were carefully separated from other components such as spines and leaflets. The separated rachis
were then thoroughly cleaned using a damp cloth to ensure all dust and impurities were removed.
Following the cleaning, the rachis was left to dry for three days, a critical step aimed at significantly
reducing its moisture content. Once dried, the rachises were cut into manageable pieces, ranging
from 5 to 20 cm in length which facilitated the subsequent grinding process. These pieces were then
subjected to grinding to produce fibers of various sizes. The ground fibers were further refined by

sieving them through a series of metal sieves with different diameters (0.1 mm, 0.315 mm, 0.5 mm,
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and 0.8 mm) for 20 minutes result in four distinct fiber size categories. Among these, fibers with a
diameter of 0.315 mm were selected for further processing. These chosen fibers underwent steam
washing using a coffee press and ensuring thorough cleaning and were then dried in an electric oven
set at 60°C for 48 hours to achieve the desired consistency and quality. The detailed steps of this
preparation protocol are illustrated in Figure I11.1, providing a comprehensive overview of the

meticulous process undertaken to produce high-quality rachis fibers for this study.

Frond palm

Rachis fibers (0.315 mm) Drying Cleaning

Fig I11. 1 Rachis fiber with a size of 0.315 mm
111.1.1.2. Matrix (Epoxy resin)
The matrix used in this study is an epoxy resin which falls under the category of thermosetting
polymers. Epoxy resins are known for their excellent mechanical and thermal properties and their
resistance to chemicals and moisture.
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In my specific case, the epoxy matrix is created by mixing two components: a primary resin
referred to as MEDAPOXY STR EA and a hardener referenced as MEDAPOXY STREB Figure
I11. 2. This is a common practice in epoxy resin applications. Epoxy resins are typically supplied as
two separate components that must be mixed in a specific ratio. The primary resin contains the
epoxy groups while the hardener contains compounds that can react with the epoxy groups to initiate
cross-linking which is essential for curing and hardening the epoxy (For 2/3 g of resin, add 1/3 g of
hardener). The epoxy resin used in this study was sourced from Granitex-Algeria[93].
Construction Produces and has specific properties. It had a density of 1.1 g/cm3, which indicates the
mass per unit volume of the resin. Additionally, the viscosity of the epoxy resin was measured to
be 11000 Mpa.s, representing its resistance to flow. These properties are crucial considerations for

the handling, applying, and performing the epoxy resin in the research study. Table I11.1 shows the

properties of epoxy resin (MEDAPOXY STR EA).

[ gk

Fig 111. 2 Epoxy Resin (MEDAPOXY STR EA)

Table I11. 1Properties of Epoxy Resin (MEDAPOXY STR EA)[93]

Properties Epoxy MEDAPOXY STR EA
Density (ISO 758)(g/cm®) 1.12 +0.05

Viscosity (NF T76-102) (MPa) 11000 Mpa. sa 25 °C
DPU(NFP18810) 1h 15min at 20°C and 65% HR
Curing time at 20 °C and 65% HR
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Overweight 6h

Dur 16 h

Rc (NA427) >70 MPA
Rf (NA 234) >25 MPA
Adhesion to concrete (NFP18 858)) >3 MPA
Duration of commissioning 10j 20°C
Thermal conductivity (w/m°C) 0.17

I11.1.2. Materials of the core
The bio-composite material of the core in this study is elaborated of the date palm wastes

(Petiole granules) as reinforcement while polyvinyl acetate glue (PVA) is used as a matrix

111.1.2.1. Reinforcement (petiole granules)

Our study will focus on utilizing the waste from the renewable section of palm trees
specifically targeting the Daglet Noor variety. This particular variety represents a significant portion
accounting for 61.45% of Algeria's total palm tree population [74, 94].

In our endeavor to conduct this research, we undertook a meticulous approach to specimen
collection to focus specifically on the Daglet Noor palm variety. Recognizing the paramount
importance of acquiring a substantial quantity of specimens for comprehensive characterization, we
embarked on the collection of petiole cuttings which were then left to undergo a natural drying
process outdoors allowing for an extended period of over a year. This deliberate choice aimed to
ensure that the specimens were adequately prepared for subsequent analyses. To facilitate a
thorough and systematic characterization, we meticulously segregated each type of petiole
diligently separating them from other botanical components such as leaves, thorns, stems and
panicles. This rigorous separation process was essential to ensure the integrity and purity of each
specimen, thereby enabling us to collect a diverse array of specimens from various parts of the palm
tree. Following this meticulous separation, the surfaces of the wood underwent a meticulous
cleaning regimen, meticulously wiped down with a damp cloth to eliminate any extraneous dust or
impurities that could potentially compromise the accuracy of our analyses. Subsequently, the
petioles underwent a further period of air-drying lasting 24 hours, a crucial step to ensure the optimal
condition of the specimens before further processing. Once dried, the petioles were meticulously
ground into a finely powdered form with varying particle sizes meticulously controlled. This
grinding process was essential to facilitate subsequent analyses by providing homogenous and
representative specimens for characterization. Following the grinding process, the powdered

material was meticulously sieved using a series of multiple-diameter sieves with each sieve
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possessing a diameter of less than 1 mm, as meticulously illustrated in Figure I11.3. This intricate
sieving process was instrumental in ensuring that the resulting specimens were of consistent particle
size to enhance the accuracy and reliability of our subsequent analyses. Through these meticulous
steps, we were able to procure a comprehensive collection of high-quality specimens meticulously

characterized and prepared for in-depth analysis and investigation.

Palm

Petiole granules
(0-1mm)

Fig l11. 3 Petiole granules with a size < Imm

111.1.2.2. Matrix (Polyvinyl acetate glue (PVA))

Polyvinyl acetate glue (PVA) (Figure 111.4) commonly called white glue is an aqueous
solution of polyvinyl acetate widely used to bond hydrophilic materials such as wood, paper,
cardboard and fabric. These adhesives are particularly valued in interior carpentry and repair
projects where aesthetic considerations are of utmost importance and materials are not exposed to
high humidity conditions [95]. The versatility of PVA glues makes them suitable for various
applications including bonding paper, cardboard and fabric which are commonly used in various
craft and construction projects. One important advantage of PVA glues is their ability to form a
transparent adhesive layer upon drying. This property ensures that the bonds remain virtually
invisible which is highly desirable for applications where the appearance of the bonded materials is
important [96]. Furthermore, the strong adhesion provided by PVA glues enhances the durability
of the bonded materials to make them a reliable choice for long-term repairs and assemblies. The
summary features of polyvinyl acetate glue presented in table (111.2) provide an overview of its key
properties for various bonding applications [81, 97]. These properties highlight the effectiveness
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of the glue in creating strong and aesthetically pleasing bonds to make it a staple in both professional
and domestic settings. The transparent nature of the dried adhesive film not only maintains the
visual integrity of the bonded materials but also adds to the versatility and appeal of PVA glues in

many practical applications.

Polyvinyl Acetate
(CaHsOL)

Fig I11. 4 Molecular formula of polyvinyl acetate glue

Table 111. 2Properties of vinyl glue PVA

Properties PVA

Density (g/cm®) 1.19 +0.03
Viscosity (Poiseuille) 160 + 40

pH 3.0+1.0

Glass transition temperature at 22°C (°C) 30
Operating temperature (°C) 10-35

Solubility parameter & (J1/2 cm-3/2) 19.1-22.6
Dielectric constant (Farad m™) 3.5

Refractive index 1.46-1.47

Boiling point (°C) 112

Ef (MPa) at 22°C 1300-2300
Thermal conductivity (w/m°C) 0.16

These properties collectively make polyvinyl acetate glue a popular choice for a wide range of
bonding applications and offer a reliable adhesion and an ease of use for various materials in interior

settings.

111.2. Processes of preparing sandwich plates

In this study, we were preparing sandwich plates by gluing. It is done by three steps:
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The first step: consists of the elaboration of the skins. The second step: consists of the elaboration

of the core and finally the assembly between them.

I11.2.1. Preparation of the skins

The bio-composite that is used in this part is composed by the rachis fibers as reinforcement
and the epoxy resin (MEDAPOXY STR EA) as the matrix. So, the bio-composite is named ER
(Rachis fibers-resin epoxy).

Five types of ER were prepared to study and choose the best among them. They are
differentiated by their fiber content, which is detailed in Table (111.3).

Table I11. 3 Five types of Bio-composite ER (Rachis fibers-resin epoxy)

Bio-composite material Matrix% Reinforcement:
ERO 100 0
ER5 95 5
ER7 93 7
ER10 90 10
ER13 87 13
ER15 85 15

To prepare the bio-composite (ER) of its five types, we follow the following steps:

- Mixthe reinforcements (Rachis fibers) and the matrix (epoxy resin) according to the fiber ratios
given in each type of ER.

- This mixed compound is poured into a pre-prepared mold to create panels with dimensions of
(140 x 100 % 3) mm?

- These panels are left to dry in air under ambient conditions for 10 hours, allowing the resin to
harden, thus forming a cohesive composite structure.

- After the drying stage, the panels are cut to obtain samples with final dimensions of 100 x 10 x
3 mm3. According to ASTM D790 [98] and EN 1SO 14125 [99].

This process is summarized in the protocol shown in Figure 111.5.
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Resin

epoy

Materials and Methods

Fig I11. 5 Protocol to obtain the specimens bio-composite material (ER)

I11.2. Preparation of the core

The bio-composite that is used in this part is composed of the petiole particles as reinforcement

and the polyvinyl acetate glue (PVA) as the matrix. So the bio-composite is named Pt (petiole

agglomerate).

Five types of Pt were prepared to study and choose the best among them. They are differentiated by

their percentage of petiole particles, which are detailed in Table (111.4).

Table I11. 4 Five types of Bio-composite Pt (Petiole agglomerate)

Petiole agglomerate (Pt) Petiole particles (%) Polyvinyl acetate glue (%)
Pt15 15 85
Pt17 17 83
Pt20 20 80
Pt23 23 77
Pt26 26 74
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To prepare the bio-composite (ER) of its five types, we follow the following steps:
- Mix the reinforcements (petiole particles) and the matrix (Polyvinyl acetate glue) according to
the petiole particles ratios given in each type of Pt

- Fill this mixture into a mold (250x250x20)mm to obtain the bio-composite (Pt)
- Compact and press by hand, then place in an oven at 50°C for 24 hours just to dry.
- Demould the resulting plate (petiole agglomerate plate)

- Dry the resulting plate for more than 20 days, then adjust the plate with a planer to obtain the

required dimensions (250x250x15) mm®.

Finally, we can summarize these stages of development of the heart (petiole agglomerate) by this

protocol (Fig 111.6)

Mexture Molding Compaction

Epoxy resin
Polyvinyl acetate glue

Petiole agglomerate plate

Plat adjustement

Fig I11. 6 Preparation of Petiole agglomerate

These plates (Pt) are obtained to study several experimental techniques, mechanical (three-
point bending and compression), physical (water absorption) and thermal (thermal conductivity).

For the three-point bending specimens, the plates are cut according to ASTM D790 standards
[9], with the dimensions of (160 x 15 x 10) mmg3. Simultaneously, thermal conduction specimens
were molded according to ASTM standards such as ASTM E1952 [10] and ASTM E1954 [11],
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with dimensions of (40 x 40 x 20) mm3. In addition to, compression specimens were cut in uniform
dimensions of (20 x 20 x 20) mm3. The rigorous adherence to recognized standards underlines the
commitment to maintain the quality and reliability of the materials and data resulting from these

comprehensive tests.

111.3. Experimental techniques
Several tests were carried out in this study, to characterize these new bio-materials (ER and

Pt) in mechanical, physical, morphological and thermal fields.

111.3.1. Mechanical properties
Three-point bending and compression tests are performed to obtain the mechanical behavior
on the agglomerated petiole biomaterial (Pt) and on the biomaterial (ER) (Rachis fibers-epoxy

resin).

