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Abstract  

Natural fibre reinforced composites (NFRCs) offer a sustainable and environmentally friendly 

alternative to composites made from synthetic reinforcements, with their response to dynamic 

loading phenomena being of utmost importance for structural applications.  Herein, flax fibre 

reinforced epoxy composites and their glass fibre reinforced hybrid counterparts were 

developed benefiting from synergic effects of hybridisation between flax and glass fibres with 

the aim of achieving optimised fatigue behaviour. In order to study the fatigue behaviour, three 

different types of composite laminates comprised of flax fibres only, and two hybrid flax-glass 

configurations were fabricated, with alternating flax/glass reinforced layers. The hybrid effects 

on the fatigue behaviour of all the composite laminates were investigated by using constant 

ratio R under a tension-tension fatigue loading. The investigated fatigue behaviour showed 

promising performance in the hybrid laminates, with a great effect of the hybrid configuration 

on the fatigue life. The hybrid laminate with alternating layers of flax and glass demonstrated 

the best performance under fatigue, showing a good damage accumulation indicator; about 7 

times greater, as compared to the other two laminates. The statistical analysis performed 

indicated that the aforementioned laminate has a less probability of failure, i.e. it will fail in a 
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greater number of fatigue cycles, as compared to the other two laminates. The influence of 

various parameters such as fabrication induced defects, fibre matrix interface on the fatigue life 

has been further characterised using imaging techniques. The findings of this study 

significantly contribute towards the exploitation of natural fibre reinforced composites and 

their hybrids to understand the damage mechanisms that take place during fatigue loadings and 

how the fabrication-related defects have an influence on the overall performance of those 

structures in load-bearing applications.   

Keywords: Natural fibre reinforced composites; fatigue behaviour, X-ray computed 

tomography, hybrid composites. 

1. Introduction 

Natural fibre composites (NFCs) are materials that contain reinforcing fibres derived from 

renewable natural sources such as plants and animals. In composite materials, fatigue failure 

takes place due to the cumulative cyclic and random loadings during their service life. In the 

existing literature, the focus has been on achieving higher strength and stiffness to weight ratio, 

improving the fire-retardant and moisture resistance properties of NFCs [1]. However, a 

limiting factor for using NFCs in a wider range of applications is partly due to the lack of 

understanding of the long-term durability of those materials especially under cyclic loading 

[2]. NFCs exhibit similar failure modes to those observed in synthetic composites mainly 

characterised by multiple damage mechanisms in the reinforcing fibres and the polymer matrix 

in an interdependent manner [3, 4]. Adding to that the hydrophilic nature of NFCs increases its 

tendency to absorb moisture from air or contact with liquids. The effects of moisture absorption 

on the fatigue failure mechanisms of hemp/epoxy composites are reported by Barbière et al. 

[5]. They highlighted that moisture ingress significantly affected the tensile properties along 

with the fatigue life of hemp/epoxy composites. Previous studies which looked into fatigue 



  

 

performance of NFCs found that laminates using fibres such as hemp showed a similar 

response to glass fibre-reinforced composites [6]. More attention has been given to studying 

the fatigue response of flax reinforced composites [7]. The literature indicates that among all 

the plant-based NFC, composites that are made from flax fibres have shown promising 

performance which could replace glass fibres as reinforcing material [8]. When NFCs are 

subjected to repeated fatigue cycles, they can fail much lower than their ultimate tensile 

strength [8].  

In recent years, to minimise some of the drawbacks of natural fibre reinforcement in 

composites, a hybrid approach has been considered. In this approach, the synergic benefits of 

each constituent are utilised [9]. Dhakal et al. [10] investigated the effects of carbon fibre 

hybridisation on flax composites. They reported a significant improvement towards moisture 

repellence behaviour of flax composites without hybridisation. Cyclic fatigue behaviour of flax 

fibre reinforced composites comprised of six different textile architectures were reported by 

Bensadoun et al. [11]. Their work suggested that fibre architecture played a significant role in 

the fatigue life of flax fibre composites. It was highlighted that the stiffness and static strength 

combinations provided the optimal fatigue endurance limit. Another study on date palm petiole 

wood [12] investigated the morphology of their fibre form as well as their fatigue behaviour, 

showing promising results on the fatigue life of these composites. Further fatigue studies on 

composite laminates made from the bark of Lata’s Palm “Bactris Guineensis” have been 

conducted by Pertuz et al. [13], to identify their potential for the development of new 

engineering materials. The study carried out by Barouni and Dhakal investigated the effects of 

glass fibre hybridisation on flax fibre reinforced composites [14]. They reported that the hybrid 

system offered an improved impact damage behaviour of flax fibre reinforced vinyl ester 

composite. The hybridisation technique offers promises to improve the water repellence 

behaviour of NFRCs. In another study, hybrid glass-flax hybrid composites exhibited improved 



  

 

water repellence and impact toughness properties at room and high temperatures [15]. Jeannin 

et al. [16] studied the behaviour of a flax-epoxy composite under high-cycle fatigue loadings. 

Their results showed that unidirectional flax-epoxy composites exhibited high fatigue 

resistance of up to 55% of the quasi-static strength. Panzera et al. [17] performed 

thermogravimetric analysis on autoclaved flax composites and found that they have good 

thermal stability up to 300 °C. Ben Ameur et al. [18] found that flax fibre-based composites 

had better damping properties than carbon fibre composites under bending fatigue loading. 

Zahirul Islam et al. [19] found that the fatigue life of flax fibre reinforced composites decreased 

with increasing fatigue loading frequency. Seghini et al. [20] showed that combining different 

NFCs (hybridisation) can improve certain mechanical characteristics of the hybrid material in 

comparison with the mechanical properties of its constituents. Their results showed that flax 

fibre in a hybrid flax/basal composite played a significant role in deflecting cracks and 

improving the fatigue resistance compared to basalt laminates. Similar hybridisation strategies 

were the focus of many studies which aimed to study the performance of a certain NFC when 

combined with another NFC or with synthetic composites [21-23]. Das et al. [24] reported that 

the amount and location of glass layers within hybrid glass/flax laminates have a significant 

influence on their mechanical properties (Tensile strength, flexural strength, bending strength). 

