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Abstract- In recent years, there has been a growing interest toward the use of natural fibre composites for structural 
applications. Previous studies have been found that natural fibre exhibited comparable specific mechanical properties to 
glass fibers. However, the main drawbacks of flax fibre are high water absorption, variability in mechanical properties, and 
poor adhesion to various matrices. Combining natural fibre with synthetic fibre will potentially improve the overall 
properties of flax fibers. In this work, woven carbon/flax/epoxy hybrid composites were manufactured with two flax fibre 
configurations, namely unidirectional [0CF2/0F6]s and angle-ply [0CF2/±45F6]s. The manufactured specimens were 
characterized using water absorption, tensile, compression, flexural, Rockwell hardness, and torsion tests. The findings of 
this study showed significant improvement resulting in less water absorption to neat flax composite (17% for neat [0F8]s vs 
4.84% for [0CF2/0F6]s, and 8.32% for [0CF2/±45F6]s) . In addition, the compression, tensile, hardness, and torsion properties of 
the hybrid composite specimens were improved by more than 50% in average compared to those of pure flax/epoxy 
composite specimens. 
 
Keywords- Natural fibre composites, Hybrid composites, Mechanical properties, Water absorption, Woven 
carbon/flax/epoxy composite. 
 
I. INTRODUCTION 
 
Natural fibre-based composite is one of the promising 
alternatives to substitute synthetic fibre (e.g., glass or 
carbon) due to their superior advantages such as low 
density, low cost, non-toxic, available and renewable 
[1]. Despite their advantages, natural fibres have 
unfavourable characteristics that limit their use in 
structural applications. This includes susceptibility to 
water absorption, variability in mechanical properties, 
and incompatibility with various matrices.   
Among natural fibers, flax fibres appear to have the 
highest properties compared to other types of natural 
fibers such as hemp, sisal, kenaf, etc [2]. The 
mechanical properties of flax fibres are comparable to 
those of E-glass fibres. For instance, the tensile 
modulus and the tensile strength of flax fibres are 54 
GPa and 1340 MPa, respectively, and the tensile 
modulus and the tensile strength of E-glass fibres are 
76 GPa and 2000 MPa, respectively [3].  
The combination of synthetic fibres with natural 
fibres into a thermosetting resin resulted in composite 
materials with improved mechanical properties and 
better durability than either of the components alone. 
This type of hybridization aims to reduce the use of 
synthetic fibres consumption (or reduce 
environmental impact), enhance the mechanical 
properties and the moisture resistance, and lower 
manufacturing cost [4, 5, 6]. Among the synthetic 
fibres, carbon fibres (CF) are recognized as one of the 
efficient reinforcements for advanced composites. 
They can be utilized for hybridization due to their 
excellent mechanical properties, good corrosion 
resistance, light weight, high thermal resistance and 

good flexibility. Several studies reported the benefits  
of synthetic/natural fibres hybrids such 
pineapple/glass [7], kenaf/kevlar [8], sisal/carbon [9], 
hemp/glass [10], sisal/glass [4], flax/glass [5], and 
kenaf/glass [10]. Pothan et al. [11] and Yan et al. [12] 
analyzed the effect of layering pattering and weaving 
pattern on the tensile and flexural behaviour. It was 
suggested that the interlocking of the fibres in a 
weave pattern enhanced the strength of the 
composites. Bodros et al. [13] assessed the 
mechanical properties of flax fibre-reinforced 
composite. Their results indicated that the tensile 
strength and elastic modulus of the composite 
increased with increasing flax fibres content. The 
stacking sequence of fibres of hybrid composite 
affects the mechanical characteristics of composites. 
Jawaid et al. [14] examined the effect of fibres 
stacking sequence on the tensile and flexural 
properties of the oil palm/woven jute composite. The 
results showed that layering pattern with two external 
layers on either side provides major effects on the 
tensile and flexural properties. The composite 
sandwich structure formed from stiff, thin face-sheets 
and lightweight core material is widely used for 
structural application due to its superior advantages. 
The sandwich structure provides high 
stiffness/strength-to-weight ratio, good fatigue 
resistance, high durability [15], and high bending 
stiffness and torsional rigidity.  Bending rigidity and 
strength are the main features of the structural design, 
to provide superior structural stiffness [16]. From the 
above literature, although, woven fibres can offer 
composites with better mechanical properties than 
short or unidirectional form [17], very few studies 
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can be found in the literature on woven carbon/flax 
hybrid composite [18, 3]. Most of the published 
researches [3, 18, 19] lack data on the compressive 
and shear behaviour of carbon/flax hybrid 
composites. A comprehensive data on carbon/flax 
hybrids behaviour will be a valuable tool for the 
design of various engineering components from such 
materials.  
The current work aims to enhance the mechanical 
properties of flax fibre composites and improve their 
water absorption by hybridizing them with woven 
carbon fibers. The woven carbon/flax composite 
laminates were constructed in a sandwich structure 
making them suitable for load-bearing applications. 
 