111.3.1.1. Three-point bending tests of bio-composite RE (Rachis fibers-resin epoxy)
Three-point bending tests in the biomaterial RE (Rachis fibers-resin epoxy) are obtained to

determine the elasticity modulus of (Ef) and ultimate stress (Gmax).

These tests are carried out in the technology hall of the Department of Mechanical Engineering

of the University of Biskra.

These tests were conducted on “INSTRON” universal machine type 5969, with computer-
controlled acquisition Bluehill3 with 5 KN force sensors and 2[mm /min] constant crosshead speed.

The specimens used in these tests are according to ASTM 790-81.2005 standard [100] of

dimension (100x10x3) mm?.

We consider a bio-composite (RE) with (b) in width, (L) in length and (h) in thickness
(Figure 111.7 (a)). They were performed by applying the load (P) in a perpendicular direction in the
middle of the upper face of the specimen. It was placed on two supports with 60 mm of distance
(Figure 111.7 (b)). Elasticity modulus (Ef) (Flexural modulus) and Flexural strength (omax), are

calculated from the linear part of a curve load (P) — deflection (f). We can calculate by this formula:

AP I3
f_E'4bh3 (|||.1)
P.L
Omax = bh (|||.2)

with:
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i—;: is the slope of the linear part of curve P=f(deflection(f)).

(a)

Fig I11. 7 Three points pending test of bio-composite (ER) (a): Geometric dimensions, (b): Three points
bending

111.3.1.2. Three point bending tests of bio-composite Pt (Petiole agglomerate)

Three-point bending tests in the biomaterial Pt (Petiole agglomerate) are obtained to

determine the elasticity modulus of (Ef) and ultimate stress (Gmax).

These tests were carried out in the educational laboratories of the mechanical engineering
department at Mohamed Khider University in Biskra on a universal machine type TesT GMBH
model 916713 (Fig.l11.7 (a)) with a 05 KN force sensor with a test speed of 2 mm/min and control
and data acquisition by the testwine software.

The specimens used in these tests according ASTM 790-10 standard [101] of dimension
(200%x15%10) mm?,

We consider a bio-composite (Pt) with (b) in width, (L) in length and with (h) in thickness
They were performed by applying the load (P) in perpendicular direction in the middle of the upper

face of the specimen. It was placed on two supports with 160 mm of distance (Figure 111.8 (b)).
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Elasticity modulus (Ef) (Flexural modulus) and Flexural strength (omax), are calculated from the
linear part of a curve load (P) — deflection (f), We can calculate by the same equations (I11.1 ansd
111.2).

Fig I11. 8 Three points pending test of bio-composite (Pt) (a): Universal machine TesT GMBH model
916713, (b): Three points bending test

111.3.1.3. Compression tests of bio-composite Pt (Petiole agglomerate)

Compression test was performed on specimens (Pt) in both longitudinal (PCL) and
transverse (PCT) directions according to the standard ASTM D198-22 [102], ASTM D3501 [103]
with specimen dimensions set at (20x20x20) mm? represented in Figure (111.9).

These tests were carried out in the educational laboratories of the mechanical engineering
department at Mohamed Khider University in Biskra on a universal machine type TesT GMBH
model 916713, with a 05 KN force sensor, with a test speed of 2 mm/min and control and data
acquisition by the testwine software.

Elasticity modulus (Ec) (elasticity modulus) is calculated from the linear part of a curve stress (o)
— strain (¢), We can calculate by formula:

Ec =% (111.3)

With:

56



Chapter 111 Materials and Methods

i—‘:: is the slope of the linear part of curve ¢ = f{(¢).

(a)

20 mm

1‘\

20 mm

Fig I11. 9 Compression test of bio-composite (Pt) (a): Geometric dimensions, (b): Compression bending
test

111.3.1.3. Brinell hardness tests of a bio-composite RE (Rachis fibers-resin epoxy)

The assessment of Brinell hardness on the Rachis/epoxy composite specimen was
meticulously conducted using the INNOVATEST VERZU 750 model Figure 111.10. a state-of-the-
art Brinell hardness tester machine renowned for its precision and reliability in material
characterization. Applying a standardized testing procedure, a precisely calibrated 6.25 kg load was
uniformly exerted onto the specimen's surface for a duration of precisely 10 seconds. A robust hard
metal ball indenter, featuring a diameter meticulously set at 2.5 millimeters to ensure consistent and
accurate indentation, facilitated this load application. Following the application of the load, the
resulting indentations were meticulously examined and measured at ten distinct random locations
across the specimen's surface using an advanced microscope which enabled precise measurements
of the indentation diameters. These measurements were then meticulously averaged, with the
accompanying standard deviation meticulously computed to ascertain the consistency and reliability
of the obtained results. The computation of the Brinell hardness number (BHN) was conducted in
strict adherence to the prescribed Equation (111.4) where the BHN value is calculated based on the
applied force (P), the diameter of the indenter (D), and the diameter of the resulting indentation (d).

This comprehensive approach ensured the acquisition of accurate and reliable data pertaining to the
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Brinell hardness of the Rachis/epoxy composite specimen, thereby facilitating a thorough

understanding of its mechanical properties and performance characteristics.

2P

BHN = nD(D—J(DZ—dZ))

(111.4)

Fig 111. 10 INNOVATEST VERZU 750 model of Brinell hardness test

111.3.2. Thermo-physical properties

To optimize the use of natural fibers in composite materials, understanding their thermo-
physical properties is essential. Petiole particles and rachis fibers, as reinforcements offer unique
characteristics that influence the performance of composites under various conditions. To explore
these properties, a series of physical tests were conducted on composites with different ratios of
petiole particles and rachis fibers. These tests, which included thermal conductivity measurement,
thermo-gravimetric analysis (TGA), water absorption and Bulk density analysis, provided valuable
data on the chemical composition, thermal stability and water interaction. By analyzing these
factors, we gain critical insights into the composites' behavior to contribute to the development of

more efficient and sustainable bio-composite materials.
111.3.2.1. Thermal conductivity of Pt and RE

The thermal conductivity (A) of a material is a physical quantity that characterizes its ability
to conduct heat and is expressed in Wm™K™, The heat transfer mode associated with this quantity
is thermal conduction. There are other properties related to heat transfer thermal diffusivity (o),
expressed in m?/s, characterizes the material's ability to transmit a temperature signal from one point

to another within the material. There is also the volumetric heat capacity or specific heat (Cp),
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expressed in J/m® K which characterizes the material's ability to store heat. The measurement of the
thermal properties of our bio-composite plates (ER and Pt) was carried, out using the Hot Disk-
Thermoconcept thermal analyzer (figurelll.11). Measurements were conducted under controlled
conditions at 23°C and 29% humidity. This thermal characterization device utilizes the transient
plane source technique, governed by the international standard ASTM E1952 — 20 [104]. A probe
consisting of a double nickel spiral on an insulating Kapton support (Figure 111.12) is placed
between two flat specimens of the material to be characterized. This probe is available in various
diameters, allowing the characterization of specimens of any size with thicknesses ranging from a
few millimeters for insulators to a few centimeters for conductors. The Hot Disk apparatus allows
direct measurement of thermal conductivity and diffusivity and indirect measurement of volumetric

heat capacity of the material through the following relationship.

Fig 111. 11The Hot Disk-Thermoconcept thermal characterization device.

Fig I11. 12 Kapton support
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111.3.2.2. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC)

Thermogravimetric Analysis (TGA) measures a sample's mass change with temperature,
providing insights into phase transitions, decomposition, and degradation [105]. Differential
Scanning Calorimetry (DSC) detects exothermic and endothermic changes in polymers [106].
Combined with Principal Component Analysis (PCA) methods, TGA and DSC offer a
comprehensive approach to material design and analysis [107].

We utilized a coupled Thermogravimetric analyzer (TGA/DSC) device, specifically the
SETARAM Instrumentation LABSYS evo (Figure 111.13). The sample size ranged between 15 and
30 mg with a heating rate of 10°C/min under a standard atmosphere. TGA results are typically
displayed as a curve showing mass or mass percentage variation with temperature or time.
Additionally, the first derivative of the TGA curve, known as the differential Thermogravimetric
(DTG) curve, provides information about the rate of mass change. Mass changes occur due to
material loss or reactions with the surrounding atmosphere, which can result from various
phenomena. The glass transition temperature (Tg) is determined at the "ONSET" point from the
DSC thermogram, and the exothermic heat (AH) of the polymerization reaction is calculated from

the exothermic peak relative to the baseline.

Furnace _ | Sample crucible
&Thermocouple
H )y
Reference Crucible ) 17
& Thermocouple | 7 Io
’ d " Contrcl
Hf Thermocouple
A albis

Fig 111. 13 Operating Principle of the SETARAM LABSYS evo Thermogravimetric Analyzer
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111.3.2.3. Water absorption test of Pt and RE

To determine the water absorption properties of the bio- material Pt (petiole agglomerate),
we used the gravimetric method conducted following the guidelines outlined in ASTM D 570-98
(2010) [18-23]. Samples were cut to dimensions of (30 x 15 x 10) mm3, and their initial weights
were recorded. These specimens were then immersed in distilled water, and their weights were
measured at 2-hour intervals for ten hours, after which the material was decomposed. The water
absorption percentage (H %) was calculated using a standard formula (equation I11.5). In addition,
another set of tests was performed using of bio-composite ER specimens of dimensions 20 x 10 x
3 mm3, with initial weights recorded before immersion in distilled water, followed by weight
measurements at 24-hour intervals over one week to evaluate the long-term water. The water

absorption values for the composites were calculated using the formula:

Wn-Wd

H(%) = =44

x100 (111.5)

Where (Wn) represents the weight of the composite material after immersion and ( Wd ) is the
weight of the composite before immersion in distilled water. This test provides valuable insights
into the material's water absorption behavior because it is essential to evaluate its suitability for

various applications. The simplified protocol is illustrated in Figure 111.14.

i - |

Specimen

Weight the specimen Immerssion in

3 3 Specimens after immersion
befor immersion water

in water

Weigt the specimen
after immersion

Fig 111. 14 Protocol of gravimetric method
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111.3.2.4. Density test Pt and ER

The determination of density for various types of petiole agglomerate (Pt) is achieved through
precise measurement of their volume and mass. This procedure involves meticulous steps: Initially,
specimens of the different petiole agglomerate types are weighed using a high-precision electronic
balance (Kern V3.1) with an accuracy of 10 g. This weighing process occurs within a controlled
environment to maintain at a constant temperature of 25°C to ensure consistent measurement
conditions. Subsequently, the volume of these specimens is determined through hydrostatic
weighing. Each specimen is immersed in a container filled with paraffin to prevent water absorption
to allow the measurement of the increase in liquid volume which corresponds to the volume of the

specimens. Finally, the apparent density (p) is calculated using the following formula [6]:

m/

p o) (111.6)

With

m': The dry mass of the specimens,

m:Specimens mass after packaging of paraffin,

p *: The density of paraffin (0.88g/cm?),

v: specimens and water volume and

v': A volume of water.

For the bio-composite ER study, bulk density measurements were conducted following the ASTM
D 1895-17[108] standard, as detailed in the studies of [109, 110], for determining the density of
solid materials. This standard ensures consistency and comparability of results across different
studies. To enhance accuracy, five replicates were performed for each specimen, minimizing

potential errors and increasing the reliability of the obtained data. The density (d) of each sample

was calculated using the fundamental formula:

d =

<|3

(11.7)

Where d is the density of the samples (g/cm®), m is the mass (g), and V is the volume (cm®).
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By measuring the mass of the specimens and accurately determining their volume, the density
value can be obtained. This analysis provides valuable information about the compactness and
packing of molecules within the material which is essential for understanding its physical properties

and behavior.

111.3.3. Microstructure properties

To optimize the use of natural fibers in composite materials, understanding their
Microstructure properties is essential. This study utilizes a combination of techniques and include
a scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR), to characterize a novel biomaterial. By integrating these advanced analytical
methods, we aim to deliver a comprehensive assessment of the biomaterial’s thermal stability,
moisture affinity, crystal structure, and molecular composition. This multi-faceted approach allows
for a deeper understanding of the material's properties to contribute to its potential use in various

applications.

