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In this study, the effect of stacking sequence on the mechanical properties and low-velocity impact behavior
of hybrid Innegra/flax composites was experimentally investigated. Two symmetric stacking sequences,
[F2/L]s and [LI/F]s, were fabricated using the hand lay-up technique and subjected to tensile, flexural, and
low-velocity impact tests. Low-velocity impact tests were conducted at three impact energy levels of 5.64,
11.28, and 22.56 J. The impact response was evaluated using force—time, force—displacement, and absorbed
energy—time curves. The tensile results revealed that the [Io/Fz]; laminate exhibited superior mechanical
performance, achieving a tensile strength of 75 MPa and a tensile modulus of 5.08 GPa, compared with 71
MPa and 4.51 GPa for the [F2/L:]s laminate. In the flexural test, the [F2/L.]s laminate exhibited a flexural
strength of 128 MPa and a flexural modulus of 0.095 GPa, whereas the [I./Fz]; laminate showed a higher
flexural strain of 5.75%. Furthermore, the impact results demonstrated that placing flax fibers in the outer
layers increased the peak impact force at intermediate and high impact energy levels. In contrast,
positioning Innegra fibers in the outer layers produced more symmetric force—time responses, a more
gradual reduction in contact force, and delayed the propagation of internal damage, thereby enhancing the
overall impact performance of the hybrid composite.




0940l (5 )9Ud 9 pole &y puiss

Oble 5 Sho (S5))

Sl OUS (53 110 Slawm 20l (paly ne pus &3 6 JS) 5 Kle (olod 31 unasd o3 18l 2 pas ) 20

G55l iz plys L, oy 4 g0 Gla gl el ol 5
Gy g ek SLI L sadicusl slacyjeals (SSle olss
by aded BUI (5l pen SIS ) 5es § (o VI il 5y
Sy 59005 yuizmen 5 (LS BLIIL ooy 385 cnS 9] (sloy j5elS plgo
SLIas ols ylis o] ol iols )3 sy 8550 1) GLSTalud g0y
) lacojeals ol 0 Ol Gazx g)lul 0g )0 cage (EE i
12 500 (15 B slac 30,005 50 ST iz Gliee 45 (5 jsboss atiS oo
O 155 Al SLITL eadicg o slacajoelS ) i 2l

B b odiCusli CujpeelS 55 aw [16] o) Ken 5 jlogS isiles
I8 o Syse |y 3 Sl 5 2LE 6 GBI L cale GLII bty el
SBLINL oadcn 985 (slocy joualS pied g LS plSoeinl ¢ yuizmon isls
s .20 )5 e 1) el )le Gile 0y e 9 S0 L cale oy e e Gl
Glo e GLI L cadcaed CujemlS boawglie o oS ol olis
Seedr & e eelile ale 5 JS UL ale gusne lacaseelS
[17] o 5en 5 65, @555y Wiod iad g oS plSoxiusl azg5 bl
5 Jlm 570l5 SUII (g0 pmn slacasomalS 5o slaz )l SLII (slyiome
o] zols .asals 1,8 anlllaes g0 1) BLI! s (oo (oo S (puiead
Plo Souts 9 (s Gialdl 4 e Jlacw BLITas jo jiolidlas sls Lis
Cawd 4 I3 Cand o cined a8l 5 oiS a8l (g5lu Jled (65 5]

slacejonsls Slays 5 (SHlL ) [18] GlSes 5 (SLo (E5,
S ol ol @l WS ey |y il sl 5 Sl
o 8les Led g iiS Glaioles] o S gl anw; sl slacy;susls
CojeemelS 4z ST pizmen il giwl s lediged A G (6
Sl ol Ll 0 Gix it wpe @5l Sl
232 b il g Sl oS (e 3 13508 42 525 ) (5 500 S
OLis 993 5l 6551 (s <SSk 4y 6551 Gl Tska 50 S (655
Sl o 5 (SilSa )by e g5 4z B b o3l Sl @l ol ol
sl S BN L sy 55 slacy jaeels
o O30 et ol 5 S5 5o L8, ()5 o22S Conglie g Ld
5,80t Tglowy b aeglin 13 Jlagms BLI a5 3l i gl 5 8,5 )3
A3 (oo GLiS 395l eaiS Ca sl Glyieds (55 F5e