II. MATERIAL AND MANUFACTURING 
 
Woven-carbon/flax/epoxy composite plates were 
manufactured in two different lay-ups: unidirectional 
flax [0CF2/0F6]s and angle-ply flax [0CF2/±45F6]s. Each 
composite structure consisted of 12 layers of flax 
fibre (inner core) and 2 layers of woven carbon fibre 
each side (external layers). The reinforcing flax 
material used is prepreg-based (epoxy resin), supplied 
by Lineo, France, and has a density of 1.3 g/cm3. The 
carbon fibre dry woven material was supplied by 
Hexcel, USA, and has a density of 1.78 g/cm3. The 
thermoset matrix used in these composites is an 
epoxy resin supplied by Huntsman Corp. The resin 
system consists of low-viscosity epoxy resin Araldite 
LY564 and a hardener (cycloaliphatic polyamine) 
Aradur 22962.These two components are mixed in a 
ratio of 4:1 by weight as per supplier specifications. 
The composite sandwich structure was manufactured 
using a wet hand lay-up process followed by a 
compression moulding process using a Carver 
compression moulding machine (OH, USA). The 
curing cycle parameters were identified according to 
previous studies [19, 20, 21, 22] in order to obtain 
fibre fraction of approximately 40-50% by volume 
with a void content of ≤ 3% in the final composite 
material. The manufactured composite plates were 
cut using OMAX 2626 Water Jet Machining (WA, 
USA) with the following dimensions: length of 250 
mm and width of 25mm. The resulting plate thickness 
was ~ 4 mm. 
 
III. TEST PROCEDURES 
 
3.1 Water Absorption Test 
Water absorption tests were conducted according to 
ASTM standard [23]. Five specimens were used for 
each configuration (i.e., unidirectional and ±45 angle-
ply). Specimens were cut and oven dried at 110°C for 
1 hour. The weight of specimen was immediately 
measured to a precision of 0.001gr, using a precision 
balance scale (Sartorius M-prove series, Sartorius 
Inc., NY, USA). Composite specimens then were 
immersed in a distilled water bath and kept at room 
temperature. After 24 hours, each specimen was 