111.3.3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique that uses electron-matter interactions to
create high-resolution surface images. The electron beam scans the specimen surface, causing it to
emit particles that detectors analyze to form a virtual 3D image. Advances in SEM include using
generative adversarial networks (GANSs) for training convolutional neural networks (CNNS) in
nanoparticle classification, backscattered-electron SEM (BSE-SEM) for quantitative material
characterization, and cryogenic plasma FIB/SEM for improved imaging of biological samples.
Electron mirrors in SEMs now allow simultaneous imaging of top and bottom surfaces, enhancing

in-situ observations and potential future corrections for spherical aberration.

The images were taken by a Thermo Scientific Quanta SEM Prisma E electron microscope
made in the USA (Fig 111.15) Image resolution can be up to 3 nm at 30 kV to 7 nm at 3 kV. The
image obtained gives a topographic view of the surface with a much greater depth of field than in
optical microscopy. An accelerating voltage of 10-15 kV was used to avoid the degradation of the
sample which would take place if the speed of impact of the incident electrons on the object was

too great.
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Fig I11. 15 Principle of Thermo Scientific Quanta SEM Prisma E electron microscope

111.3.3.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a crucial technique in mineralogical research for identifying various
minerals and includes radioactive and atomic minerals like uranium and associated ores [111]. The
technique is based on kinematical and dynamical diffraction theories, which can have limitations
due to instrument and user constraints, affecting the structural models derived [112]. In situ,
synchrotron high-energy X-ray powder diffraction is widely used for analyzing crystallographic
structures in functional devices and complex environments and enables precise identification
through techniques like Rietveld refinement and machine learning [113].In our study, XRD analysis
was conducted to evaluate the crystallinity of powdered specimens using a Malvern Analytical X-
ray diffractometer (Fig II1.16). Scans were performed over a 260 range of 5-90° at a speed of 0.04°
per step with a wavelength (1) of 1.54060 A. The degree of crystallinity (Xc) was determined by
analyzing the intensity data from the XRD scans. To calculate crystallite size from XRD data, the
Scherrer equation uses ASTM E1122-02 standard [114].

KA
~ Bcoso

(111.8)

While
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D: is the crystallite size, K: is the shape factor (typically 0.9),1: is the X-ray wavelength (1.5406 A
for CuKa),p: is the FWHM in radians,0: is the Bragg angle.

This method provides a detailed understanding of the crystalline structure which is critical

for interpreting the material's properties.

_ Gobel mirror

Soller slit

AN ‘. /% Detector
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Fig I11. 16 Principle of Malvern Panalytical X-ray diffractometer

111.3.3.3. Fourier-transform infrared spectroscopy (FTIR)

Infrared spectroscopy is a powerful analytical technique that determines the chemical
composition of a substance by identifying specific absorption bands on the spectrum each
corresponding to the vibration pattern of chemical bonds between atoms [115]. This method, widely
used in various industries including food, aids in both qualitative and quantitative analyses by
identifying functional groups within molecules [116]. Recent advancements have introduced
machine learning models that predict molecular structures directly from IR spectra with high
accuracy, outperforming traditional methods [117]. Additionally, convolutional neural networks
now autonomously identify functional groups in organic molecules based on their IR spectra,

eliminating the need for manual interpretation and database searching[118]. Furthermore,
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integrating infrared ion spectroscopy with mass spectrometry has enabled the creation of silicon
spectral libraries for small-molecule identification, highlighting the potential for de novo

identification of unknown compounds based on their IR spectra [119].

We acquired the infrared spectra using PerkinElmer Spectrum Two with an ATR-FTIR unit
(Fig 111.17). Although various IR spectrometers are available, those with synthetic diamond
components are most common due to the diamond's chemical inertness, IR transparency, and ability
to withstand high pressures. At the diamond sample interface, the IR light penetrates only a few
micrometers, analyzing the characteristic peaks of palm petiole and rachis fibers. The fiber was
placed on a diamond crystal with a resolution of 2 cm™ and analyzed within a spectral range of
400-4000 cm™L,

Pressure g

Applicator 8
Diamond Internal
Reflection Element

Sample —,

Miniature IR
Interferometer

=

!

Detector
M m— P

Fig I11. 17 Principle of PerkinElmer Spectrum Two with an ATR-FTIR
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Chapter IV: Results and discussion

Introduction

The implementation of composite materials and sandwich panels is a well-established
technique that has been utilized across various industries for a significant period. These structures
are renowned for their lightweight nature and advantageous properties, such as thermal and
acoustic insulation, impact resistance, and fatigue resistance. These properties are closely linked
to the selection of materials for the skins and core, as well as the quality of their interfaces.
Incorporating Bio-sourced composite materials plant materials in the production of these sandwich
panels presents considerable environmental benefits. In Algeria, there is a growing interest in palm
fibers as agricultural residues due to their high availability and mechanical properties[120].

This chapter presents the analysis and study of the results obtained in the previous Chapter.
Before that, we focus on investigating the properties of a petiole particle and rachis fibers. The
chemical composition and functional groups of fibers are identified using FTIR spectroscopy,
while their thermal and morphological characteristics were analyzed through thermo gravimetric
analysis (TGA), differential scanning calorimetric (DSC), and scanning electron microscopy
(SEM). Additionally, we examined the mechanical and thermo physical properties of bio-
composite materials made from various combinations of raw petiole and rachis fibers (ER and Pt).

IV.1.Properties of a petiole particle and rachis fibers
IV.1.1. Scanning electron microscopy SEM results
The longitudinal surface morphology of a petiole particle and rachis fibers of the Deglet Noor
variety was analyzed using scanning electron microscopy (SEM) at various magnifications, as
shown in Fig IV.1 (a) and Fig 1V.1. (b)
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Fig IV. 1 SEM Analysis of : (a) a petiole particle Microstructure (b)a Rachis fibers Microstructure

The SEM micrographs reveal thick lines on a rough surface with regularly arranged
rectangular and square-shaped boxes and some randomly distributed lignin. Numerous circular or
irregularly shaped holes are also observed on the surface, and the fibers exhibit inconsistent shapes
and non-uniform dimensions. These micrographs highlight significant irregularities and surface
roughness, reflective of the fibers' natural texture. This rough surface can enhance mechanical
interlocking in composite materials, affecting overall adhesion and performance. The variations in
shape and dimension among the fibers suggest inherent variability in the raw material, potentially

impacting the uniformity and consistency of the final composite product.

IV.1.2. Fourier-transform infrared spectroscopy (FTIR) result
IV.1.2.1. FTIR analysis of a petiole particle

The infrared spectra results of petiole particles are shown in Figure 1V.2. The peak at 3500 cm™
corresponds to the stretching of OH hydrogen bonds. The decrease in peak intensity at 3500 cm™
is due to lignin, hemicellulose, and other components on the fiber surface, resulting in a large
number of exposed OH groups. As a result, the fibers become more hydrophilic. The peaks at 1730
cm are attributed to C=0 stretching vibration in the carboxylic acid in lignin or ester groups of
hemicellulose and pectin for untreated fibers. The peak at 1228 cm is responsible for the C-O
stretching of acetyl lignin. The C—H bending deformation of hemicellulose is attributed to 1367
cm™L.The peak intensity at 1020 cm™ also notes the decrease, which is attributed to the elongation
of the C-O-C ether groups of lignin [121].
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Fig IV. 2 FTIR spectra analysis of a raw Petiole
IVV.1.2.2. FTIR analysis of Rachis fiber

The FTIR analysis conducted on rachis fibers revealed their chemical and molecular structures,
as shown in Figure IV.3. The prominent absorbance peak at 3360 cm™ corresponds to O-H
stretching vibration and hydrogen bonding in hydroxyl groups [122]. Additionally, the 2850 cm™
and 2923 cm™ peaks indicate CH symmetric and asymmetric stretching groups, respectively, in
cellulose and hemicellulose. The peak at 1730 cm™ is attributed to the C=O stretching vibration in
the acetyl groups of hemicellulose [123]. The wave number at 1228 cm™! is associated with C=0
stretching groups in hemicellulose [122]. Peaks at 1490 cm™' suggest the presence of C=0
stretching in carboxylic acids and esters, both of which are components of lignin [124]. The peak
at 1020 cm ! indicates C—O stretching within the polysaccharide rings of cellulose. A minor band

observed at 898 cm ! signifies the C-O-C stretching of the B-glycosidic linkage in cellulose [125].
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Fig IV. 3 FTIR spectra analysis of rachis fibers
IV.1.3. X-ray diffraction (XRD) analysis results
1V.1.3.1. XRD analysis of Petiole particle

Figure V.4 Present X-ray diffraction (XRD) analysis patterns of petiole particles,
highlighting key crystalline characteristics. The spectrum exhibits a sharp peak at 20 = 11.54°, a
broad peak at 20.72°, and a less defined peak at 29.08°, corresponding to the (110), (101), and
(113) crystallographic planes, respectively. The presence of these peaks indicates the existence of
crystalline regions within the fibers, with the broad peak at 20.72° suggesting a significant level
of crystalline order. The calculated crystallinity index of 67.07% reveals that a substantial portion
of the fiber material is crystalline, which is consistent with values reported in the literature for
similar untreated natural fibers. The broadness of the peak at 11.54° and the less defined nature of
the peak at 29.08° may indicate some degree of amorphous regions within the fiber structure
T.Djoudi [4] and H.Benchouia [126].
These results suggest that the natural structure of petiole fibers includes both crystalline and
amorphous regions, contributing to their overall mechanical properties and suitability for various
applications. This structural information is crucial for understanding the inherent properties of
untreated petiole fibers and can serve as a baseline for future studies on their potential

enhancements and applications
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Fig IV. 4 XRD spectra analysis of Petiole particle
1VV.1.3.2. XRD analysis of Rachis fibers

Figure IV.5 presents a rachis fibers' X-ray diffraction (XRD) profiles, highlighting significant
crystalline features. The spectrum shows a broad peak at 26 = 16.54° and a sharp peak at 26 =
21.82°, corresponding to the (111) and (110) crystallographic planes, respectively. These peaks
indicate crystalline regions within the fibers, reflecting a notable level of crystalline order. The
calculated crystallinity index of 54.66% demonstrates that a substantial portion of the fiber
material is crystalline, aligning with the values reported in the literature for similar untreated
natural fibers. Studies presented by Dallel [127] and Amroune [128] have shown that date palm
fibers, extracted from rachis and leaves, exhibit similar spectra, with crystallinity rates of 50% and
55%, respectively, which is consistent with the findings in this work.
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Fig IV. 5 XRD spectra of rachis fibers

IV.1.4. Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC)
analysis

IV.1.4.1. TGA and DSC analysis of petiole particle

Thermal stability is commonly evaluated by determining the onset temperature of thermal
decomposition and was used to measure the weight loss of composites as a function of rising
temperature. Higher decomposition temperatures give greater thermal stability. Fig IV.6 shows the
fibers' thermal degradation curves as a function of palm petiole fibers. The fiber presented two
stages: a first stage with a slight weight loss in the range of (30-190 °C), due to the release of
humidity retained in the fiber component, and a second stage where hemicellulose and lignin
degradation happened (200-300 °C), while another loss of mass at (300-450 °C), is related to the
degradation of the cellulose. The release of noncombustible gases, such as carbon dioxide can
explain it, and carbon monoxide is present in the samples containing high cellulose content
[121][10]. The final process is around (450-700 °C), which produces a reactive coal residue. As
for DSC analysis, all samples showed broad exotherms extending from 70 to 140 °C, which
correlated to water vaporization. The heat flow from untreated fibers is remarkably more

significant than the other samples. This showcased that the untreated fibers required higher heat
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energy for evaporating more extensive water content, in line with the weight loss shown in the
TGA curve.
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Fig IV. 6 TGA and DSCanalysis patern of a petiole particle