5 szaY IS 58U 0lye 28 oyp S [20] Gl Sen 5 5o
Suoglie 5 (Sl (ole> p Sdll g VoS (S it SUI g5l o
as oy las Lak'j s ol pll (gyendy slocyjeels iole 4
el Al Sl oyl sk 3 oS sboaY o5 lacyjsels
Obe ainge ol Wlgioe s Glatuieals o SUI (5 lene
(omzmed S obul lojle Sz LSS g dasrecans ) gyl oSl
Gialo 4 Cosslie Ll 6l ke o,Sal, Glsiear B g5looy et
5 roeh ghae Ole oy SRS ean Sl (BU gadse (nl 45 WD (e

3 Kapok

doado -1
@ owigen Sl (pFI )5 0 g (A e 5L Sy lpeas iy jenlS
Pl (065 039 & lejes Sl 9 (olgS aredan (b bl o
«Silwgygs dadlsn plio )5 cage b wogllae (Sle o Shes 9 VU
L g0 w5 b olge cpl J1T 08 o ] cwsige sloojlo 5 6550 el yo
(S il pola (Sl elsr (gileang Ol il 5B
Wileoe @l B 1) G55l Qi Cudib g 40 4 Cwglie (i S
onaad S5 glizl 5l S el 518 gl ) Jel> o Shee oS glasgSay
ey la SIS 2l b sl slaJle o 03 2] el Slsa
b ondioshi slacujonsls 4 (29 B 4z ol dlgs arngs @ 5l
@S 059 Jods 4 by eels laiws cplcwl oad Bglare ands S
Olyeds i slarze b )5k 5 Somb oy anje il s pdyayass
Sload ke Jghtto (slacs s0alS 5l (o5 (200l (sl conlio slan 5
14, 5] %5l Gilises mlio 0 0,5 sl oYU Sty

Lol S L oadoassl slacyjomls bl onl sl
(foman B 4 ol S Saw g plSoul e placusgasw
axlge oduzmn CunSlh )L, 5 Cush) 4 Colus (S pls ( SaiSTy
S5l dgamme (glojles (63,0 Ll 4o 1) oyl 018 wilgh o 45 A
Sonte Slp Fhe 6,815 Glaied (G yed S CajgalS ang il 5o
Glacusenls [6] coul 4135 13 axg55,00 Slge ol (SwilSe 5 Sles
I (Sayiz b (pyran SU 5 (o SUI oS5 5l Jolo sy
5 03k 0y (Sl lst gl Jobss 4 alws sl S5 6950,
edlgl b Uy lreas |5l Lo o &3]  lawcacans ; Sl
Jodo @ icmlie (655 Ddr Cells g Vb (Sajiz ol sl S L
8 ez 090 o Sealus 5 Glaye G Nl Ry o sl 3 Slas
ol oy Jodo 5 plSoial Jodo 4y (LS SLI S0 g 5l lad S
St 5elS anwgi 6l ceslie GlaniS (oo pdinsa s ol O3s
Sl rSore b wlgioe S ed (nl S 5 inlpli Sgd oo Do Sl
Pl Sl G55 Qe g Ko s Cobl g LS plSeial 5 b
5 Sl o ISk cos las )5 Gl 1) s ol (Sl
[10-7] &S ol 3 gl o

sgb a4 aVaiz Glacyjenals’ (S 18, SLI oS 5 g g5 p opdle
Bl IR ez aY Rl et (s 3l sla el ooy BTN
S 5 STt S a8 e JEl g Wl oo oY (65 )13 I
2 o 36 g 00,8 SIS 1) Sl SlapiilSe Coles 0 5 S5
oFaus jlall arsls ey jamelS 4,0 4 Cunglio 5 (odas o L2lS  plss
i alire (slas NS b o e jmels (Sl gl lge  swiigeo
Solons g aneej = S (St SUI SIS (ols> o 0dezm A 002
St (G 55 58 @ e il o sz celial Gal)T ool slaY
2B ay Jlg a2k oS Jbjo w0l plliesg) cusls 5 bay
) 55 iz bl Gl g S5 T e 3l 85e (i Jlanl can
il i Sl oy coycnlyl [11, 12] sl aals ol on 4
St ) a9 S yed S jealS (Sl (pleS e
o5 o dlse pl (silhaign 5 axws slp (ST aile e
[13, 14].05) 00 jlods 4y (55550 (5l (i