Panciroli et al. [25] investigated flax- and glass-based laminates having similar weight, flexural 

modulus and quasi-isotropic lamination. The aim was to perform a direct comparison of the 

performance of the flax- and glass-based laminates when subjected to low-velocity impacts. 

Their results showed that the main failure mode in glass-based laminates was delamination, 

while fibre breakage was found to be the main damage mechanisms in flax-based laminates. 

Blanchard et al. [26] indicated that since both flax and E-glass fibres have similar properties, 

then the later can be used in structural applications. Nevertheless, their review also indicated 

that when the two are incorporated to form a hybrid laminate then the strength properties of 



  

 

flax are lower than E-glass. Finally, Zuo et al. [27] investigated the benefits of hybridisation of 

natural fibre reinforced laminates as well as fibre metal laminates, emphasizing on the dynamic 

response of the structures. From this work it is evident that the behaviour of hybrid natural fibre 

composites is not well understood yet, due to various factors, such as the batch-to-batch 

variability or adhesion issues with certain matrices.  

In this work, a hybrid approach has been employed to investigate the effect of glass fibre 

hybridisation on the fatigue performance of flax fibre reinforced epoxy composite and its 

hybrids. Three different types of composite laminates were designed and fabricated to examine 

their fatigue life. This study aims to establish key influencing factors to the fatigue life and 

damage mechanisms of flax fibre composites to use these bio-based composites for semi-

structural and structural applications. Fatigue tests of the fabricated composites were 

performed, and thermo-mechanical properties were extracted and analysed. The morphology 

of the fractured surface of all specimens was further studied using Scanning Electron 

Microscopy (SEM) technique. Finally, X-Ray mCT in-situ testing was used to monitor the 

behaviour of the composite samples under tensile and compression loadings.  

2. Materials and methods 

2.1 Materials and Fabrication 

For this study, a set of materials was selected due to their wider usage in transport applications, 

where the fatigue behaviour of the structures is critical. The composite laminates used for this 

study were manufactured using Evopreg EPC300-F150U epoxy prepregs with flax and 

flax/glass reinforcements using the vacuum infusion technique. The reinforcement was in 

woven [±45] biaxial stitched configuration of 6.5 g/m2 and fibre volume fraction of 45% 

supplied by Coventive Composites. All laminates were cured with a temperature ramp to 90°C 

at 3°C/min, then ramp from 90°C to 120°C with a rate of 2°C/min and, finally, dwell at 120°C 



  

 

for 60 minutes. Then, the laminates were cooled to a temperature above 30°C and demoulded. 

Throughout the curing process, the pressure was held at 3.5bar. Information about the ambient 

humidity was not provided by the manufacturer. Three types of composite laminates were 

prepared: a flax fibre reinforced epoxy composite laminate (Lam-F), a hybrid flax/glass fibre 

reinforced composite laminate with the glass-reinforced layers being on the outer surfaces 

(Lam-C) and a hybrid flax/glass-reinforced composite laminate with alternating glass and flax 

reinforced layers (Lam-D), as shown in Figure 1. The selection of these laminates was mostly 

driven by the fact that the performance of the flax fibre reinforced laminates is more 

comparable to the glass fibre reinforced laminates than any other synthetic fibres, as it has been 

compared several times in literature [14, 25, 28]. Given the fact that flax fibre laminates 

demonstrate lower performance than glass, the idea of their hybridisation in different 

configurations is important to be investigated under the scope of their dynamic loading. 

Furthermore, the flax only laminate (Lam-F) was mainly tested as a benchmark, in order to be 

able to compare its hybrid counterparts. The alternating glass/flax laminate configuration 

(Lam-D) has been widely used in the literature [29, 30] and provides a first estimation on the 

hybridisation process, with the glass layers being on the top and bottom surface of the laminate 

in order to provide better properties. Finally, the Lam-C laminate was a sandwich-type 

configuration with the glass layers playing the role of the skins and the flax layers being in the 

core area. This would allow the investigation of the damage accumulation within the core area 

and how the glass layers prevent the damage on the surface of the laminate. It is generally 

expected that the hybridisation will provide a more robust laminate with a better fatigue 

performance, based on the current literature. The higher stiffness of the glass fibre layers is 

expected to protect the laminate from failing early. A complete set of fatigue specimens were 

cut out of these laminates to complete the fatigue tests for this study with dimensions 250x15 

mm2, based on the ASTM D3479 testing standard. 



  

 

   

   

(a) (b) (c) 

Figure 1. Fabricated composite panels, (a) Lam-F; (b) Lam-C; (c) Lam-D. 

 

A second set of unidirectional panels reinforced only with flax fibres and the same matrix were 

fabricated to be used for the material characterisation testing. Coupons were cut out of these 

panels and various tests were performed to extract the constituent material properties at ply 

level. 