IVV.1.4.2. TGA and DSC for Rachis fibers

The TGA and DSC analysis of petiole fiber reveals a distinct thermal decomposition profile
shown in Figure 1V.7. Initially, a slight weight loss occurs below 150°C due to moisture
evaporation, which is common in natural fibers. The main decomposition stage takes place
between 200°C and 400°C, where a significant mass loss is observed, likely due to the degradation
of hemicellulose, cellulose, and lignin, as evidenced by the sharp decline in the TGA curve. This
process corresponds to the exothermic activity seen in the DSC curve, indicating energy release
during the breakdown of these organic components. A slower degradation phase follows from
450°C to 600°C, with a small ash residue (1.55 mg) remaining, reflecting the inorganic content.
The DSC also highlights an exothermic peak in the range of 70°C to 140°C, related to moisture
vaporization. Overall, this thermal profile demonstrates the fiber's moisture content, thermal
stability, and decomposition stages, crucial for determining its suitability for applications in bio-

composites.
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Fig IV. 7 TGA and DSC analysis of rachis fibers

V.2. Results and discussion of experimental techniques
IVV.2.1. Mechanical characteristics of bio-composite ER (Rachis fibers-resin epoxy)

IVV.2.1.1.Load-displacement curves (Three-point bending tests) of bio-composite ER

The load-displacement curves for the bio-composite ER (Rachis fiber/epoxy resin) are shown
in Figure 1V.8, categorized by varying percentages of fibers (0%, 5%, 7%, 10%, 13%, and 15%).
These curves serve as representations of the material's mechanical properties, offering insights into
its behavior under different loads. The data was directly obtained using an INSTRON machine, a
reliable tool for assessing material properties. This information is crucial for comprehending the

mechanical performance of bio-composite materials across diverse load conditions.
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Fig IV. 8 Load-displacement curves of different bio-composites (ER) in three-point bending tests

The curves exhibit a linear increase, followed by a non-linear progression, culminating in

eventual breakage. Flexural modulus and Flexural strength can be calculated during the linear

segment using formulas (1) and (2). Table VI.1 and Figure 1V.9, present the values of these
mechanical behaviour for different types of bio-composites (ERO, ER05, ER07, ER10, ER13 and

ER15).

Table IV. 1Mechanical proprieties of different types of bio-composite (ER)

Mechanical properties

ER types
E(MPa) a(MPa)

ERO 2588+16.72 34.32+7.68
ERO5 2706+145.19 35.47+3.91
ERO7 2927+79.11 44.51+3.54
ER10 3385+89.16 46.46+2.59
ER13 3131+60.55 31.98+0.96
ER 15 1894+153.58 26.59+0.55

The increase in flexural modulus is evident with the rise in fiber percentage across the initial
specimens (ERO, ER5, ER7, ER10), peaking at 3.385 GPa in the case of ER10 (Fig.VI. 9).

Subsequently, a decline is noted in the flexural modulus for specimens (ER13, ER15), with the

value at ER15 dropping below that of ERO. This reduction can be attributed to a decrease in resin-
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fiber bonding as the fiber content increases. Similar trends are observed in the flexural strength
(Fig. IV.10), where it ascends to 46.46 MPa at ER10%, only to decrease to 26.59 MPa at ER15%.
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Fig IV. 10 Flexural strength of different bio-composite ER
The ER10 composite material exhibits superior mechanical properties compared to those
reported in previous studies. For instance, when compared to the flexural modulus of 3.11 GPa

achieved by the rachis/epoxy compound in the study of R.Benzidane [76], the flexural modulus of
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the ER10 composite stands out. Additionally, the ER10 composite surpasses the tensile strength
modulus reported for EFR10 (0.52 GPa) and PFR10 (0.90 GPa) in Tarek's study [4]. Furthermore,
in contrast to the tensile strength modulus of 537.9 MPa reported for EPL10% (Lif-epoxy)
composites in Djabloun's study [77], the ER10% composite exhibits superior mechanical

properties. Similarly, the ER10% composite demonstrates favorable mechanical properties.

1VV.2.1.2. Hardness behavior of bio-composite ER (Brinell hardness)

The provided statement delves into the Brinell hardness (HBN) values of bio-composite ER
across various fiber contents, offering insightful interpretation and analysis. Within the context of
material characterization, the Brinell hardness values serve as a crucial metric indicating the
resistance of materials to indentation or deformation. In this case, the analysis begins by presenting
the Brinell hardness values obtained for the bio-reinforced fiber composites, showcasing a range
between 14.31 and 6.98 HB. Notably, these values collectively suggest that the bio-reinforced fiber
composites are inherently soft materials, displaying lower resistance to deformation compared to
harder materials. Furthermore, the interpretation scrutinizes the relationship between fiber content
and composite hardness. It discerns a consistent trend wherein an increase in the fiber weight ratio
corresponds to a decrease in composite hardness. This trend is exemplified by the progressive
decrease in hardness observed across the varying fiber content compositions, labeled as ER5, ER7,
ER10, ER13, and ER15, representing fiber weight ratios of 5%, 7%, 10%, 13%, and 15%,
respectively. Figure .IV.11. Moreover, the analysis draws parallels with previous findings in
bamboo [129] fiber composites, reinforcing the observed trend across different fiber-reinforced
materials. Importantly, the interpretation provides a plausible explanation for this observed trend,
attributing it to the inherent softness of the fibers relative to the pure epoxy resin matrix. This
implies that the incorporation of a higher proportion of softer fibers into the composite matrix
dilutes its overall hardness, resulting in the observed decrease. In essence, this comprehensive
interpretation elucidates the relationship between fiber content and composite hardness while

offering insights into the underlying material properties influencing this behavior.
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Fig I1V. 11 Hardness properties of different types of bio-composite ER
IV.2.2. Thermal-physical properties of bio-composite ER

IV.2.2.1. Thermal conductivity of ER
Insulation materials are critically evaluated based on their thermal performance, which is
primarily measured by thermal conductivity or thermal resistance [14], [15]. The selection of ideal

insulation materials is based on these factors, as demonstrated in previous studies [16]. Table V1.2

shows the thermal behavior values for different types of bio-composite ER.

Table 1V. 2Thermal properties of different types of a bio-composite ER

(ER) types Thermal conductivity ~ Thermal Diffusivity Specific heat
[W/m.°K] [mm/s?] [Mj/m?.°K]
ERO 0.2676 + 10 0.199 + 10°® 0.096 + 10°®
ERS5 0.2534 + 1073 0.186 + 1073 1.145 + 10’3
ER7 0.2252 + 107 0.177 +10°® 1.332+10°3
ER10 0.2110 + 1073 0.144 + 1073 1.468 + 10’3
ER13 0.2103 + 107 0.142 +10°® 1.475+ 1073
ER15 0.2101 + 1073 0.138 + 1073 1.512 + 103

Each measurement's thermal conductivity value was determined only after achieving
measurement stabilization, a crucial step illustrated by the lambda-versus-time curve in

Figure.lV.14,
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Fig IV. 12Thermal behaviour of different types of bio-composite ER

The bio-composite ER emerges as a standout contender due to its commendable thermal
properties, positioning it as a promising choice across diverse thermal insulation applications.
Noteworthy is its ability to either match or surpass the thermal conductivity values of existing
materials, affirming its potential as a highly efficient and dependable thermal insulator.
Comparatively, rubber mortar compounds, as cited in [130], demonstrated thermal conductivity
ranging from 0.255 to 0.443 W/(m'K), while Asyraf's pure PF uterus [131] reached 0.348
W/(m-K), and date palm fibers )) [132]spanned from 0.075 to 0.6 W/(m'K), all indicating values
higher than those observed in the current study, as delineated. This underscores the significance of
the bio-composite ER thermal performance and its potential to outperform conventional insulation

materials.
1V.2.2.2. TGA and DSC analysis of bio-composite ER

The TGA and DSC analysis of the rachis fiber/epoxy resin composite provides valuable

insights into its thermal behavior show in fig IV.13.
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Fig IV. 13 TGA and DSC of bio-composite ER

The TGA curve shows an initial slight weight loss below 150°C, which can be attributed to
moisture evaporation. The main degradation occurs between 200°C and 400°C, with a significant
weight loss of around 11 mg, corresponding to the thermal decomposition of the epoxy matrix and
the lignocellulosic components of the rachis fibers, such as hemicellulose and cellulose. Beyond
400°C, a slower degradation phase occurs, leaving a residue of approximately 10.5 mg, likely
representing the inorganic ash content. The DSC curve shows an initial exothermic peak between
50°C and 150°C, associated with moisture evaporation. A broader exothermic event occurs
between 200°C and 400°C, indicating energy release during the decomposition of the fibers and
epoxy resin. A final exothermic peak around 450°C marks the final stages of degradation. This
thermal profile highlights the composite's decomposition stages and offers insights into its thermal

stability, which is crucial for high-temperature applications.

1VV.2.2.3. Water absorption of bio- composite ER

The water absorption percentages observed in the bio-composite ER, as depicted in Fig. V.14

exhibits a clear and consistent trend in the data.
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Fig 1V. 14 Water absorption tendencies of bio-composite ER

There is a noticeable increase in water absorption values as the percentage of Rachis fibers in
the epoxy matrix rises, particularly evident with longer soaking times. It is noteworthy that the
specimens reach a saturation point at approximately seven days of soaking. This observed behavior
can be attributed to the inherently hydrophilic nature of Rachis fibers, which stems from the
presence of polar groups. These polar groups facilitate robust hydrogen bonding between water
molecules and the cellulose molecules within the Rachis fibers. This phenomenon is effectively
represented schematically in Figure (IV.15) providing a visual understanding of the interactions

driving the water absorption behavior in the Rachis/Epoxy composites.
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Fig IV. 15 Enhancing Water-Molecule and Cellulose Interaction: A Schematic Diagram of Hydrogen
Bonding [79, 110].
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In the realm of fiber-reinforced epoxy composites, the water absorption percentage serves as a
critical indicator of material performance and longevity. A low water absorption percentage is
highly desirable, as it signifies enhanced resistance to moisture-related issues such as swelling,
weakening, or delamination. This characteristic indicates effective collaboration between the
epoxy resin and fibers in fortifying the composite against water ingress, thereby imparting
robustness and resilience against environmental stressors. In applications where top-notch quality,
extended durability, and minimal maintenance are paramount, maintaining a low water absorption
rate becomes imperative.

This study underscores a significant observation regarding the water absorption of
Rachis/epoxy ER (wt. %) composites, which exhibit values lower than those reported in prior
literature. These comparisons encompass a wide range of materials, including natural fiber-based
composites [133], flax/bio epoxy composites [134], mineral wool, sisal-reinforced building blocks
[135], starch/Polylactide composites [136], and focus on oil Palm empty fruit Bunch/Sugarcane
bagasse fiber-Based Composites [137]. The outcomes of this research reveal exceptional results,
demonstrating the manufactured material's remarkably low water absorption capacity.
Consequently, it positions itself as a promising candidate for applications requiring excellent water

resistance, particularly as an effective insulator.
I1V.2.2.4. Bulk Density of bio- composite ER

The experimentally recorded values of different types of bio-composite ER densities are
illustrated in Figure.lV.16.
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Fig IV. 16 Density values of different types of bio-composite ER
The density of the ERO specimens is measured at 1120 kg/m3. As the proportion of fibers
increases, there is a consistent decrease in composite density, with values ranging from 1115 kg/m?
for the 5% ER specimens to 1080 kg/m? for the 15% ER specimens. Other studies focusing on date
palm waste-based compounds have reported relatively higher densities. For instance, date kernel
compounds exhibited densities ranging from 1205 to 1225 kg/m3 [138]. while polylactic acid/date
palm wood powder composites ranged from 1220 to 1187 kg/m? [139]. Additionally, other natural
compounds such as banana (1350 kg/m?) and sisal (1450 kg/m?) [132], as well as kenaf core
fibers/butylene succinate composites (ranging from 1260 to 1430 kg/m?) [109], have demonstrated

higher density values compared to the Rachis/Epoxy composites studied herein.
The notable decrease in density observed with increasing component fiber contents can be
attributed to the lower densities of ER5, ER7, ER10, ER13, and ER15 compared to pure ER0%.
Conversely, the slight decrease in experimental density observed when using fillers in this work

can be attributed to the presence of voids in the produced composites.
IVV.2.3.Structural properties of the bio-composite ER
IV.2.3.1. Scanning electron microscopy (SEM) of ER

The investigation into composite materials delves deeply into the critical aspect of adhesion

between the filler and matrix, recognizing its pivotal role in determining material properties.
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Surface morphology studies were meticulously conducted, with a particular focus on tensile

properties, and the results are vividly depicted in Figure. IV.17.