! Snake grass
2 Coir



Oble 5 Sho (S5))

Sl OUS (53 110 Slawm 20l (paly ne pus &3 6 JS) 5 Kle (olod 31 unasd o3 18l 2 pas ) 20

& -2

ol bey 3 olgo-1-2

Slga gt onsazily Sl Gl g sabatil, oS GLI ¢ gy ol 5
EPL (oSail 02 5 s yonky (o ile a8 57 18 oaliiuls g0 oS oy s
5 oS LI s J> s sl EPH 112 isla ol yen 4 1012
Slye SlSe oyt solitl g yayie oS 120 5 200 a5 2 1Sl
eloats il T Joazr s 5ol = (3 e 5 SLII Lol 4]

oislo gl (Sl ol 1 Jgur
Table 1 Mechanical properties of the constituent materials
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1.05-1.20 0.84 1.35 g/cm? &
80-95 667 630 MPa
3.2-3.7 14.8 60 GPa

5-6 12 1.5 %

120-150 - - MPa
3.3-3.8 - - GPa
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Fig. 1 Schematic illustration of the stacking sequences of the
composite laminates: a) [F,/1,]s, b) [I,/F,];.
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Fig. 3 Schematic view of the three-point bending test performed on
composite specimens using the STM-150 universal testing machine.
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Fig. 2 View of the STM-150 universal testing machine and the
configuration of the composite specimen during the uniaxial tensile
test.
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Fig. 5 Force—displacement curves obtained from the tensile test of
Innegra/flax composite laminates with different stacking sequences.

slaYar pis bl 5l Jolb> ol - g5 slagme 5 g
zaY Gz sl b GbSTLS] (ajsels

58 Ohal33l gy Gyl 99 g 05 o0 oamlin 5 IS 4o a5 @isS (len
slagzie mde (o ,e 18, aimo o Glid it Jb 4 g, B,
155 S15 Lelgs g asYair o e Coalo 4 (g o ) olrale - g8
CenSl ()5 g yeS Al Jooo b S0 SLI jpam ol o
30 Py Ojged SBUI pl 0ed o o LS BLI @ cs iy
o 3l ISl (S B S 5 5 008 S e b Joos
(6,15 ,L sl L 7] o sl s Sl i, b Jolote slacy jaeels &
SET 51 g by (spobien Wig) Ay S9508 & sy U Wised 99 52
D5 oo 0ddline g0 SLSL Cdl (eSS
T S I 59 ol e oo 5 agimin e 5o i
Sacjomels (225 8, g B b zaY Jy o5
2 Jeaz 50 eabdl)l ateii¥l Joae polie elul 5 ools gay e
Oyl 4 o (5 (s (JBLLLISS 5,081 Jsae b [I2/F2]s il
5555 ol odlen ols Lt 093 5| JISbISS 4.507 Jsoo b [Fa/La]s
SIS 0 USE s Sl poalie b Sily l)T cpl i ol
Qlgs oo sz Y (Il i a5 a0 oo LS =l ool el codo 58l
M Gy Lo joralS JSG poti ) 5 Zudo p Glojen j5b

sl

ol 6y 5 o] 42
&l ASTM D7136M-15 st gllas sl Sy a0 Liales]
b 408 e Jols Gialej] Ol [27] 0 plonil sl 53, o3
Sboaiges 35 o loe 16 518k (59,50 ()75 4 jpome 005 bgiw 4555
eeSd 55 Ladigas o ooliiul yie dee 100X150 slal b 2 jgmals
S el a5 sBs (o b wiad ceal e Jlee T5X125 0,0 L (g0Yed
S 2S5y Josog) 31 420 (5955 (6 S o3l (sl il ool ailol3T S
S pdigai F5 L DEWE-43A ools ool g 4 laools 5w ool
Dpd Sad Yzsdy b (Seelus guly b s Soe Jiie 35,6k 20
IS Lol la Ty Lis 5 Yo LulS 3 slopy Bi> jsliaa
Uil Butterworth (IIR) 35l 2hd 51 ool b g0 cloosls
Sl T oy &S Il yo e 3leley i) s b a o (31 - 2l
(Ol goba )0 40 655wl a0l J5US 09 0 S SlS 5T Bl s
Sl oyg05] pll sl (Jg522.56 5 11.28 5.64 us 5au) YU g lawgie
I s3] 9550 digel ds g3yl s o 50 5 Sz e Gl e gl ol
oS iges 9 omlb S a0 Golejl oBws IS sl 4 S5 e S

22300 Ol 1 a3l

b-o)

Fig. 4 General view of the low-velocity impact test apparatus: a)
Open view b) View of the sample and impactor
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Table 2 Tensile properties of Innegra/flax composite laminates with different stacking sequences.