removed from the water bath and the surface water 
was wiped off using a paper towel with low lint and 
weighed immediately. This process was repeated for 
95 days of water immersion after the equilibrium 
weights of specimens were reached. The percentage 
of water absorption in the composites was calculated 
by weight difference wet specimens and the dry 
specimens. 
3.2 Compression Test 
Compression tests were conducted according to the 
ASTM standard [24] for both hybrid composites 
stacking sequences. Four rectangle specimens with an 
average length of 100 mm and width of 25 mm were 
prepared. Tests were performed using a servo-
hydraulic MTS 322 (Eden Prairie, MN, USA). Tests 
were conducted using a rate of 2 mm/min. The 
ultimate compression strength and modulus were 
measured just before the failure of specimens.  
3.3 Tension Test 
Tensile tests were conducted on four rectangular 
specimens of both stacking sequence with an average 
length of 250 mm and width of 25 mm specified by 
ASTM standard [25].Tensile tests were performed 
using STM series tensile test machine (United 
Calibration Corp., Huntington Beach, CA, USA) with 
a load cell of 50 kN and a tensile rate of 2 mm/min. 
Tensile tests were loaded to failure for determining 
the ultimate tensile strength and modulus. 
3.4 Bending Test 
Three-point bending tests were performed in 
accordance with the ASTM standard [26]. Five 
specimens from each stacking sequence were tested, 
with an average length of 250 mm and width of 25 
mm. Bending tests were performed at room 
temperature. All the specimens had the same span 
length of 101.6 mm, based on specimen thickness 
(span-to-thickness ratio of 30:1). The effect of out-of-
plane shear was controlled by large span-to-thickness 
ratio [26]. The radius of the loading is 3 mm and 
loading rate of bending test was 10 mm/min, with a 
load cell of 50 kN.  
3.5 Rockwell Hardness Test 
The hardness of the surface of composites were 
determined by Rockwell digital hardness testing 
machine (LR300TD, LECO Corporation, St. Joseph, 
MI, USA), in accordance with the ASTM standard 
[27]. Eight square-shaped specimens from each 
stacking sequences with surface area of 1 in2 (i.e. 645 
mm2) were tested. The specifications of the machine 
used are steel ball indenter with 1/16 in diameter was 
selected to accommodate the material geometry used 
and allow evenly load distribution, and a load of 100 
kg (HRE). The average hardness value was 
determined from 10 randomly taken readings of each 
composite. 
3.6 Torsion Test 
Torsion tests were conducted to determine the shear 
modulus and the shear strength in accordance with 
the ASTM standard guidelines [28]. Four rectangular 
specimens from each composite, with an overall 
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length of 250 mm and width of 25 mm were tested 
using torsion testing machine (CCT series, Shenzhen 
Sans Testing Machine Co. Ltd., Shenzhen, China). 
The maximum twisting moment (torque) was 200 
N.m, with a torsion rate of 15 deg/min.  
 
IV. RESULTS AND DISCUSSION 
 
4.1 Water Absorption 
Experimental results of water absorption test of both 
stacking sequences [0CF2/0F6]s and [0CF2/±45F6]s 
composites were shown in Figure 1. The measured 
weight gain of the composites reached a steady state 
after 95 days. The average water absorption (%) 
results of ply configurations [0CF2/0F6]s and 
[0CF2/±45F6]s specimens were 4.84 ± 0.37% and 8.32 
± 0.61%, respectively.  
Both hybrid composites showed rapid water uptake 
over the first days of water immersion due to the 
hydrophilic nature of cellulosic fibre, which enables 
composites to absorb high amount of water governed 
by the kinetics of the diffusion processes. The ±45 
angle-ply composite absorbed more water compared 
to UD composite, which can be explained due to 
lower fibre volume fraction and fibre orientation; ±45 
angle-ply creates pockets that enables composite to 
absorb and accumulate more water. Hybrid woven-
carbon/flax/epoxy composites exhibited better water 
absorption properties compared to pure flax 
composite (17.2%) [19]. For the carbon/flax/epoxy 
hybrid composite, in which flax fibre layers were 
sandwiched between woven carbon fibre layers, the 
water absorption was less than flax/epoxy composite 
by approximately 110% for [0CF2/±45F6]s composite 
and 255% for [0CF2/0F6]s composite, respectively.  

 
Figure 1: Water absorption results showing the weight gain of 

[0CF2/0F6]s and [0CF2/±45F6]s composites 
 
4.2 Compression Test 
Compression behaviour of the specimens for each 
configuration is shown in stress-strain curves in 
Figure 2 and Figure 3. The mean value of 
compressive modulus and ultimate compressive 
strength were 37.17 ± 2.22 GPa and 201.84 ± 15.51 
MPa for [0CF2/0F6]s composite and 21.64 ± 1.46 GPa 
and 172.01 ± 6.64 MPa for  [0CF2/±45F6]s composite, 
respectively. The most important factor that controls 
the compression properties of the composite is the 

fibre/matrix interfacial adhesion. Composite 
specimens failed by fibre buckling or kinking under 
the compression load, where an initial misalignment 
of the fibres occurs. Buckling mode for fibres in the 
majority of composite specimens that were subjected 
to compressive load showed in in-phase buckling 
mode. 