Fig IV. 17 SEM micrographs for the Rachis/Epoxy (ER) composites with 10 wt. % of the rachis

These images intricately showcase composites with varying filler loadings (ranging from 0%
to 15%), unveiling a compelling correlation between filler content and void formations. Notably,
lower voids are discernible at lower filler loadings, whereas an increase in filler loading
corresponds to a marked escalation in void content. These compelling results strongly suggest that
insufficient wetting of the hydrophobic Epoxy Resin with the hydrophilic Rachis fibers might be
chiefly responsible for these observed voids. Importantly, this inadequacy in wetting is anticipated
to profoundly impact the ductile nature of the material, rendering it more susceptible to crack
propagation during subsequent flexural analysis. Such findings underscore the paramount
importance of optimizing wetting interactions to achieve enhanced adhesion and, consequently,

bolstered mechanical properties of the composite materials.

1VV.2.3.2.X-ray diffraction (DRX) of bio-composite ER
The prepared of bio-composite ER specimens were analyzed using X-ray diffraction (XRD)

techniques, with the diffraction patterns shown in Fig (1V.18).
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Fig IV. 18 DRX spectra of the bio-composite ER
The XRD results reveal broad amorphous peaks in the 20 range of 10°-30°, which indicate
the mainly amorphous structure of the epoxy composites [140]. This amorphous nature indicates
the absence of long-range crystalline order within the material. In addition, it is important to note
that the addition of graphene sheets to the bio-composite ER had no significant effect on the
crystallinity of the epoxy. The XRD patterns of all samples were consistent, showing no significant
changes or differences, further confirming that the incorporation of fibers does not affect the

crystalline properties of the composite.
1V.2.3.3. Fourier-Transform Infrared Spectroscopy (FTIR) of bio-composite ER

The FTIR spectra for the bio-composite ER presented with varying fiber weight ratios in Figure
(IV.19). Offer a detailed analysis of the distinctive peaks found in the filler material. In the ER%
composite, a broad peak at 3338 cm™ is identified, corresponding to the stretching vibrations of
hydroxy groups present in cellulose, hemicellulose, and lignin. Additionally, the peaks at 2919
cm! and 2852 cm™! are attributed to the asymmetric and symmetric C-H stretching vibrations
within cellulose and hemicellulose, respectively. The peak at 1745 cm™ is linked to the C=0O
stretching of acetyl groups in hemicellulose. Changes in the FTIR spectra of date palm residual
material are also noted, including the shift of a major peak from 1748 cm™ to 1745 cm™', and a
shift from 1211 cm™ to 1220 cm™ [141]. These shifts suggest that hydrogen bonding influences
the stretching and bending behavior of C-O groups. Furthermore, the spectra highlight
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characteristic lignin bands, such as the peak around 1520 cm™, and hemicellulose presence is
indicated by the band near 1720 cm™, corresponding to C-O elongation in xylene [142]. During
the drying process of ER%, intra-chain hydrogen bonding, similar to the observed spectral shifts,
occurs due to structural changes during crystallization. This is supported by several peaks within
the 1211-1042 cm™ range, which are linked to C-O groups [143] from carboxyl groups and C-O-
C stretching vibrations [144]. A peak at 957 cm™ is associated with the rocking motion of the CH3
group[145]., while another peak at 870 cm™* relates to C=C bond stretching[146]. Additionally, a
peak at 756 cm™! corresponds to C-O bond bending[147]. These observations enhance the
understanding of the molecular interactions and structural transformations during the drying of
ER%, aligning with existing literature. The FTIR analysis underscores the chemical differences
between fibers from date palm waste and epoxy resin, emphasizing the hydrophilic nature of the

fibers in contrast to the hydrophobic
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Fig IV. 19 FTIR spectra of the bio-composite ER

Offer a detailed analysis of the distinctive peaks found in the filler material. In the ER%
composite, a broad peak at 3338 cm™ is identified, corresponding to the stretching vibrations of
hydroxy groups present in cellulose, hemicellulose, and lignin. Additionally, the peaks at 2919
cm! and 2852 cm! are attributed to the asymmetric and symmetric C-H stretching vibrations
within cellulose and hemicellulose, respectively. The peak at 1745 cm™ is linked to the C=0
stretching of acetyl groups in hemicellulose. Changes in the FTIR spectra of date palm residual
and a

material are also noted, including the shift of a major peak from 1748 cm™ to 1745 cm™,

shift from 1211 cm™ to 1220 cm™ [141]. These shifts suggest that hydrogen bonding influences
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the stretching and bending behavior of C-O groups. Furthermore, the spectra highlight
characteristic lignin bands, such as the peak around 1520 cm™, and hemicellulose presence is
indicated by the band near 1720 cm™, corresponding to C-O elongation in xylene [142]. During
the drying process of ER%, intra-chain hydrogen bonding, similar to the observed spectral shifts,
occurs due to structural changes during crystallization. This is supported by several peaks within
the 1211-1042 cm™ range, which are linked to C-O groups [143] from carboxyl groups and C-O-
C stretching vibrations [144]. A peak at 957 cm™! is associated with the rocking motion of the CH3
group[145]., while another peak at 870 cm™* relates to C=C bond stretching[146]. Additionally, a
peak at 756 cm™' corresponds to C-O bond bending[147]. These observations enhance the
understanding of the molecular interactions and structural transformations during the drying of
ER%, aligning with existing literature. The FTIR analysis underscores the chemical differences
between fibers from date palm waste and epoxy resin, emphasizing the hydrophilic nature of the

fibers in contrast to the hydrophobic
IV.2.4. Mechanical properties of petiole agglomerate Pt (petiole particles/white glue)
IVV.2.4.1. Three points bending test of petiole agglomerate Pt

Findings derived from three-point bending tests conducted on specimens comprising
various petiole agglomerate compositions (designated as Pt15, Pt17, Pt20, Pt23, and Pt26) offer
substantial scientific insights into the mechanical behavior and strength characteristics of the

material. The load-displacement curves as illustrated in Figure (1V.20).

Load [N]

Pt 15
Pt 17
Pt 20
Pt 23
Pt 26
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Fig IV. 20 Load -. Displacement curve for different types of Pt in three points bending test
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This curve offers a comprehensive representation of the correlation between applied load
and displacement, unveiling distinctive patterns of deformation and failure. By employing
prescribed equations (1), (2), and (3), the flexural modulus and flexural strength can be precisely
calculated from the linear segment of these curves to provide quantifiable assessments of the
material’s rigidity and resistance to deformation. The numerical data presented in Table 3 further
bolster these findings to delineate the mechanical attributes of each petiole agglomeration

configuration to facilitate direct comparisons.

Table IV. 3Mechanical property values of different types of petiole agglomerate Pt

Specimens Mechanical properties
E(MPa) o (MPa)
Pt15 347.13+3.75 1.72+0.29
Pt17 429.30 +4.04 2.01+0.09
Pt20 368.14+14.81 1.95+0.23
Pt23 334.05+2.8 1.56+0.14
Pt26 255.51+15.44 1.24+0.06

The results of three-point bending tests on various petiole agglomerate compositions reveal
crucial insights into their mechanical behavior. Load-displacement curves exhibit distinct patterns
of deformation and failure allowing for a precise determination of Flexural modulus and Flexural
strength. Notably, Ptl7 demonstrates superior mechanical properties compared to other
compositions highlighting its enhanced structural performance. These findings, in line with
established principles of materials science, underscore the importance of composition and

interfacial adhesion in determining mechanical characteristics.
1V.2.4.2. Compression tests of Petiole agglomerate

Stress-strain curves shown in Figure (IV.21) show the results of compression tests
conducted in the longitudinal (CL) and transverse (CT) directions on the platinum type which has

the best elastic modulus (Pt17) among the other types.
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Fig IV. 21 Stress-strain curve of Pt17 by compression tests (a): in the transverse directions, (b): in the
longitudinal directions

Figure IV.21 gives the evolution of the applied stress as a function of the deformation, for different
types of specimens (longitudinal and transverse) in the petiole agglomerate (Pt17) stressed by
compression. The behavior of the specimens is similar and can be divided into 3 main phases. The
first phase is the elastic part corresponding to a linear increase in the applied stress with the
deformation. The modulus of elasticity is determined by the equation of Hook's law (111.3). The
second phase is the plastic part which corresponds to a non-linear increase in the stress of the
deformation. The third phase is a resumption of a linear increase in the stress as a function of the
deformation. Indeed, from this deformation, the cells are crushed which stiffens the petiole
agglomerate.

Table 1V.4 represents the values the longitudinal and transverse elasticity modulus of petiole

agglomerate (Pt17) subjected to compression tests.

Table 1V. 4Elasticity modulus longitudinal and Transverse of petiole agglomerate (Pt17)

N°: longitudinal direction (CL) Transverse direction (CT)
Specimens Ect(MPa) EcL(MPa)
1 0.645 0.518
2 0.654 0.566
3 0.649 0.451
E average 0,649+0,005 0,512+0,040
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The results obtained from the analysis indicate that there is a change in the elastic modulus
across the longitudinal and transverse directions of Ptl7. After taking three samples for each
direction, we notice that the elastic modulus values are similar for each direction. We also notice
that the longitudinal elastic modulus is greater than the transverse elastic modulus for Pt17.

The bio-composite Pt17 material is considered orthotropic to transverse isotropic. In the
direction of the orthotropic axis, the elastic modulus is estimated at 0.512 Mpa while in the

isotropic plane, it is estimated at 0.649 Mpa.
IV.2.5. Thermal-physical properties results of petiole agglomerate (Pt)
IVV.2.5.1. Thermal conductivity results of petiole agglomerate (Pt)

The thermal properties measured for the petiole agglomerate (Pt) reveal its excellent
insulation capabilities, establishing it as a strong candidate for thermal insulation applications.
Notably, the selected specimen (Pt) demonstrates superior thermal performance when compared
to other composite materials. The low thermal conductivity (A) values, particularly when A < 0.9,
indicate enhanced insulation properties as detailed in Table (IV.5). Further confirms that among
the tested specimens, the bio-composite petiole agglomerate (Pt) exhibited the best thermal
conductivity, ranging between 0.11 and 0.12 W/(m-K). This is a significant finding, as the thermal
conductivity of the petiole composite is not only comparable to but often superior to widely
recognized materials such as wood fiber/Ecovio (0.119 W/m.K) [38], banana/PP (0.157 W/m.K)
[39], bamboo/bone (0.118 W/m.K) [40], raw wood of palm date (0.123 W/m.K) [41], hemp (0.115
W/m.K) [42], and wheat straw (0.56 W/m.K) [43]. Table (1V.5) present the different values of

thermal proprieties of different types of petiole agglomerate (Pt).