2.2 Material characterisation testing 

Flax fibre composite was the selected material for this investigation with material properties 

determined from experiments shown in Table 1. All the experiments were performed on a 

Zwick/Roell Z030 universal machine with 5 samples being tested in total derived from a single 

laminate and their average (mean) is presented in Table 1. The standard deviation (SDV) and 

coefficient of variations (CV) for the flax laminate tests are also presented in Table 1 for all 

measured properties presented. The coefficient of variations is calculated using the formula: 

𝐶𝑉 =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 [𝑆𝐷𝑉]

𝑀𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 [𝑀𝑉]
 (1) 



  

 

 

Table 1. Material properties 

Material property  Flax laminate Statistical 

values 

Glass laminate 

Longitudinal modulus, 𝑬𝟏 (GPa) 36.025 SDV=3.941 

CV=10.94% 

15.75 

Transverse modulus, 𝑬𝟐 (GPa) 4.727 SDV=0.142 

CV=3.012% 

2.735 

Poisson’s 

ratio 

𝜈12 0.4487 
SDV=0.142 

CV=31.56% 

0.3 

𝜈13 0.4487 0.21 

𝜈23 0.32 0.21 

Shear modulus, 𝑮𝟏𝟐 = 𝑮𝟐𝟑 = 𝑮𝟏𝟑 

(GPa) 

2.8514 SDV=2.836 

CV=0.781% 

2.36 

Fracture energy, 𝑮𝑰𝑪 (𝑵/𝒎𝒎) 1.3431 SDV=0.241 

CV=17.9% 

3.992 

 

The tensile tests were conducted with the extensometer and strain gauges in accordance with 

the ASTM D3039 to determine the Young’s Modulus and Poisson’s ratio in different directions 

(Figure 2(a)). The in-plane shear modulus was measured by tensile test followed by ASTM 

D3518. For determining the Model-I interlaminar fracture toughness, BS ISO 15024 standard 

was followed using double cantilever beam (DCB) specimens (Figure 2(b)). The BS ISO 14126 

was only applicable to compressive in the in-plane direction. All tests were conducted at room 

temperature. The speed was selected at 2 mm/min, based on the standards’ requirements. 



  

 

  
(a) (b) 

Figure 2. Experimental testing configuration for (a) tensile tests according to ASTM 

D3039 using extensometer and strain gauges and, (b) DCB tests according to BS ISO 

15024. 

2.3 DMA testing 

Dynamic mechanical analysis of composites (DMA) was conducted and analysed in this work 

to understand the stiffness and fibre/matrix interfacial properties at a wide range of 

temperatures and any possible relations between them and measured fatigue properties of tested 

composites. The DMA tests were conducted in a nitrogen atmosphere using a double cantilever 

bending mode DMA (TA Q-800 instrument) machine at an oscillation frequency of 1 Hz, a 

strain amplitude of 20 µm with a constant heating ramp of 3°C/min from 25 °C to 180 °C and 

3 specimens were tested for each laminate configuration. The rectangular specimens with 

dimensions of 10 mm × 60 mm of each laminate configuration were cut from the original 

laminates and used for DMA tests. The dynamic storage modulus (E0) and loss factor (tan 𝛿) 

were determined from the data of the DMA tested composite specimens. 

 2.4 Fatigue testing  

For the fatigue testing part of this investigation, specimens were cut out of all three materials, 

i.e., Lam-F, Lam-C and Lam-D, as described previously in section 2. The size and geometry 



  

 

of the specimens were according to ASTM D3479 testing standard. The number of specimens 

used for the fatigue testing of each laminate varies, with 21 specimens being tested for Lam-F, 

13 specimens for Lam-C and 12 specimens for Lam-D. This quantity provided a robust and 

well-fit group of results which was adequate to drive conclusions for their fatigue behaviour. 

Two machines were used for this testing: an Instron 8000 series frame and actuator fitted with 

a 100 kN load cell coupled to an MTS control system and an MTS 15 kN frame with a 15 kN 

load cell. Both units were set with the same testing parameters which were maintained through 

the testing cycle. The testing was conducted with a targeted R ratio of 0.1, sine wave and a test 

frequency of 5 Hz in all cases. Prior to fatigue testing, a single tensile test was conducted on a 

Lam-F specimen to find the approximate ultimate tensile strength (UTS) of the specimen. This 

value was then used to select the initial cyclic loading conditions. The static tensile test 

provided a UTS of the Lam-F specimen of 71.2 MPa, as shown in Figure 3.  

 

Figure 3. Strain-stress curve of Lam-F specimen to determine the 

UTS. 
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Therefore, a maximum applied stress of 0.7 UTS or 𝛥𝜎𝑚𝑎𝑥 ≈ 50𝑀𝑃𝑎 was chosen for the 

fatigue testing of all specimens and the different ranges of the applied stresses for all the 

specimens are given in Table 2, ranging from 0.45 until 0.7 UTS.  

Table 2. Applied stress levels for fatigue testing. 

Lam-F 𝜟𝝈𝒎𝒊𝒏 = 𝟑𝟐. 𝟓 𝑴𝑷𝒂 𝜟𝝈𝒎𝒂𝒙 = 𝟒𝟕. 𝟑 𝑴𝑷𝒂 

Lam-C 𝛥𝜎𝑚𝑖𝑛 = 40.6 𝑀𝑃𝑎 𝛥𝜎𝑚𝑎𝑥 = 46.1 𝑀𝑃𝑎 

Lam-D 𝛥𝜎𝑚𝑖𝑛 = 41.9 𝑀𝑃𝑎 𝛥𝜎𝑚𝑎𝑥 = 53.3 𝑀𝑃𝑎 

 

Some specimen dimensional variances were noted with a nominal width of 15mm having an 

average of 15.19mm ± 0.1mm. Similarly, the thickness nominal value of 5mm had an average 

of 5.09mm ± 0.225mm. There was some variance in dimensions along the length of the 

individual samples (consistent with these values) which is the probable cause for the variances 

seen in cycles to failure. Due to the nature of the failure, the accurate measurement of the cross-

sectional area (CSA) at the failure position was very difficult. On both machines, data on the 

changes in specimen compliance was recorded using only the built-in Linearized Distance 

Transducer (LVDT) devices. Post-processing of the compliance data was conducted to find the 

maxima and minima values during a load cycle, this then being used to determine the range of 

movement during this cycle.  