 
Figure 2: Compression test results for specimens of [0CF2/0F6]s 

laminate 
 

 
Figure 3: Compression test results for specimens of 

[0CF2/±45F6]s laminate 
 
4.3 Tension Test 
Tensile behaviour of the specimens for each 
configuration is shown in stress-strain curves in 
Figure 4 and Figure 5. Specimens showed brittle 
fracture with linear behaviour up until failure. Under 
tensile loading, specimens exhibited almost linear 
elastic behaviour up until failure. The mean value of 
tensile modulus and ultimate tensile strength were 
36.66 ± 0.41 GPa and 413.75 ± 34.87 MPa for 
[0CF2/0F6]s composite and 25.42 ± 1.53 GPa and 
338.65 ± 3.87 MPa for  [0CF2/±45F6]s composite, 
respectively. It is significantly observed that woven-
carbon/flax/epoxy hybrid composites exhibited major 
improvement in their tensile properties compared to 
pure flax/epoxy composite in which tensile modulus 
and ultimate tensile strength were 31.42 ± 1.47 GPa 
and 286.70 ± 13.3 MPa, respectively [29]. All 
specimens showed no evidence of edge delamination 
failure or indication of cohesive failure. SEM images 
show carbon fibres pulled out with the corresponding 
holes (Figure 7a). Figure 7b showed that the epoxy 
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(matrix) still adhered to the fibre, which indicates the 
interface between fibre and matrix are well bonded. 

 
Figure 4: Tension test results for specimens of [0CF2/0F6]s 

laminate 

 
Figure 5: Tension test results for specimens of 

[0CF2/±45F6]slaminate 

 
Figure 7: SEM images of fracture surface illustrate: (a) carbon 

fibre pulled out. (b) Epoxy matrix stacked with carbon fibre 
after fractured laminate 

 
4.4 Bending Test 
The bending force-deflection curves of each 
configuration is shown in Figure 8 and Figure 9. It 
was observed that flexural deflection increases as the 
load increases, in which all specimens exhibited 
linear behaviour in the force-deflection curve up until 
load reached a peak value; then load dropped 
suddenly due to carbon fibre crack (primary failure). 
Failure initiates in the form of crack initiation on the 
tensile side of the specimen and propagated through 
the thickness of the specimen toward compression 
side. After the load dropped, specimens continue to 
sustain the load until it reaches complete failure 
(secondary failure).  The mean value for flexural 
modulus and ultimate flexural strength were 44.3 ± 
0.55 GPa and 466.55 ± 25.40 MPa for [0CF2/0F6]s 
laminate and 40.43 ± 0.33 GPa and 408.20 ±27.01 

MPa for  [0CF2/±45F6]s laminates, respectively. 
Woven-carbon/flax/epoxy exhibited considerably 
higher flexural strength and modulus compared with 
tensile strength and modulus, this can be explained 
due to the arrangement of fibres in the hybrid 
composite. The Sandwich structure in composite 
plays an important role to enhance the flexural 
properties and provide superior high flexural 
stiffness-to-weight ratio compared to other 
construction. 

 
Figure 8: Bending test results for specimens of [0CF2/0F6]s 

laminate 
 

 
Figure 9: Bending test results for specimens of 

[0CF2/±45F6]slaminate 

 
Figure 10: A typical failed specimen from bending test 

 
4.5 Rockwell Hardness Test 
The average Rockwell E hardness test of woven 
CF/Flax/Epoxy composite were 71.99 ± 2.78 HRE 
for [0CF2/0F6]s laminate and 74.91 ± 1.89 HRE for 
[0CF2/±45F6]s laminate. Tested specimens showed 
circular shape indentations at their tested surfaces.  
4.6 Torsion Test 
The performance of the composites in torsion is 
shown by plotting torque versus angle of twist during 
loading regime up until the failure point (Figure 11 
and Figure 12). The torque-angle of twist curves 
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exhibited bilinear behaviour up to failure in shear. As 
observed, the torque gradually decreased upon the 
final failure, which considered to be the shear load 
responsible for the composite material failure. The 
shear modulus, shear strength and maximum torque 
were 3.12 ± 0.13 GPa, 167.88 ± 6.98 MPa, and 19.55 
± 0. 75 N.m for [0CF2/0F6]s laminate, respectively, and 
3.64 ± 0.1 GPa, 119.66 ± 1.5 MPa and 11.37 ± 0.133 
N.m for [0CF2/±45F6]s laminate, respectively. As can 
be seen from the figures, the shear response strongly 
depends on the fibre orientation. The shear modulus 
and the shear strength of UD hybrid composite was 
improved by approximately 70% and 300% compared 
to pure flax composite, respectively [29]  