Table IV. 5 Thermal properties of bio-composite material

Specimens Thermal properties

Th.Conductivity  Th. Diffusivity Spec.Heat

(W/m-K) (mm?/s) (MJ/m3 K)
Pt15 0,1134342 +10* 0,1641180+10* 0,704002+10*
Pt17 0,1136350 +10* 0,1644110+10* 0,704028+10*
Pt20 0,1138700+10* 0,1643681+10* 0,704135+10*
Pt23 0,1138842 +10* 0,1645643+10* 0,704145+10*
Pt26 0,1138984 +10* 0,1648740+10* 0,704608+10*
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These comparisons underscore the superior thermal insulation potential of the petiole composite
material, positioning it as a viable alternative to conventional insulation materials. Its low thermal
conductivity suggests that it could provide improved energy efficiency in various applications,
particularly in sustainable construction and industrial insulation. Moreover, the petiole composite's
favorable insulation properties, combined with its potential for eco-friendly sourcing and
production, present a compelling case for its broader adoption in thermal management systems.
As the global demand for sustainable materials grows, the petiole composite offers a promising
solution, outperforming traditional materials in key thermal metrics while contributing to

sustainability efforts in the materials science and engineering fields.

1VV.3.5.2. Thermogravimetric (TGA) and differential scanning calorimetry (DSC) results of
petiole agglomerate (Pt).

The thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis of the
petiole agglomerate (Pt) offers key insights into its thermal behavior and decomposition patterns
shown in Fig (1V.22).
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Fig IV. 22 TGA and DSC curve of bio-composite petiole agglomerate (PT17)
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Initially, a slight weight loss is observed below 150°C, corresponding to the evaporation of
absorbed moisture, a common characteristic of natural fiber composites. The main thermal
degradation occurs between 200°C and 400°C, with a significant mass loss of around 22 mg,
attributed to the breakdown of hemicellulose, cellulose from the petiole fibers, and the PVA
matrix. Beyond 400°C, the degradation process slows down, leaving a residual ash content of 8.54
mg by 600°C, representing the inorganic materials. The DSC analysis reveals an initial exothermic
peak between 50°C and 150°C due to moisture evaporation, followed by a broader exothermic
event from 200°C to 400°C, reflecting the energy released during the decomposition of the organic
components. A final exothermic rise beyond 400°C is associated with the degradation of remaining
materials and the formation of carbonaceous residues. This thermal profile is crucial for

understanding the composite’s thermal stability and performance in high-temperature applications.

IVV.2.5.3. Water absorption tests of petiole agglomerate (Pt)

The investigation focused on analyzing the water absorption behavior of various biomaterials
denoted as Pt15, Pt17, Pt20, Pt23, and Pt26 Wt. %. The experimental setup involved immersing
these biomaterial specimens in distilled water for around ten hours with measurements taken at
two-hour intervals until signs of damage and decomposition began to manifest. Notably, all
specimens demonstrated a consistent trend: they reached a state of saturation approximately eight
hours after immersion commenced after which further absorption plateaued. Beyond the saturation
point degradation processes characterized by visible structural changes and the formation of voids
are initiated around the tenth hour. Figure (1V.23) illustrates the distinct water absorption
percentages for each biomaterial specimen highlighting Pt17 as having a notably lower absorption
rate compared to Pt20, Pt23, and Pt26.
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Fig IV. 23 Percentage of water absorption for different types of petiole agglomerate (Pt)

The mechanism behind water absorption in the bio-material (petiole agglomerate) can be
attributed to the presence of inherent porosity, voids and minor cracks within the interfacial
adhesion between petiole particles and the epoxy resin matrix. These microstructural features act
as reservoirs for water molecules to allow the biomaterials to absorb moisture until reaching a
saturation point where further absorption becomes limited. This saturation phase is critical as it
marks the beginning of irreversible changes in the composite's physical properties that lead to
potential mechanical weaknesses over time due to the formation of voids and the loss of structural
integrity.

Furthermore, the comparative analysis revealed that Pt17 exhibited water absorption rates
comparable to or lower than those reported for other biomaterials such as petiole (146%) [81] and
Sisal (230%) [148]. This finding underscores the variability in water absorption characteristics
among different biomaterial compositions which is influenced by factors such as the density of
interfacial defects and the efficiency of water uptake pathways within the composite structure.

while the observed high water absorption in the bio-material (petiole agglomerate) is
indicative of its porous nature The presence of weak interfacial adhesion sites that facilitate water
storage, the saturation and subsequent formation of voids underscore potential challenges in
maintaining long-term durability and performance of biomaterial-based composites in various

applications from construction materials to biomedical implants.
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1V.2.5.4. Bulk Density tests of petiole agglomerate (Pt)

The density results of the composite materials are depicted in Figure IV. 24 and Table 1V.6,
reveal a clear trend: increasing the petiole particle ratio results in higher material density. The
lowest density value approximately 0.28 g/cm3, is observed in the specimens labeled "Pt 15."
Interestingly, the specimens labeled "Pt 17" exhibit a density very close to Pt 15 with a 0.3 g/cm?3
value. This suggests that small variations in the petiole particle ratio can significantly impact the
density of the composite material.

Comparing these results with existing literature underscores the competitive nature of our
composite material. [81] reported a density of p=0.88 g/cm?, [149]documented a density of p=0.73
g/cm3, and [83]recorded a density of 0.53 g/cm3. Our material demonstrates a notably lower density
positioning it as a promising candidate for applications where minimizing weight and density is
critical. Furthermore, the similarity in density between our specimens (Pt 17) and Pt 15 indicates
that it is possible to achieve an optimal balance between density and performance to enhance the
material's versatility and utility.

This analysis indicates that our composite material has a lower density than other materials
documented in the literature and can be fine-tuned to meet specific density and performance
requirements. This makes it suitable for a wide range of applications where lightness and material
performance are crucial. Table (IV.6) presents different values of Bulk density on petiole

agglomerate (Pt).

Table 1V. 6 Bulk density values of different types of petiole agglomerate

Specimens Density [g/cm?®]
Pt 15 0.28
Pt 17 0.30
Pt 20 0.40
Pt 23 0.42
Pt 26 0.43
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Fig 1V. 24 Density of tested bio-composite materials
IV.2.6.Structural properties of petiole agglomerate (Pt)
IVV.2.6.1.Scanning Electron Microscope (SEM) of petiole agglomerate (Pt)
The SEM image of the specimen surface shown in Figure (1VV.25) provides crucial insights of
the microstructure of petiole agglomerate (Pt17).

Fig I1V. 25 SEM image of the Petiole agglomerate (Pt17)

It clearly shows the presence of numerous large dominant composites and voids which are
indicative of the material’s internal composition and structural integrity. The observation of these
large dominant granules suggests the existence of substantial particles or aggregates dispersed
throughout the specimens highlighting the heterogeneous nature of the composite material. In
addition, the SEM image reveals an irregular surface characterized by filaments, impurities, cells
and pores. These surface features create contact points that enhance adhesion between the fibers
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and the PVA matrix to contribute significantly to the overall strength and performance of the
composite material. This intricate network of surface irregularities plays a crucial role in
promoting mechanical interlocking and bonding between the reinforcing fibers and the matrix
material. Such enhanced bonding mechanisms are well-documented in material science and
engineering literature to improve mechanical properties and resistance to deformation.
Furthermore, the roughened surface topography created by these irregularities further reinforces
the structural integrity of the composite material. The SEM image provides valuable insights to
the morphology and distribution of the (Pt17), within the specimen and confirms its structural
integrity and potential suitability for applications requiring robust and durable materials. Further
comprehensive analysis and interpretation of the SEM image alongside complementary
characterization techniques will continue to enrich our understanding of the material's
microstructural properties and pave the way for future research advancements.

The results obtained from the chemical composition of our specimens are recorded in the
table.IV7. The primary composition of date palm stems consists of carbon (42.2%), oxygen
(47.7%) and a small amount of hydrogen (2.20%) which is a characteristic of organic matter. The
rest of the composition includes trace amounts of various minerals such as silicon, calcium,
potassium, magnesium, phosphorus, sodium and iron. These results are similar to the study of
A kinza [81]. When comparing these values with those reported in the literature for similar types
of wood K. Riahi [150] and B. Agoujil [74] our specimens show much lower concentrations of
these elements. This discrepancy is mainly attributed to the chemical composition of the soil and
the specific environmental conditions where the palm trees were grown. Soil pH, nutrient
availability, water quality and environmental pollutants play crucial roles in the uptake of elements
by plants, thus influencing the overall chemical composition of the wood. Variations in these
factors lead to differences in the mineral content and element distribution within the wood

specimens. Table 7 presents the chemical composition of petiole agglomerate.

Table IV. 7Chemical composition of petiole agglomerate (Pt17)

Chemical C O H Cu Mg Zn Fe Na Ca K P
Composition

Percentage %  42.2 477 290 073 189 079 199 013 0.78 0.18 0.98

98



Chapter 1V Results and discussion

1V.2.6.2.X-ray diffraction (XRD) of petiole agglomerate
Figure (IV.26) Presents the X-ray diffraction (XRD) patterns of petiole agglomerate (Pt)
to elucidate the key crystalline characteristics.
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Fig IV. 26 XRD spectra of petiole agglomerate

The diffraction spectrum exhibits several notable peaks: a sharp peak at 20 = 29.47°, a broad
peak at 23.13° and less defined peaks at 36.03°, 39.46°and 47.56°. These peaks correspond to the
(131), (103), (222), (213) and (322) crystal planes, respectively. The presence of these distinct
peaks in the XRD spectrum indicates that the fibers possess crystalline regions. These crystalline
features are crucial as they contribute to the structural integrity and mechanical properties of the
fibers. Sharp peaks typically signify well-ordered crystalline regions while broad peaks may
indicate areas with a more amorphous nature. The crystalline regions within the fibers can impact
their performance in various applications, particularly in composite materials where crystallinity
can affect factors such as tensile strength, thermal stability and overall durability. Thus,
understanding the crystalline structure through XRD analysis provides valuable insights into the

material properties of the untreated petiole fibers.

Conclusion

This chapter presents an in-depth analysis of the mechanical, physical, and thermal characteristics

of various date palm fiber and particle composites. Composites with short date palm fibers in an
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epoxy matrix demonstrated a significant improvement in flexural modulus compared to the
unreinforced matrix, with an optimal 10% ER fiber content yielding the highest elastic modulus,
an increase of 31%. While fiber contents of 5% and 7% also enhanced the elastic modulus, they
caused a slight decrease in maximum stress. Beyond 10% ER, however, both the elastic modulus
and maximum stress decreased due to the added rigidity from high fiber content, which, while
increasing resistance to deformation, also introduced weak points that could lower fracture
strength. Therefore, fiber content selection should be tailored to each application’s specific
requirements, as these composites also show advantageous thermal conductivity. For instance, the
10% ER composite exhibits notable stiffness, strong interlayer adhesion, and impressive thermal
insulation at 0.2 W/m K. Likewise, PVA composites with short date palm fibers showed improved
flexural modulus compared to the unreinforced matrix; however, fiber contents exceeding 17% Pt
resulted in reduced elastic modulus and maximum stress. High Pt fiber content, though beneficial
for certain applications, can make the material somewhat brittle, with decreased fracture toughness
due to added weak points. Despite this, the 17% Pt core provides exceptional thermal insulation,
with a thermal conductivity of 0.11-0.12 W/(m K), a thermal diffusivity of 0.096-0.109 mm?/s,
and a low density of 0.3002 g/cm3, highlighting its suitability for applications prioritizing thermal

performance.
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Chapter V. Experimental investigation of sandwich structurefor thermal insulation purpose

Chapter V:Experimental investigation of
sandwich structure for thermal insulation
purpose

Introduction

The implementation of sandwich panels is a well-established technique that has been
utilized across various industries for a significant period. These structures are renowned for their
lightweight nature and advantageous properties, such as thermal and acoustic insulation, impact
resistance, and fatigue resistance. These properties are closely linked to the selection of materials
for the skins and core, as well as the quality of their interfaces. Incorporating plant materials in the
production of these sandwich panels presents considerable environmental benefits.

This chapter of the thesis is dedicated to the preparation of sandwich structures using the materials
discussed in the previous chapters. Specifically, it focuses on the development and characterization
of sandwich structures featuring a petiole agglomerate, type (Pt17) in the core and the skins made

from a bio-composite, type (ER10).

In this chapter we present the materials and experimental techniques considered in our work, which
consists of studying sandwiches, developed at the Department of Mechanical Engineering at

Biskra University.

