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A B S T R A C T   

The high stiffness and damping properties of flax fibres promote the integration of biocomposites in structural 
applications. However, the strength of flax/epoxy composites is still limited compared to glass/epoxy compos-
ites. Graphene oxide (GO) has proved to be a promising building block for nanocomposites due to its high 
toughness, stiffness and tunable interfacial interactions with polymers. This study aims to understand the po-
tential of GO-based surface treatment of flax fibres to modify the interfacial adhesion and tensile performance of 
flax fibre/epoxy composites. GO-modification improves the interfacial shear strength of elementary flax fibre/ 
epoxy by 43%. The interfacial improvement is also established by the 40% higher transverse bending strength 
compared to untreated flax/epoxy composites. The tensile moduli of GO-modified flax/epoxy composites are on 
average 2 GPa higher than for untreated flax fibre/epoxy composites in all strain ranges. The quasi-static lon-
gitudinal tensile strength of unidirectional composites is not affected by GO-modification.   

1. Introduction 

Natural fibres, such as flax, with excellent stiffness to weight ratio 
and damping properties [1] are a green class of reinforcements for 
composites. Flax fibres can partially substitute glass fibre in weight 
critical applications. Although flax fibres in the market are more 
expensive than glass fibres [2], the non-renewable energy required to 
produce flax fibre mats (9.55 MJ/kg) is significantly lower than glass 
fibres (54.7 MJ/kg) [3]. Also, from the perspective of abiotic depletion, 
human toxicity, photochemical oxidation, and end of life options, flax 
fibres are environmentally superior to glass fibres [4]. Flax/epoxy and 
glass/epoxy composites demonstrate similar tensile modulus range [5]. 

Epoxy matrices are ideal for low-cost manufacturing of large struc-
tures such as wind turbine blades with resin infusion based on their 
intrinsic low viscosity. Also, epoxide and hydroxyl groups of epoxy resin 
can form hydrogen bonds with free hydroxyl groups on flax fibre that is 
essential for effective load transfer between fibre and matrix [6,7]. The 
excellent performance of flax/epoxy composites is mainly due to the 
intrinsic properties of flax fibres. Flax fibres with a high amount of 

cellulose (60–80 wt%), and low cellulose microfibril angle (10◦) have 
the highest strength values (800–1000 MPa) among natural fibres [8]. 
Contrary to other bast fibres such as hemp and jute, retted flax bundles 
can result in a more extensive content of individual elementary fibres 
which means a higher surface area for load transfer inside a polymer 
matrix [8,9]. However, the ultimate performance of flax/epoxy com-
posites in various loading conditions is still low compared to glass fibre/ 
epoxy composites [5]. 

One of the strategies to enhance the strength of flax/epoxy com-
posites is to improve the interfacial adhesion between fibres and matrix. 
Research efforts in this area focus on the selective extraction of waxy 
(lipophilic) compounds from the fibre surface [10,11] and development 
of coupling agents [12–19]. The removal of lipophilic compounds from 
the flax surface increases the surface roughness and the number of 
reactive hydroxyl groups leading to better adhesion [6,12,14,20]. The 
objective of functionalisation is to introduce new functional groups on 
the fibre surface which can promote interfacial adhesion or toughness 
[14]. Graphene oxide (GO), a nanoscale material, can significantly 
enhance the damage tolerance and interfacial interactions as an additive 
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for polymers or as a surface functionalisation of fibres [21–28]. GO is a 
derivative of graphene with oxygen-rich functional groups such as 
carboxyl, epoxide, and hydroxyl capable of hydrogen bonding or even 
covalent bonding [29,30]. The tensile modulus of GO sheets consisting 
of three or more layers (thickness range from 3 nm to 1 µm) is around 40 
GPa [31,32]. Although in-plane mechanical properties of GO are inferior 
to those of graphene, the efficiency of load transfer from a polymer 
matrix to fibres is much higher for GO covered fibres [33–35]. For 
instance, Zhang et al. [25] improved the interfacial adhesion and tensile 
strength of commercially sized carbon fibre/epoxy composites by 36% 
and 34% with deposition of GO on carbon fibres. Chen et al. [24] re-
ported a 16% improvement in the interlaminar shear strength of GO- 
treated glass fibre/epoxy composites. Sarker et al. [15] reported sig-
nificant improvement of 89% in the apparent interfacial shear strength 
(IFSS) of jute/epoxy by GO-modification of technical jute fibres. In 
another study by Sarker et al. [13], they also enhanced the tensile 
strength and the tensile modulus of jute/epoxy composites by 110% and 
324% respectively by a combination of alkali lipophilic extraction, 
combing of jute bundles to individual fibres, and GO-adsorption. Their 
study is the only work dedicated to the contribution of GO-modification 
to the mechanical performance of natural fibre/epoxy composites. The 
current state of literature highlights the need for further research to 
assess the potential of GO- nanomodification of high-performance bast 
fibres such as flax to achieve better composites strength. 