Ages (N) g, (mm) olal> (MPa) s % 5,5 (GPa) Jgae
[F2/12]s 6095.25+541 0.7265+0.134 71+4.3 1.4410+0.26 4.507+0.558
[L/F2]s 6532.25+1149 0.7421+0.154 75+14 1.4842+0.30 5.081+0.694

G5 S 03 GRalS 5 (S SESeSh @s cazge g ol (e T D i
DLy 5l i digel ched gl @ 0 Wi oo (1550 4l 0
053 5l ik (et L, (UKD yess GG g 4 S alols as

e o olis

6 7 8 9
Displacement (mm)

Fig. 6 Force—displacement curves obtained from the flexural test of

Innegra/flax composite laminates with different stacking sequences.
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Table 3 Flexural properties of Innegra/flax composite laminates with different stacking sequences.

o (N) 5, (mm) ol (MPa) a5 (%) oo 55 (GPa) oias Jpre
[F2/12]s 267.2+£32.2 3.44+0.05 12848.6 2.25+0.5 0.095+0.006
[12/F2], 253.5+£32.9 7.335+£1.23 112+4.4 5.75+1.0 0.041+0.013
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Fig. 8 Force-time curves of flax/Innegra hybrid composites with
stacking sequences [F2/Iz]; and [I/F:]; under an impact energy of 5.64
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Fig. 7 Photographs of the specimens after the flexural test: a) [F2/L]s,
b) [L/F]s.
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Fig. 10 Force—time curves of flax/Innegra hybrid composites with
stacking sequences [F2/L:]y and [L/F:]; under an impact energy of
11.28J.
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Fig. 9 Macroscopic images of impact-induced damage at an impact
energy of 5.64 J: a) front surface of the [F2/I2]; specimen, b) front
surface of the [Io/F:]s specimen, c) rear surface of the [Fa/l2]s
specimen, and d) rear surface of the [L./F]; specimen.
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Fig. 13 Macroscopic images of impact-induced damage at an impact
energy of 22.56 J: a) front surface of the [F2/L]; specimen, b) front
surface of the [I2/F2]; specimen, c) rear surface of the [Fa/L]s
specimen, and d) rear surface of the [Lo/F]s specimen.
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Fig. 11 Macroscopic images of impact-induced damage at an impact
energy of 11.28 J: a) front surface of the [F2/L.]; specimen, b) front
surface of the [Lo/F:]s specimen, c) rear surface of the [Fa/l2],
specimen, and d) rear surface of the [I./F]; specimen.
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Fig. 12 Force-time curves of flax/Innegra hybrid composites with

stacking sequences [F»/L]s and [I/F2] under an impact energy of

22.561J.
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Fig. 14  Force—displacement curves of flax/Innegra hybrid
composites with stacking sequences [F2/Iz]; and [I2/Fz]s under an
impact energy of 5.64 J.
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Fig. 15  Force-displacement curves of flax/Innegra hybrid
composites with stacking sequences [F2/L2]; and [I2/Fz]s under an
impact energy of 11.28 J.
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Fig. 16 Force—displacement curves of flax/Innegra hybrid composites
with stacking sequences [F2/L:]; and [Io/F:]; under an impact energy
of 22.56 J.
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Fig. 18 Absorbed energy-time curves of flax/Innegra hybrid

composites with stacking sequences [F2/Iz]; and [Lo/Fz]; under an

impact energy of 11.28 J.
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Fig. 19 Absorbed energy-time curves of flax/Innegra hybrid
composites with stacking sequences [F2/I:]; and [L/F:]; under an
impact energy of 22.56 J.
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Fig. 17 Absorbed energy-time curves of flax/Innegra hybrid

composites with stacking sequences [F2/I2]; and [L/F:]; under an

impact energy of 5.64 J.
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