This chapter aims to explore the feasibility of creating a sandwich composite using date palm
materials that exhibit desirable mechanical and thermal properties. Various types of sandwich
plates have been developed, incorporating petiole agglomerate and rachis fibers from the date
palm. The mechanical characteristics of these composites will be assessed through three-point
bending tests. Additionally, the fracture surfaces resulting from these tests will be analyzed to
understand the nature of the damage. The thermal conductivity of these composites will also be

evaluated to determine their effectiveness in thermal insulation applications.
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V.1. Sandwich components
These sandwich panels are composed of the petiole agglomerate type (Pt17) in the core and

the bio-composite type (ER10) in the skins.

V.1.1 Skin (Bio-composite ER10)

The skins used in the preparation of the sandwich structures are meticulously crafted from
bio-composite based on an epoxy resin reinforced with rachis fibers. Specifically, the composition
includes an epoxy resin combined with rachis fibers at a mass fraction of 10% dense fibers
(referred to as ER10). This composition was selected based on its demonstrated mechanical
properties and compatibility with the core materials, as discussed in Chapter I11. The inclusion of
rachis fibers within the epoxy matrix provides enhanced stiffness and strength to the skins, making
them suitable for the intended application in sandwich structures. To provide a visual
representation, Figure 1 showcases a composite mat plate labed ER10, which illustrates the
distribution and integration of rachis fibers within the epoxy matrix. This careful selection and
preparation of the skins are crucial for ensuring the overall performance and durability of the

sandwich composite structures being developed in this study.

Fig V. 1Bio-composite ER10 used as a skin in the sandwich
Table (V.1) presents the proprieties of bio-composite ER10 obtained in the chapterlll.
Table V. 1proprieties of bio-composite ER10

Bio-composite = Omax A HB Density(
(MPa) (Mpa) (W/m.°K)  (kgf.mm2) Kg/m®)
ER10 3385+89.16  46.46+2.59 0.2110 + 107 13 1105
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V.1.2 Core (Petiole agglomerate Pt17)

The core used in the preparation of the sandwich structures is meticulously crafted from
bio-composite based on a resin epoxy (white glue (PVA) ) reinforced with a petiole particle of (0-
1)mm in the size. Specifically, this bio-composite includes a P\VA matrix combined with petiole
particle at a mass fraction of 17%, referred to as Pt17. The process of developing and studying the
composites with petiole particles (Pt17) is thoroughly described in Chapter Ill. Figure 2presents
the various materials utilized as cores in the sandwich structures, showcasing the different
configurations and compositions employed.

The mechanical characteristics of these core materials, including their stiffness, strength, and
overall performance, are detailed to provide a comprehensive understanding of their suitability for
use in sandwich composites. The selection of petiole particles as core materials is based on their
lightweight nature and favorable mechanical properties, essential for enhancing the performance
and efficiency of the developed sandwich structures. The combination of the PVA matrix with
petiole agglomerate aims to optimize the core's mechanical properties, ensuring that the final
sandwich structure can withstand various stresses and maintain structural integrity in its intended

applications.

Fig V. 2 Petiole agglomerate Pt17 used as a cores in the sandwich

Table V. 2Proprieties of bio-composite ER10

Petiole E+(MPa) omax (Mpa) A (W/m.°K)  Ect(MPa) EcL(MPa)
agglomerate
Pt17 429.30 +4.04 2.01+0.09 0.113 +10* 0.649+0.005 0.512+0.040
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V.1.3. Sandwich preparation [petiole agglomerate (Pt17)/Rachis fibers -epoxy resin
(ER10)]

After the preparation of the core of the petiole agglomerate. The implementation of the
sandwiches is carried out at the technical hall of the mechanical engineering department at the
University of Biskra by the gluing method. This study is carried out a sandwich defined by two
skins ER10 with 3mm thickness and a core in Pt17 with 20 mm thickness.

To prepare this type of sandwich (SP/R), we can follow these steps:

e Weigh 10g of the rachis fibers and 90g of epoxy resin and mixed the two components together.
Fill the mold (150x130x3) mm3 with this resulting mixture to obtain the bio-composite ER10.

e Place the specimen of the Pt17 on this bio-composite ER10 to obtain the first skin, and
then leave at room temperature for 24 hours just to dry, and then unmold the semi sandwich
(sandwich with a single skin).

e Prepare another plate of the bio-composite ER10 to use as the second skin of the sandwich.

e Place the semi sandwich (the face without skin) on the previous plate to obtain the second
skin and also leave it to dry.

e Finally unmold and cut the specimens to obtain the sandwich (Sprr).

These steps can be summarized in a protocol following in Figure (V.3).

Resin epoxy Filling the mixture Core with first skin
to obtain ER10

i S d skin
Specimens of Cutting econd s

Sandwich (Ser)

Fig V. 3Sandwich preparation protocol (SP/R)
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Two types of sandwiches used in this work to perform three-point bending tests and thermal

properties. They are presented in figure (V.4).

Fig V. 4Sandwich specimen’s types (a): SP/R to three points bending tests,
(b): SP/R to Thermal properties tests
V.2. Experimental technique of sandwich structure (Sr/r)

The tests performed in this part are mechanical and thermal properties; three-point bending
tests to obtain the overall stiffness and thermal tests to obtain the thermal conductivity and thermal
diffusivity.

V.2.1. Mechanical properties of sandwich (Spr)
These tests determine the overall stiffness (Dg) in the sandwich (Spr). We consider a

sandwich with (B) in width, (L) in length, two identical skins with () in thickness and a core with

(tc) in thickness (Figure V.5).

Fig V. 5 Geometric dimensions of a sandwich by three point bending
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These tests were carried out on specimens according to standards ASTM C393- 62.1988 [6].
They were performed by applying the load (P) in perpendicular direction in the middle of the upper
skin of the specimen. It was placed on two supports with 80 mm of distance Figure (V.6).

Fig V. 6Three-point bending test of Sandwich SP/R

Overall stiffness is calculated from a linear part of a curve load (P) — deflection (8). Elastic

deflection can be expressed by the following:

§ =38+ 8, (V.1)
§=1 42 (V.2)
5=[2+4].p (V.3)
6 =[F;]l.Por P=[D¢].& (V.4)
Do =4 (V.5)

Where Dis the flexural stiffness, S is the shear stiffness.
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With De(Overall stiffness) is a slope of the linear part of the curve. This formula is valid only for
the beginning of bending tests when the deflection is relatively small. Three specimens of

sandwich (Spr) used to determine the overall stiffness (Dg).

V.2.2. Thermal properties of sandwich (Se/r)
The thermal properties of sandwich samples, each with dimensions of (40x40x20) mm3, were
systematically measured using the HOT Disk TPS 500 shown in Figure (V.7), a specialized

thermal characterization device.

Fig V. 7 Experimental Analysis of Thermal Properties Sandwich SP/R
This device, equipped with a temperature probe capable of reaching a maximum of 60°C,
enabled precise assessment of the samples under controlled conditions. The measurements were
conducted in an environment maintained at 28°C with 20% relative humidity, ensuring consistent

conditions for reliable data collection. The study focused on three key thermal properties:

Thermal conductivity, thermal diffusivity, and specific heat. These properties were observed
to vary depending on the molding method applied to the samples, highlighting the influence of
manufacturing techniques on the thermal performance of the material. By analyzing how these
properties change with different molding processes, the research provided valuable insights into

optimizing thermal behavior in engineered sandwich structure.

V.3. Results and discussion
V.3.1. Results of Mechanical properties of sandwich (Spr)
The results of the three-point bending tests on three sandwiches Spr (1) beams made from

are illustrated through load-deflection curves (Figure.V.8).
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Fig V. 8Load-deflection curves of Sandwiches SP/R during three-point bending test

These curves depict the relationship between the applied load and the deflection. Across of
three sandwich (SP/R) tested, the three-point bending behavior consistently exhibits three main
phases: an initial linear increase in applied load with deflection, followed by a nonlinear phase
leading up to the maximum load, and finally, a sharp decline in load until the specimen fails.

In the linear part of the curve, the overall stiffness (DG) is determined by calculating the slope of the load-
deflection curve (as defined by Formula V.4).
The experimental values of overall stiffness (DG) in N/mm and the maximum load for each sandwich

structure are summarized in Table (V.1), derived from the load-deflection data.

The load-displacement graph shows the rigidity performance of three specimens (SP1, SP2,
and SP3) tested under similar conditions. SP3 demonstrates the highest rigidity, with a peak load
between 850-900 N and a displacement of about 2.5 mm at failure, indicating that it can bear the
greatest load before breaking. SP1 follows closely, with a peak load around 800 N and a similar
displacement at failure, suggesting it also has strong rigidity but slightly less load-bearing capacity
compared to SP3. On the other hand, SP2 shows the lowest performance, with a peak load of
approximately 750 N and a higher displacement at failure (around 2.7 mm), implying that it has a
lower stiffness and greater flexibility. This suggests that SP3 has the best structural integrity, while

SP2 is softer and more prone to deformation under load.

Table V. 30verall stiffness values of sandwich SP/R by three point bending test
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Tickness
Sandwich Widith (tct+2tr) Length Overall stiffness
Spir B [mm] [mm] L [mm] Dc [MPa]
Spr (1) 20,65 20,7 80 794.37
Spr (2) 19,63 20,56 80 797.91
Spr (3) 20,3 19.34 80 857.38

Dc
(average) 816,56 +27,21

It is observed that the overall stiffness of SP/R (petiole agglomerate Pt17 in the core and bio-
composite ER10 in the skins) is 816,56 MPa, which is higher than the toughness of another
sandwich (cork agglomerate/glass fiber - polyester resin) (290.70 MPa) which has been studied
in other studies [151].

Djemai et al. 2022[88] also studied the D¢ of several types of sandwiches (SPoz1, Sca and Srp).

Comparing the D¢ value obtained in our work with the results obtained by Djemai et al.
2022[88], we note

Almost the same value of the manufactured material Spox with: 818.90 MPa and its value was
greater than the value of the Sca material with: 106.73 MPa and the value of the Srp material with:
569.11 MPa.

Thus, we can say that the Sp/r biomaterial has a specific hardness and can be used in several fields,

taking into account its thermal aspect.

V.3.2. Thermal properties

The thermal properties of date palm core sandwich structures demonstrate their
effectiveness as insulators;this low thermal conductivity makes date palm-based sandwiches
particularly well-suited for insulation applications. This table Table V. 4 shows the thermal
properties of three sandwich samples selected for this study. These materials significantly
outperform traditional natural insulators such as coconut, flax, wood fiber, and cork, whose

conductivities typically range between 0.42 and 0.87 W/m3K. Overall, these results confirm the
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effectiveness of date palm waste as high insulators, comparable to or superior to other natural

materials commonly used for thermal insulation.

Table V. 5 Thermal properties of new sandwich-structured composite

Sandwich  Thermal conductivity [W/m.°K]  Thermal Diffusivity [mm/s?]

SP/R1 0,15 0,128

SP/R2 0,15 0,115

SP/R3 0,149 0,114
Average 0,1497+5,77E-04 0,119+7,81E-03

Fig V. 9Thermal properties of sandwich structure beam specimens bio-composite

V.4.Thermal Evaluation, Application in Solar Flat collector

In this part, we compared the thermal resistivity of the different sandwich materials with
that of the new material we developed. The thermal characteristics of this new material were then
used to calculate the thermal performance of solar collectors for drying applications. We initiated
with a comparative analysis between two different types of solar Flat plate collectors FPCs,

differentiated by their rear insulation materials

For the calculation of the thermal performances of FPCs, we used the calculation code
developed by Labed [154].