 
Figure 11: Torsion test results for specimens [0CF2/0F6]s 

laminates 
 

 
Figure 12: Torsion test results for specimens [0CF2/±45F6]s 

laminates 
 
CONCLUSIONS 
 
Hybridizing flax fibres with woven carbon fibres has 
shown to be an effective method to enhance the 
physical and the mechanical properties of the flax 
fibres. Woven-carbon/flax/epoxy hybrid composites 
performed better than pure flax composites. The test 
results showed significant improvement in water 
absorption (110% for [0CF2/±45F6]s specimens, and 
255% for [0CF2/0F6]s specimens). Similarly, the 
compression, tensile, hardness, and torsion properties 
of hybrid composites have improved significantly 
compared to those of pure flax/epoxy composites. 
The results of the experimental tests showed the 

efficacy of the sandwich configuration in enhancing 
the flexural properties of the hybrid specimens.  
 
ACKNOWLEDGMENTS 
 
This research is supported in part par NSERC-DG 
program. The authors would like to thank Hunstman 
Corporation (The Woodlands, TX, USA) for 
supplying the epoxy resin and hardener.  
 
REFERENCES 
 
[1] S. Ochi, "Mechanical properties of kenaf fibers and 

kenaf/PLA composites," Mech. of Mater., p. 446–452, 2008. 
[2] S. Thomas, K. Joseph and S. Malhotra, Polymer Composites, 

Biocomposites, John Wiley & Sons, 2013, p. 608. 
[3] V. Fiore, . A. Valenza and G. Di Bella, "Mechanical behavior 

of carbon/flax hybrid composites for structural applications," 
J. of Comp. Mater., vol. 46, no. 17, pp. 2089-2096, 2012. 

[4] K. Jarukumjorn and N. Suppakarn, "Effect of glass 
hybridization on properties of sisal fiber–polypropylene 
composites," Comp.: Part B, vol. 40, no. 7, pp. 623-627, 
2009. 

[5] S. Manteghi, Z. Mahboob and H. Bougherara, "Investigation 
of the mechanical properties and failure modes 
ofhybridnatural fiber composites for potentialbonefracture 
fixation plates," J Mech. behv. Biomed. Mtr, vol. 65, p. 306– 
316, 2017. 

[6] A. Atiqah, M. Maleque and M. Jawaid, "Development of 
kenaf-glass reinforced unsaturated polyester hybrid 
composite for structural applications," Comp. Part B, vol. 56, 
pp. 68-73, 2014. 

[7] S. Mishra, A. Mohanty and L. Drzal, "Studies on Mechanical 
Performance of Biofibre/Glass Reinforced Polyester Hybrid 
Composites," Comp. Sc. Tech., vol. 63, no. 10, p. 1377–1385, 
2003. 

[8] R. Yahaya, S. Sapuan, M. Jawaid and Z. Leman, "Effect of 
fibre orientations on the mechanical properties of kenaf– 
aramid hybrid composites for spall-liner application," Def. 
Tech., vol. 12, p. 52–58, 2016. 

[9] K. Noorunnisa, H. Abdul Khalil and M. Jawaid, "Sisal/carbon 
fibre reinforced hybrid composites: tensile, flexural and 
chemical resistance properties," J Polym Environ, vol. 18, p. 
727–733, 2010. 

[10] C. Cicala, G. Cristaldi, G. Recca and G. Ziegmann, 
"Properties and performances of various hybrid glass/natural 
fiber composites for curved pipes," Mater Des, vol. 30, no. 7, 
pp. 2538-2542, 2009. 

[11] L. Pothan , Y. Mai and S. Thomas , "Tensile and flexural ural 
behavior of sisal fabric/polyester textile composites prepared 
by resin transfer molding technique," J. Rein. Plas. Comp., 
vol. 27, no. 16, pp. 1847-1866, 2008. 

[12] Y. Li , M. Sreekala and M. John , "Textile composites based 
on natural fibers (Chapter 8)," Natr. fib. poly., p. 202–227, 
2008. 