The fatigue cyclic experimental results usually demonstrate high dispersion which is 

particularly common for composite materials, due to their complex internal structure and the 

multiple ways of damage initiation, making the use of statistical analysis methods vital. One 

of the most common methods used for statistical analysis in various applications, including the 

fatigue behaviour investigation, is the Weibull distribution method [31]. For the 2-parameter 



  

 

Weibull distribution, the distribution function or probability density function can be written as 

[31]: 

𝑓(𝑥) =
𝛽

𝛼
(

𝑥

𝛼
)

𝛽−1

𝑒−(
𝑥
𝛼

)
𝛽

, 𝛼 > 0, 𝛽 > 0 
(2) 

where: 

𝑎 = the scale parameter (represents the characteristic life for the fatigue cyclic testing) 

𝛽 = the shape parameter of the 2-parameter Weibull distribution (represents the inverse 

measure of the dispersion in the fatigue life results 

𝑥 = the independent variable (represents the number of cycles to fatigue) 

The cumulative density function, or the probability of failure 𝑃𝑓(𝑥), is obtained by integrating 

Eq. (2) above and is given by: 

𝑃𝑓(𝑥) = 1 − 𝑒−(
𝑥
𝛼)

𝛽

 
(3) 

Taking the natural logarithm of both sides of Eq. (3), the distribution parameters, 𝛼 and 𝛽, can 

be implemented as: 

ln (ln (
1

1 − 𝑃𝑓(𝑥)
)) = 𝛽 ln(𝑥) − 𝛽 ln(𝛼) 

(4) 

Eq. (4) is considered as a linear function (𝑦 = 𝑚𝑥 + 𝑏) which means that the relationship 

between the double natural logarithm in the left-hand side of the Eq. (4) and the ln(𝑥) is linear. 

Hence 𝑦 = ln (ln (
1

1−𝑃𝑓(𝑥)
)), where 𝑚 = 𝛽 which is called the Weibull modulus and 𝑏 =

−𝛽 ln(𝛼). 



  

 

3. Results and Discussion 

3.1 Preliminary X-ray scans 

Following the static tests for material characterisation, an attempt to understand the inner 

structure of the samples was made, using images from a micro-CT (micro-Computed 

Tomography) Metris/Nikon XTH-225 system with molybdenum target metal. The µ-CT 

scanner was set to a voltage of 135 kV and a current of 126 μΑ to scan the Lam-F specimen. 

With a voxel size of 82 μm, the image acquisition was performed at a rotational step of 0.18° 

over 360°. The 3D reconstruction of the specimens was obtained using the Avizo software. In 

Figure 4 the 3D volume of the Lam-F specimen is shown, as well as a detail of the various 

surface features circled in red (Figure 4(b)) and the porosity level (Figure 4(c)). It is interesting 

to note that this level of porosity is observed before any testing on the material, hence it is 

purely attributed to manufacturing reasons. Furthermore, the monitoring of these internal flaws 

might provide a good indication of any crack initiation during the fatigue loading of the 

material.  

 
  

(a) (b) (c) 

Figure 4. 3D reconstructed images from µ-CT scanning of Lam-F specimen. (a) 3D 

volume; (b) detail with surface features; (c) porosity on part of the specimen. 



  

 

3.2 Damage mechanisms during fatigue 

During the fatigue loading, most of the specimens failed in the area around the grips, as 

demonstrated in Figure 5 for Lam-F, Lam-C and Lam-D specimens. As mentioned above, 

because of the nature of the failure, the accurate measurement of the failure cross-sectional 

area (CSA) at the failure position was impossible. Hence, some further µCT scans were 

performed at selected failed specimens to investigate the damaged area. One specimen from 

each series which was loaded at ~47 MPa and all failed near the lower grip area was scanned 

around the failure area.  

   

(a) (b) (c) 

Figure 5. Failure of specimens near the gripping area at the end of the fatigue cycle 

for (a) Lam-F, (b) Lam-C and (c) Lam-D specimens.  

Figure 6 shows pictures from the fractured area for Lam-F, Lam-C and Lam-D series from two 

different viewpoints. The high stress concentration and local delamination along the stitching 

horizontal lines, as they appear for Lam-C and Lam-D specimens (Fig. 6(b) & (c)) indicates 

part of the damage mechanisms that take place during fatigue. Also, various elongation areas 

are present, which are obvious from the images as white lines, on the ±45° directions.   



  

 

  
 

(a) (b) (c) 

   

 

 

 

(d) (e) (f) 

Figure 6. Fractured area after fatigue loading at 47 MPa. Side view of (a) Lam-F failing at 

18278 cycles, (b) Lam-C failing at 79678 cycles and (c) Lam-D specimen series failing at 

194499 cycles; Top view of (a) Lam-F, (b) Lam-C and (c) Lam-D specimen series. 

 

For a better understanding of the damage mechanisms in each material, μ-CT scans were 

performed around the fractured areas and the 3D reconstructed volumes for each specimen are 

shown in Figures 7-9. Extensive fibre breakage appears to be present in the fractured area of 

the flax fibre laminate (Lam-F) which led to the complete rupture of the specimen (Fig. 7(a)). 

Some surface features (such as pores) are also present on the top surface of the specimen, 

however, several pores can be found in the internal of the specimen, as shown in Fig. 7(b), 

where a clipping plane has been applied to the volume on the 𝑦𝑧 plane and at the distance of 



  

 

9 𝑚𝑚 from the side. The damage mechanisms that occur for the hybrid Lam-C and Lam-D 

specimens are very different to Lam-F, due to the presence of the glass layers. 