V.4.1.Theoretical analysis

V.4.1.1.Thermal resistance of sandwiches

Sandwich panels are primarily composed of two main parts: the skins and the core. The
structure and components of these panels are illustrated in the following figure. For sandwich
panels made of three similar or different materials, the equivalent thermal conductivity is
determined by considering the thermal resistance of each material. This resistance is defined by
two key properties: the thickness of the material e (mm) measured in millimeters and its thermal
conductivity M(W/m K).
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Fig V. 10 Equivalent Electrical Model of Thermal Resistance in Composite Walls

With

e e e
Rior = /1_1 +=2+ /'L_3 = Reore + 2Rgiin (V-l)

1 )LZ 3

:—1The resistance belonging to the first skin material (e;,4,)
1

z—zThe resistance belonging to the core material(e,,A,)
2

%The resistance belonging to the second skin material(ez,453)
3

V. 4.1.2 Comparison of Thermal Resistance of different Sandwiches

In order to compare our best-developed sandwich composite material with different
industrial materials, we presented in Figure V.11 the calculated values of thermal resistivity of
different sandwich materials in Table V.5. These sandwiches are presented and numbered in Table
V.6.
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Table V. 6Materials Composing the Sandwiches and Their Thermal Conductivity

Skin Conductivity Core Conductivity
A(W/mK) A(W/mK)
Plywood 0.11 Petiole Pt17 0.113
Epoxy Resin 0.196 Raw wood of palm date 0.123
(Djoudi)
Recycled Paper 0.021 Wood fiber/ ecovio 0.119
ER10 0.21 Polysterene 0.038

The materials used in the sandwiches include those forming the skins and those creating the cores, as

shown in the following table.

Table V. 6 Different material combinations used for comparison

Sandwich Sandwich Sandwich Sandwich Sandwich4 Sandwich Sandwich Sandwich7? Sandwich?

1 2 3 5 6 Calculated Measured
SP3 SP3
Core Raw Pt17 Wood  Polystyrene Pt17 Pt 17 Pt17 Pt17
wood of fibre
palm date
Djoudi
Skin Epoxy Epoxy  Plywood  Plywood Plywood Recycled ER10 ER10
Resin resin paper

It seems from Fig.10, that the composite material Pt17 present presents a good choice for
thermal insulation when sandwiched between recycled papers. It is also seen that the calculated
resistivity of our new sandwich (S7C) is higher than that of the measured resistivity S7M.
Anyway, we can say that the values of the thermal resistance of our new sandwich are very

acceptable to be used as insulating materials; on the other hand the core made of petiole can be
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sandwiched between other materials such as recycled paper to give a better thermal resistivity if

the application does not involve humidity.

Thermal resistivity [m*K.W ]

S6 S7 S7TM

Sandwich number

Fig V. 11 Comparison between the Thermal Resistance of our new sandwich with different Sandwich
materials

V.4.2. Application in Solar Flat plate collectors (FPCs)

To evaluate the thermal performances of our new composite, we integrated this composite
material in FPC as rear insulation and compared it to conventional FPC equipped with a
polystyrene sheet in the rear insulation. Both studied collectors are equipped with diverging

channel ducts for the air outlet and inlet cross sections, allowing the airflow to be adjusted.

V.4.2.1.Presentation of FPCs Models

The dimensions of the collector components are as follows: a single glass cover with a

thickness of 5 mm, an air gap of 25 mm between the cover and the absorber plate, and an air duct
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height of 25 mm. The absorber measures 1.96 m x 0.9 m with a thickness of 0.4 mm, while the

rear insulation has a thickness of 30 mm.

Both solar air heaters are constructed using identical materials, except for the insulation. The
absorbers are made from galvanized steel coated with a non-selective black finish to enhance heat
absorption. Heated air flows between the inner surface of the absorber plate and the back plate.
The rear insulation consists of a 20 mm thick polystyrene or bio-composite sheet, sandwiched

between two plywood sheets, each 5 mm thick.

As shown in Figure 12, the FPC with polystyrene insulation and plywood sheets (model
A) features an absorber plate positioned behind the transparent glass cover, separated by a static

air layer to improve thermal efficiency.

In the second flat plate FPC (model B), the rear and lateral insulation is provided by
composite material (Pt 17).

Cover Cover
Absorber | Absorber
Air — Back plate — A—ir——h Back plate —>
= e T
Plywood sheet & Sandwich SPR3”
Model A Model B

Fig V. 12Schematic view of FPC models

V.4.4.2. Theoretical analysis

Before the presentation of the proposed configurations in the previous section, we present the
expressions used for the calculation of global heat loss, useful energy and efficiency of the solar

collectors:
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The useful energy gain had been established [155] as below:
Qu = mcp(Tfo - Tfi) (V.2)

And the following heat balance expresses the thermal performance of a collector under steady-
state condition

Qu = ACFR lIG (Tvaabs) - UL(Tfi - Ta)J (V3)

A measure of collector performance is the collector efficiency, defined as the ratio of useful heat
gain over any time period to the incident solar radiation over the same period, we can define

efficiency as,

— v
n= Tode (V.4)

Solving Egs. (2) - (4), and 77 can be obtained as:

_ mcp(Tfo_Tfi)

v (V.5)

The collector efficiency can also be related to the inlet fluid temperature using Eq. (6).

(Tfi;Ta)J

n= FR l(Tvaabs) - UL I (V-G)

Here, I:R(TVO[B‘*JS)and FUL are two major parameters that constitute the simplest practical

collector model. Fe (TvaabS)is an indication of how energy is absorbed and FUL s an indication

of how energy is lost. Besides, UL is the collector overall heat loss coefficient. The thermal energy
lost from the collector to the surroundings by conduction, convection and infrared radiation. Uy is
equal to the sum of energy loss through the top (Uy, bottom (Up) and edge (Ue) of the collectors
given below [156].

U, =U,+U, +U, )
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To make a simple, direct and very clear comparison, a standard test procedure ASHRAE
93-2003 has been adopted. The general test procedure is to operate the collector in the test facility
under nearly study conditions, measure Ig, Ti and T, which are needed for the analysis method,
this means outdoor tests are done in midday hours on clear days when the beam radiation nearly

normal to the collector. Thus the transmittance-absorptance product for this test conditions is

approximately the normal incidence value and is written as Fuas [155].

V.4.2.3. Thermal Performances Evaluation of FPCs

The outlet air temperature of the flat plate collector (FPC) is a key indicator for assessing
the collector's performance and predicting its efficiency. This parameter also significantly
influences the effectiveness of the drying process. In this study, calculations were performed to
estimate the outlet temperatures of two FPC models, as shown in Figure 13. The results indicate
that the FPC with polystyrene insulation (model A) achieves the highest outlet temperature.
However, the difference between the temperatures produced by both solar FPCs is minimal.
Notably, the outlet temperature provided by the FPC using composite materials (model B) across
a wide range of air flow rates (40-55°C) is sufficient to meet the energy requirements for drying

applications.

The efficiency (n) of the FPCs was also analyzed as a function of air flow rate, as depicted
in Figure V.14. The thermal performance improvements are significant for both models. For the
FPC with polystyrene and plywood (model A), the efficiency reaches 50% at a mass flow rate of
80 md/h. Similarly, the FPC with composite material (model B) achieves an efficiency of 45% at
the same flow rate.

The analysis reveals that the efficiency of both models increases with higher air mass flow
rates. While model A exhibits slightly better efficiency compared to model B, the difference is
marginal, particularly for applications like drying and heating that do not demand high-

performance specifications.
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Fig V. 14 Variation of the FPCs efficiencies Vs. the air flow rate, Qv
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Conclusion

In this chapter, a mechanical characterizationwas carried out using a three-point bending test
on sandwich structures, along with an analysis of their thermal conductivity. This process required
the development of specific fabrication methods for these sandwich structures, which were based

on materials derived from date palm fronds.

The various types of sandwich structures were prepared using the same skins (EFR10) and cores
(Pt 17) but with different manufacturing techniques. The load-displacement curves obtained from
the three-point bending tests allowed for the calculation of the global stiffness (DG) for each
sandwich type.The sandwich structure with the core (SP3) exhibited the highest global stiffness
compared to the others. The structures produced using a direct bonding method without adhesive

demonstrated higher overall stiffness compared to those manufactured through direct molding.

In terms of thermal conductivity, we can say that the values of the thermal resistance of our
new sandwich are very acceptable to be used as insulating materials; on the other hand the core
made of petiole can be sandwiched between other materials such as recycled paper to give a better

thermal resistivity if the application does not involve humidity.
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General Conclusion

In conclusion,

In this work, we have focused on one of the largest deposits of abandoned wood in the Middle

East and North Africa, and Algeria in particular; it is the waste of date palms.

Date palm groves produce vast quantities of dry fronds annually, which are typically discarded.
The ability to repurpose this biomass without the need for replanting makes it a highly sustainable
and ecologically sound choice. Since this product is renewed annually and does not need to be
replanted. This gives the ability to repurpose this biomass without the need for replanting makes

it a highly sustainable and ecologically sound choice.

In this doctoral thesis, we demonstrated the significant potential of date palm waste, particularly
fibers from mature palms, as a renewable and sustainable resource for bio-composite materials,

offering a compelling alternative to conventional wood-based products.

Experimental investigations carried out in the first phase of this research, focused on the
characterization of the physical and chemical properties of date palm fibers, specifically petiole
and rachis. This included analyses of fiber volume, lignin content, chemical composition, thermal
behavior and density, providing a comprehensive understanding of the raw materials. This initial
assessment revealed considerable variability in the properties of date palm fibers, a factor

attributed to species diversity and variations within the same palm.

Two types of composites were developed and analyzed in the 2" phase: epoxy/rachis fiber (ER%)
composites for the skin and petiole/PVA fiber (Pt%) composites for the core. The mechanical and
morphological properties were examined across different fiber sizes and mass fractions, revealing
that higher fiber content increased rigidity and modulus, although with a slight decrease in fracture
resistance. These findings underscore the importance of balancing fiber content to optimize
mechanical performance. Furthermore, the exploitation of these bio-composites in sandwich
structures, with composite skins made of rachis fiber/epoxy and a petiole/PVA as core, is
presented. Three-point bending tests demonstrated the mechanical viability of these sandwich
structures, showing that the Pt17% composite core with ER10% skins offered substantial stiffness,
strong interlayer adhesion, and excellent thermal insulation properties (0.2 W/m-K).
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Comprehensive testing showed that the Pt17% core exhibited outstanding insulation (thermal
conductivity of 0.11-0.12 W/(m-K), thermal diffusivity of 0.096-0.109 mm?/s) and low density
(0.3002 g/cm?), making it ideal for lightweight applications. Moreover, the ER10% composite skin
achieved a flexural modulus of 3.21 GPa, bending strength of 9.28 MPa, and thermal conductivity
of 0.21 W/(m-K), with a thermal diffusivity of 0.17 mm#2/s, confirming its effectiveness as a

thermally insulating, ductile, and durable surface material.

As application, a comparative investigation between the thermal performances of two solar flat
plate collectors (FPCs), distinguished by their rear insulation material, with the aim of valorizing
our novel local date waste bio-material is presented for solar drying tests. The first FPC (Model
A) utilized conventional insulation materials which are a polystyrene sheet sandwiched between
tow plywood sheets, and the second FPC is equipped with our new bio-composite sandwich
material. It’s noteworthy that the efficiencies of the conventional FPC (Model A) exhibit a slight
superiority when compared to the new FPC featuring bio-composite insulation material (Model
B). However, it should be noted that, the values of the thermal resistance of our new sandwich are
very acceptable to be used as insulating materials; on the other hand the core made of petiole can
be sandwiched between other materials such as recycled paper to give a better thermal resistivity
if the application does not involve humidity. These findings underscore the importance of carefully
considering the impact of various parameters, such as mass flow rate and insulation material, in

optimizing the performance of solar air heaters for efficient and successful energy conversion.

Overall, these results highlight the feasibility of using date palm fibers in the bio-composites
industry, supporting the development of innovative, low-cost, eco-friendly materials with minimal
environmental impact. By converting agricultural waste into high-performance composite
structures, this study provides a valuable foundation for future research and industrial applications

in fields requiring sustainable, thermally efficient materials.
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