[13] E. Bodros, I. Pillin and N. Montrelay, "Could biopolymers 
reinforced by randomly scattered flax fibre be used in 
structural applications?," Comp. Sci. Tech., vol. 67, p. 462– 
470, 2007. 

[14] M. Jawaida, H. Abdul Khalil and A. Abu Bakar, "Woven 
hybrid composites: Tensile and flexural properties of oil 
palm-woven jute fibres based epoxy composites," Mate Sc 
Eng A, vol. 528, p. 5190–5195, 2011. 

[15] M. Mohamed, S. Anandan, Z. Huo and K. Chandrashekhara, 
"Manufacturing and characterization of polyurethane based 
sandwich composite structures," Comp. Stru., vol. 123, p. 
169–179, 2015. 

[16] J. Zhang, P. Supernak, S. Mueller-Alander and C. Wang, 
"Improving the bending strength and energy absorption of 
corrugated sandwich composite structure," Matr. and Des., 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-2, Feb.-2018, http://iraj.in 

Mechanical Characterization of A Hybrid Composite Sandwich Structure Made of Woven Carbon/Flax Fibers 
 

45 

vol. 52, p. 767–773, 2013. 
[17] Y. Song , J. Lee, D. Ji and M. Kim, "Viscoelastic and thermal 

behavior of woven hemp fiber reinforced poly(lactic acid) 
composites," Comp. Part B, vol. 43, p. 856–860, 2012. 

[18] H. Dhakal, Z. Zhang and R. Guthrie, "Development of 
flax/carbon fibre hybrid composites for enhanced properties," 
Carbohy. poly., vol. 96, no. 1, pp. 1-8, 2013. 

[19]  Z. S. Bagheri, I. El Sawi, E. H. Schemitsch, R. Zdero and H. 
Bougherara, "Biomechanical properties of an advanced new 
carbon/flax/epoxy composite material for bone plate 
application," Journal of Mechanical Behavior of Biomedical 
Material, vol. 20, p. 398–406, 2013. 

[20] K. Tayton., C. Johnson-Burse, B. Mckibbin and J. Bradleym, 
"The use of semi-rigid carbon fiber reinforced plastic plates 
for fixation of human fractures," J. Bone Jt. Surg., vol. 64, 
no.1, pp. 105-111, 1982. 

[21] A. Ballo, E. Akca, T. Ozen, L. Lassila, P. Vallittu and T. 
Narhi, "Bone tissue responses to glass fiber-reinforced 
composite implants-a histomorphometric study," J. clin. 
Oral.Implant. Res., vol. 20, pp. 608-615, 2009. 

[22] K. Fujihara, Z. M. Huang, S. Ramakrishna, K. 
Satknanantham and H. Hamada, "Performance study of 
braided carbon/PEEK composite compression bone plates," 
Journal of Biomaterials, vol. 24, no. 15, pp. 2661-2667, 
2003. 

[23] ASTM-International, "Standard Test Method for Water 
Absorption of Plastics," Vols. ASTMD570-98.ASTM, 2010b. 

[24] ASTM International, "Standard Test Method for Compressive 
Propertiesof Rigid Plastics, ASTMD695-10," ASTM, West 
Conshohocken,PA, 2010. 

[25] ASTM International, "Standard Test Method for Tensile 
Properties of Polymer Matrix Composite Materials, ASTM 
D3039/D3039M-14," ASTM, West Conshohocken, PA., 
2008b. 

[26] ASTM International, "Standard Test Method for Flexural 
Properties of Polymer Matrix Composite Materials, ASTM 
D7264/D7264M—07," ASTM, West Conshohocken, PA., 
2015. 

[27] ASTM International, "Standard Test Method for Rockwell 
Hardness of Plastics and Electrical Insulating Materials, 
ASTM D785-08," ASTM, West Conshohocken, PA., 2008b. 

[28] ASTM International, "Standard Test Method for Shear 
Modulus at Room Temperature," ASTM, West 
Conshohocken, PA, 2013. 

[29] Z. Mahboob, I. El Sawi, Z. Fawaz and H. Bougherara, 
"Tensile and compressive damaged response in Flax fibre 
reinforced epoxy composites," Comp. Part A, vol. 92, pp. 
118-133, 2017. 

 
 
 
 
 

 