  

(a) (b) 

Figure 7. μ-CT images for the Lam-F specimen; (a) whole 3D volume, (b) cut along the yz 

plane 

In Figure 8(a) the different colours in the selected colourmap indicate the different material 

density, hence the glass fibre and flax fibre reinforced layers are easily distinguished. Due to 

the manufacturing process and the stitching of the biaxial glass fibres prepregs, the surface 

features created during manufacturing tend to open during the cyclic loading and produce high 

stress concentration points. After the matrix cracking on the outer glass layers, the stitching 

horizontal lines appear to be the main crack propagation direction (Figure 8(a)) with the biaxial 

fibres receiving all the load at the end and leading to the complete rupture of the specimen at 

the ±45° direction for the glass layers. The middle flax fibre layers demonstrate a similar 

behaviour to the Lam-F specimen, with several fibre breakages appearing. From the side view 

of the specimen (Figure 8(b)), clear delamination between the glass and flax layers is present, 

as well as cracks within the flax layers. Finally, in Figure 8(c) a clipping plane has segmented 

the volume along the 𝑦𝑧 plane at the mid-plane, where the penetration of the openings has 



  

 

passed almost through the whole thickness of the glass layer, indicating the critical role they 

play in the damage mechanisms present in this material when it undergoes fatigue.  

  
(a) (b) 

 
(c) 

Figure 8. μ-CT images for the Lam-C specimen; (a) whole 3D volume, (b) side view of 

delamination, (c) cut along the yz plane. 

Similar behaviour is observed for the Lam-D specimens, as shown in Figure 9(a), where the 

four glass fibre layers and indicated with a different colour to the three flax fibre inner layers. 

The crack propagating along the stitching line is again apparent, which then leads to the ±45° 

direction of the crack for all the glass layers. Further to this, several delamination cracks are 



  

 

present, especially between the glass and flax layers interface (Figure 9(b)), as demonstrated 

from the cut along the 𝑦𝑧 plane of the volume. 

  
(a) (b) 

Figure 9. μ-CT images for the Lam-D specimen; (a) whole 3D volume, (b) cut along the yz 

plane 

The morphology of the fractured area after fatigue was also studied using scanning electron 

microscopy (SEM) on a Zeiss system. A selection of specimens from each laminate that failed 

at the lowest and highest fatigue load was made, as shown in Table 3. The samples were cut, 

coated and loaded on the Zeiss system, as shown in Figure 10.  

Table 3. Specimens selected for SEM imaging 

Laminate  Lower applied stress [MPa] Laminate  Higher applied stress [MPa] 

Lam-F-1 32.52 Lam-F-2 47.32 

Lam-C-1 34.59 Lam-C-2 49.15 

Lam-D-1 40.67 Lam-D-2 53.26 

 



  

 

 

 

Figure 10. Specimens set up for SEM imaging in the Zeiss lab 

 

From the images of the fractured areas of the Lam-F-1 (Fig. 11(a)) and Lam-F-2 (Fig. 11(b)) 

specimens, a more intense event occurs when the maximum load is applied at the Lam-F-2 

specimen with more fibre pull-outs. The more loaded specimen Lam-F-2 shows deeper hollow 

areas, where the flax layers have been completely cut off. The breakage of the bundle of fibres 

is evident at various points of the fractured areas, as shown in Fig. 11(c) and 11(d). The fibre 

breakage appears to be the dominant cause of failure for this laminate.  



  

 

  

(a) (b) 

  

(c) (d) 

Figure 11. SEM images for Lam-F specimens. Image of the right end of the specimen (a) at 

minimum load (Lam-F-1) and (b) at maximum load (Lam-F-2). (c) Detailed view, as 

circled in (a). (d) Detailed view as circled in (b). 

 

The surface morphology becomes more distinct between the layers of different materials for 

the Lam-C and Lam-D specimens. From the images of the right end of the Lam-C-1 and Lam-

C-2 samples (Figures 12(a) and 12(b)), it is evident that the fibre breakage is more dominant 

on the flax layers as compared to the outer glass layers. The deformation of the flax fibres is 

greater whereas the glass fibres have broken in a more brittle way, as shown in Fig. 12(c) for 

Lam-C-1. This indicates that the material has failed mainly due to the complete rapture of the 

Hollow area 
Fibre pull-outs, 

Detail  

Detail  



  

 

flax fibre layers. It is also interesting to see the detailed view between the outer glass and 

adjacent flax layers of the Lam-C-2 samples from an SEM picture taken at the left end of the 

sample, as shown in Fig. 12(d). The glass and flax layers have debonded with a gab measured 

at approx. 278 μm, whereas the subsequent flax layer demonstrates fibre pull-outs, as shown 

in the detailed images. An SEM image from the through-the-thickness area of the specimens is 

also shown in Fig. 12(e) and 12(f) for the Lam-C-1 and Lam-C-2 respectively. Two dominant 

delamination cracks are developed around the fractured area, with several cracks propagating 

further down the specimen’s length for Lam-C-1, as shown in the detailed image in Fig. 12(e) 

with the crack’s length being approx. 1.76 mm. This crack’s direction is propagating inside the 

less stiff flax fibre layers and the glass fibre layers are increasing the fatigue lifetime of the 

laminate, by protecting it from the crack propagation. For Lam-C-2 in Fig. 12(f), the 

delamination cracks between the hybrid glass and flax layers are dominant, as expected.  
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(e) (f) 

Figure 12. SEM images for Lam-C specimens. Image of the right end of the specimen (a) 

at minimum load (Lam-C-1) and (b) at maximum load (Lam-C-2). (c) Image of the middle 

section of the fractured area of Lam-C-1 and detailed view. (d) Image of the left end of 

Lam-C-2 and detailed views. (e) Through-the thickness image of Lam-C-1; (f) through the 

thickness image of Lam-C-2.  

 

Finally, the SEM images from the Lam-D specimens have some interesting findings on the 

failure mode of the glass and flax fibres as well as their interphase. From the SEM images taken 

at the left end of the samples Lam-D-1 and Lam-D-2 (Figs. 13(a) and (b) respectively), the 

total rapture of the flax fibres is very clear, whereas the glass fibre layers demonstrate a more 

brittle and smooth failure. The same pattern is observed in all four glass layers, with the glass 

fibres being broken in a uniform way. On the contrary, the flax fibres exhibit a more random 

failure, with fibre pulling out at various locations as well as bundles of flax fibres being broken, 

which is also shown in Fig. 13(c) where the middle section of the Lam-D-2 is shown and a 

bundle of flax fibres has completely torn off and been pulled out. This finding comes in 

agreement with previous literature, with the hybrid composites benefiting from the advantages 

of both high strength/stiffness and low strength/stiffness constituents [27], namely glass and 

flax fibres respectively. Again, an SEM image from the through-the-thickness area of the 



  

 

specimens is also shown in Fig. 13(d) and 13(e) for the Lam-C-1 and Lam-C-2 respectively. 

Both loading cases of Lam-D demonstrate a similar pattern, with significant delamination 

cracks being developed mainly between the glass and flax layers. The measurements on the 

images are not accurate, but they were taken as an indication of the depth of each crack from a 

reference point. It is interesting to note here that, although the Lam-D specimens demonstrated 

the best fatigue performance, as it was evidenced within this study, yet the compatibility and 

the bonding of the interface in hybrid natural fibre composites is an aspect that needs to be 

further investigated and understood.  
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(d) (e) 

Figure 13. SEM images for Lam-D specimens. Image of the left end of the specimen (a) at 

minimum load (Lam-D-1) and (b) at maximum load (Lam-D-2). (c) Image of the right end 

of the fractured area of Lam-D-2 with fibre pull-out. (d) Through-the thickness image of 

Lam-D-1; (e) through the thickness image of Lam-D-2. 

 

3.3 Fatigue behaviour (S-N curves) 

The S-N curves provide important information in terms of the fatigue life of materials. Table 

4 gives the average fatigue life (𝑁𝑎𝑣𝑔) and the average logarithm of the number of cycles to 

failure for each specimen (log(𝑁)𝑎𝑣𝑔).  

Table 4. The average fatigue life of Lam-F, Lam-C and Lam-D specimens. 

 0.7 UTS 0.6 UTS 0.5 UTS 0.45 UTS 

 𝑁𝑎𝑣𝑔  (log(𝑁)𝑎𝑣𝑔)  𝑁𝑎𝑣𝑔  (log(𝑁)𝑎𝑣𝑔) 𝑁𝑎𝑣𝑔  (log(𝑁)𝑎𝑣𝑔) 𝑁𝑎𝑣𝑔  (log(𝑁)𝑎𝑣𝑔) 

Lam-F 18278 4.26 12048 4.08 520374 5.71 567038 5.75 

Lam-C 34662 4.54 115999 5.06 269223 5.43 1280000 6.11 

Lam-D 69214 4.84 194499 5.29 226416 5.35 695309 5.84 

 

The corresponding experimental results are plotted in Figure 14. All points represented in this 

plot with an arrow indicate that these specimens did not break before the cycles limit, as defined 



  

 

at 1 × 106 cycles. The experimental data have been fitted linearly to produce the linear curves 

for each type of specimen. These curves reveal that the hybrid specimens Lam-C and Lam-D 

exhibit higher resistance to fatigue loading as compared to the flax fibre only laminates, Lam-

F, in the studied loading ranges. This is mainly attributed to the hybrid nature of Lam-C and 

Lam-D, with the presence of the glass fibre layers over-performing during fatigue. The slope 

of the Lam-C and Lam-D curves is steeper (slope = 7.80 and 7.69 respectively) than the slope 

of the Lam-F (slope = 4.64), which implies a greater decrease of the stress level with respect 

to the fatigue life.  

 

Figure 14. S-N curves for the behaviour of Lam-F, Lam-C and Lam-D 

specimens. 

Further to this, it can be noted that the fatigue curves reveal the clear predominance of the Lam-

D specimens on both the Lam-C and, of course, Lam-F, demonstrating that the selected 

stacking sequence of Lam-D can withstand higher fatigue loads for a greater number of cycles. 

Also, a large number of pores within the Lam-F specimens, as shown previously in Figure 4(c), 

can influence the fatigue behaviour of these specimens. Hence, using more flax fibre layers in 
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the laminate with such high porosity levels could potentially decrease the fatigue resistance. 

This needs further investigation to be fully verified.  

The cumulative probability distribution of the fatigue test date was fitted in the order of failure 

and the Weibull parameters were computed. The Weibull curve fittings, as obtained from the 

fatigue data of each laminate type, are presented in Figure 15. After the linear fitting, the 

coefficient of determination, 𝑅2 and the Weibull modulus, 𝛽, are presented in Table 5 below.  

Table 5. Weibull parameters as derived from the fatigue testing data of Lam-F, Lam-C and 

Lam-D specimens 

Weibull 

parameters 

Lam-F Lam-C Lam-D 

𝜶 277631.29 278702.46 404831.88 

𝜷 0.7357 0.8905 1.0724 

𝑹𝟐 0.9189 0.8706 0.8121 

CV 1.428 1.281 1.379 

 

From the values in Table 5, it can be concluded that the Lam-F specimens, which demonstrate 

the largest value of the coefficient of determination, indicate a better fitting model. Moreover, 

the Weibull modulus, 𝛽, is greater for Lam-D, which indicates that there is less spread in the 

failure data for this laminate type. The Weibull distribution method can also be used to back-

calculate the estimated number of fatigue cycles that each laminate would fail. For instance, 

assuming a 1 out of 106 fails, that is the probability of failure is equal to 𝑃𝑓(𝑥) =
1

106, using the 

Eqs. (2)-(4) it can be predicted that the Lam-D material would fail after a greater number of 

fatigue cycles compared to Lam-F and Lam-C. This is an excellent indicator of the quality of 



  

 

the fatigue data for Lam-D and the confidence obtained for the further usage of Lam-D as a 

superior material configuration under cyclic loading.  

 

 

Figure 15. Weibull lines for Lam-F, Lam-C and Lam-D composite samples 

The displacement of the specimens was measured during the fatigue tests at every 4000 and 

10000 cycles. The graphs of the displacements at the minimum (𝜎𝑚𝑖𝑛) and maximum (𝜎𝑚𝑎𝑥) 

applied stresses with respect to the life ratio (Figure 16), i.e., 𝑛/𝑁𝑓 where 𝑁𝑓 is the maximum 

number of cycles to failure for each specimen and loading case, demonstrate a continuous 

increase independent of the laminates’ stacking sequence and types of reinforcement. This can 

be attributed to the cyclic creep effect observed during the fatigue loading, due to its positive 

mean stress and the sinusoidal variations of the load [32, 33].  



  

 

 

Figure 16. Minimum and maximum cycle displacement evolution of Lam-F, Lam-C 

and Lam-D specimens 

Furthermore, the overall development of the displacements for all loading levels is presented 

in Figure 17, where each curve represents the test results for a given loading condition. In most 

cases, a rapid increase in the displacement is observed at the beginning, followed by a quasi-

linear stage for a long-life ratio. The final stage is another acceleration phase up to the failure 

of the specimens. Among all three types of specimens, the Lam-D series reveals the smallest 

acceleration in this final stage, denoting their brittle behaviour as compared to the other two 

types of specimens. The trends of the displacement are similar for all specimens regardless of 

the loading level. The displacement increases with the imposed load. For Lam-F (Figure 17(a)) 

the curves seem to be parallel, whereas for the Lam-C and Lam-D the slopes slightly increase 

for each different load (Figures 17(b) and (c)).  
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(a) (b) 

 
(c) 

Figure 17. Displacement of specimens (a) Lam-F, (b) Lam-C and (c) Lam-D for fatigue loading 

from 0.5 to 0.7 UTS. 

To directly compare the type of hybridisation used in this study, the displacement vs the fatigue 

life is plotted for similar loading stages for Lam-C and Lam-D specimens (Figure 18). For both 

selected loading stages, the trends are similar, with the slope of Lam-C curves being steeper 

compared to the slope of Lam-D specimens, indicating a better fatigue resistance of Lam-D 

material being able to withhold more displacement for a long time until failure. The same 

conclusion is drawn when the damage accumulation indicator is plotted against the applied 
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stress during the fatigue testing for all specimens. The damage accumulation indicator is 

calculated as the slope of the displacement vs fatigue cycles curves. This slope is plotted for 

each stress level for Lam-F, Lam-C and Lam-D and the scattered points have been fitted with 

an exponential curve.  

 

Figure 18. Displacement evolution for Lam-C and Lam-D specimens at 0.6 and 0.7 UTS 

loading conditions. 

From Figure 19, it is evident that both the Lam-C and Lam-D hybrid laminates demonstrate 

improved fatigue performance when compared to the Lam-F flax specimens. Similarly, to the 

previous results, the Lam-D exhibits a far more improved performance compared to Lam-C, 

with more damage being accumulated at a lower rate and for higher stress applied during 

fatigue. It is very clear, hence, that the alternating glass/flax layers through the thickness of the 

laminate produce a material that can be efficiently used in fatigue bearing applications.  
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Figure 19. Damage accumulation for all specimens with respect to the applied fatigue 

stress. 

3.4 X-Ray µ-CT in-situ testing 

The behaviour of the Lam-F specimens under static tension was continuously monitored using 

the in-situ test rig employed in the scanning area of the Nikon Computed Tomography system 

(Figure 20). A specific geometry of the specimens was cut, as shown in Figure 20(c), with the 

actual scanned area being the middle rectangular area of size 20 × 4 𝑚𝑚2. The load cell of the 

test rig is up to 3 kN. The Lam-F specimens were tested initially without any load applied and 

this was used as a pre-load state. Then, an increment of 0.5 kN was used with the specimen 

being under tension until a 2.5 kN load. A voxel size of 80 μm was used at a voltage of 120 kV 

and a current of 115 μA during each scan.  
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(a) (b) (c) 

Figure 20. (a) The internal scanning area of the Nikon CT system; (b) the 3 kN in-situ test 

rig for tension or compression; (c) geometry of the testing samples. 

The produced images were post processed using the software Avizo to acquire the level of 

porosity above a set threshold of 160 μm, namely twice the voxel size used during imaging. 

Figure 21 shows a comparison of the porosity level among three different loading stages: the 

pre-load, the 1 kN load and the final stage of 2.5 kN applied on the specimen. The smallest 

pore size that was observed was at 50.12 μm. The distribution of the pores within the volume 

is high, even at the preloading stage, as also indicated in the preliminary scans (Figure 4(c)). 

From Figure 21 it is evident that the size of the pores increases with the increase of the load. 

The monitoring of these pores during fatigue and how they behave as potential critical damage 

initiation points is an area that requires further investigation.  

 



  

 

   
(a) (b) (c) 

Figure 21. In-situ porosity measurement for the Lam-F material at (a) preload stage, where no load 

is applied on the specimen, (b) 1 kN of tensile load and, (c) 2.5 kN of tensile load applied on the 

flax fibre reinforced specimen. 

3.5 DMA Testing 

Dynamic mechanical analysis of composites (DMA) was conducted and analysed in this work 

to understand the stiffness and fibre/matrix interfacial properties at a wide range of 

temperatures and any possible relations between them and measured fatigue properties of tested 

composites. Figure 22 shows the changes in storage modulus (E’) and tan δ (damping factor) 

values of Lam-F, Lam-C and Lam-D composites as a function of temperatures at 1 Hz 

oscillation frequency. The stiffness, degree of crosslinking and fibre-matrix interfacial bonding 

behaviours of composites can be described based on the data provided in a  storage modulus 

(E’) versus temperature curve and the storage modulus is proportional to the energy stored 

during a cycle in a DMA test [34]. From the storage modulus curves in Figure 22(a) all types 

of tested composites showed a slow reduction of the E’ values at the beginning with the increase 



  

 

of temperatures as polymer matrix chains become flexible at higher temperatures with a 

subsequent sharp decline of the E’ values in the glass transition region due to the mobility of 

the polymer molecular chains above the glass transition temperature (Tg). Lam-F composite 

provided the lowest storage modulus while the highest values were measured for the Lam-D 

composite. Lam-C and Lam-D composites exhibited a higher modulus compared to Lam-F 

composites and it becomes clear that the hybrid ply arrangements (glass and flax) in Lam-C 

and Lam-D composites can increase the storage modulus compared to only flax fibre-based 

Lam-F composite. Although Lam-C and Lam-D curves started from similar storage modulus 

values, Lam-D composite showed a slower change and a better resistance of storage modulus 

reduction compared to Lam-C composite in the tested temperature range. This result could be 

associated with the improved interfacial adhesion and properties at the fibre-matrix interface 

developed through the alternate glass and flax fibre ply arrangements in the hybrid Lam-D 

composite which enabled the Lam-D composite to carry, transfer and resist more mechanical 

stresses. The better improved interfacial adhesion and the fibre-matrix interface of Lam-D 

composites compared to Lam-C and Lam-F composites could be linked up with its higher 

resistance to fatigue loading, measured in the earlier fatigue properties analysis sections. A 

similar observation was also found when we compared the storage modulus and fatigue 

resistance of Lam-C and Lam-F composites and hence, Lam-C composites showed higher 

resistance to fatigue loading compared to Lam-F composites.   



  

 

 
(a) 

 
(b) 

Figure 22. (a) Storage modulus and (b) Tan Delta (tanδ) curves of DMA tested composite 

specimens at a temperature range from 25 °C to 180 °C. In the storage modulus curves, 

arrows represent the Tg temperatures. 

 



  

 

The damping factor, tan δ is the ratio of loss modulus (E’’, energy dissipated) to storage 

modulus (E’, energy stored) in the material during a DMA test cycle and provides information 

on energy absorption/dissipation mechanisms and glass transition temperature (Tg) etc. (Figure 

22(b)). The Tg value can be determined as the temperature at which the maximum peak of the 

tan δ curve is observed [35]. For all tested composites, tan δ curves were seen to increase with 

the temperatures, reach the peak values in the glass transition region and then decrease above 

the glass transition region (rubbery region). The lam-C composite showed a slight reduction in 

Tg (114 °C) compared to Lam-F composite (119 °C) which means a reduced thermo-

mechanical performance and can be attributed to the increased mobility and poor adhesion of 

polymer matrix chains in composites, although a better storage modulus was observed earlier 

for Lam-C composite than that of Lam-F composite. A significant rise in Tg value (134 °C) 

was seen for Lam-D composite which indicates an improved thermo-mechanical performance 

because of the alternate hybrid ply arrangement in its structures and interfaces. The increased 

Tg value also supports the measured higher storage modulus of Lam-D composites and 

therefore, the better fatigue resistance of this type of composite. The area under tan δ curves 

was calculated to quantify the energy dissipation of all types of composites and very similar 

energy dissipations were found for Lam-F, Lam-C and Lam-D composites. 

4.      Conclusions 

In the present work, a thorough fatigue testing on flax/epoxy non-hybrid and glass/flax/epoxy 

hybrid composite laminates was conducted to investigate the effect of glass fibre hybridisation 

on the cyclic fatigue behaviour by applying different stress levels. Two different hybrid 

configurations were used and analysed. The results revealed the improved fatigue resistance of 

the hybrid specimens over the laminate with only flax fibres. Furthermore, the alternating 

flax/glass laminate configuration (Lam-D) proved to be superior to the one with glass only in 

the outer surfaces (Lam-C). The damage accumulation rate was much lower for Lam-D, which 



  

 

indicates the major finding of this study that hybridisation has a significant effect when fatigue 

loading is considered. Moreover, the conducted statistical study supports this finding, by 

justifying that the Lam-D material would fail at a higher number of fatigue cycles, leading to a 

more secure application of this material, as compared to the other two laminates examined in 

this study. The failure modes observed in each type of laminate were further studied using 

imaging techniques, such as μ-CT and SEM. Both techniques agreed that the hybridisation of 

the flax fibre laminates enhanced the fatigue performance of the material, because the glass 

layers demonstrated a smoother fracture area, whereas the flax fibres were severely pulled out 

in all cases. The in-situ testing revealed several damage mechanisms that took place during the 

static tensile testing of the miniature specimens. The porosity level, as well as the critical size 

of the pores, have increased with a higher load applied on the specimen. Various µ-CT scans 

demonstrate the high levels of porosity in the damaged specimens before the fatigue testing. 

Finally, DMA test results also supported the observed fatigue behaviours in this work. From 

the DMA testing, it was found that Lam-D demonstrates higher storage modulus than Lam-C 

at higher temperatures, especially in the window 70-140°C, which remains to be further 

investigated under fatigue testing to understand the high-temperature effects on fatigue 

behaviour of these composite specimens in the future works. The hybridisation with an 

alternating sequence of glass fibre can provide more sustainable composites suitable for semi-

structural applications where carbon and glass fibres are subjected to fatigue loading. The 

delamination between the glass and flax layers was an issue that requires further investigation 

towards the improvement of the adhesion between hybrid layers and how this can positively 

contribute towards the fatigue behaviour improvement. 
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