This work investigates the effect of surface treatment of flax yarns 
with GO on the tensile behaviour of unidirectional (UD) flax fibre/epoxy 
composites. The contribution of GO- surface modification to the inter-
facial adhesion between flax fibres and epoxy is assessed by microbond 
and transverse bending tests. The transverse cross-section of UD com-
posites is analysed by optical microscopy to understand the effect of GO- 
treatment on the porosity of composites and individualisation of flax 
fibre yarns to individual fibres. 

2. Methodology 

Bcomp®, Switzerland provided unidirectional, non-crimp flax yarn 
fabric of ampliTex® UD type 5009 with an areal density of 300 g/m2 and 
density of 1350 kg/ m3. AmpliTex® materials are a high-performance 
class of flax fibres with hot water lipophilic treatment and broad con-
tent of individual elementary fibres [36]. Based on the manufacture’s 
datasheet, the tensile modulus, tensile strength and the strain to failure 
of flax fibres are 61 GPa, 580 MPa, and 1%, respectively. Also, based on 
the assessment by Bcomp®, 5009 ampliTex (300 g/m2) can replace 500 
g/m2 glass fibre UD fabric to have the same tensile modulus. Their 
calculations assumed a glass fibre with a density of 2600 kg/ m3 and 
tensile modulus of 70 GPa. The reported values for the mechanical 
properties of flax and glass fibres agree with the literature [8]. 

Graphite powder by TIMCAL Ltd., Switzerland, was used in the 
synthesis of graphene oxide (GO) by the modified Hummers method 
[30]. Hydrogen peroxide (30%) and sodium nitrate NaNO3 (≥ 99%) 
were purchased from Sigma-Aldrich, potassium permanganate KMnO4 
from Merck, and sulfuric acid H2SO4 (≥ 98%) from VWR®. EPON 828® 
epoxy resin and a Jeffamine® hardener with 32 wt% hardener to the 
epoxy ratio were used as the matrix. 

For the graphene oxide synthesis [30], a 500 mL round bottom flask 
was placed in an ice bath (0 ◦C) on a magnetic stirrer. 46 mL of H2SO4 
was transferred to the flask and continuously stirred by a magnetic bar. 
1 g of NaNO3 and 2 g of graphite powder was added to the H2SO4. Then, 
6 g of KMnO4 was gradually added to the reaction maintaining the 
temperature of mixture bellow 5 ◦C. After 10 min, the ice bath was 
removed, and the reaction continuously stirred for 6 h at 23 ◦C, which 
finally turned into a viscous paste. Afterwards, 92 mL and 280 mL of 
distilled water were added to the reaction with 30 min gap in between. 
Also, 10 mL of hydrogen peroxide was added to the flask. 

After the GO synthesis, an aqueous dispersion of GO was sonicated 
for exfoliation and further centrifuged to remove the acid used in the 

process and the non-exfoliated GO sheets. The obtained brown suspen-
sion was dried in an oven at 50 ◦C for 24 h to achieve a GO film. A 1.2 wt 
% aqueous dispersion of GO was prepared by mixing GO film with de- 
ionised water with a mortar and further sonication. Flax yarns were 
dip-coated in this dispersion for 24 h at 23 ◦C and dried at 60 ◦C over-
night. The reference flax yarns were immersed in de-ionised water for 
24 h at 23 ◦C and dried at 60 ◦C overnight to account for the potential 
effect of water. 

The X-ray diffraction (XRD) pattern of the synthesised graphene 
oxide crystals was examined by a Panalytical Empyrean Multipurpose 
Diffractometer with zero background. X-ray diffraction measurements 
were prepared by attaching the GO film on an amorphous sample holder. 
The instrument was operated at 40 kV and 40 mA with a Kα (λ = 0.154 
nm) radiation source. The X-ray diffraction measurements were per-
formed from 2θ = 5◦ to 40◦ at a rate of 2◦ min -1. 

The outcome of the GO synthesis (GO crystals) and the surface 
treatment of flax fibres was studied and compared to untreated material 
by Fourier transform infrared (FTIR) spectroscopy using a PerkinElmer 
Spectrum One device with the wavenumbers ranging from 500 to 4000 
cm− 1 with a resolution of 0.5 cm− 1. Three scans were performed for each 
fibre type. 

The tensile performance of untreated and GO-modified elementary 
flax fibres was measured by Textechno FAVIGRAPH® with 20 cN load 
cell. Tensile tests were performed with 20 mm gauge length and with a 
crosshead speed of 2 mm/min. A pretension of 0.6 cN/tex was applied 
before each measurement. Fibres were stored for one week at a 
controlled environment of RH 50% and 25 ◦C. 

Microbond tests were performed with a FibroBond® device [37] 
with 1 N load cell on single elementary fibres of flax. The elementary 
flax fibres were extracted from flax fabrics by tweezer under an 
optical microscope. The average diameter of elementary flax fibres was 
17 ± 3μm. Epoxy droplets were deposited by a FibDrop® device, which 
enables to form droplets of controlled size. All droplets were inspected 
under a microscope before testing, and samples with defects were 
rejected. To avoid fibre breakage during the microbond test, only 
droplets in the range of 70μ m to 100μ m were tested. The droplets were 
cured at 90 ◦C for 24 h and post cured at 150 ◦C for 2 h. During the test, 
microvices sheared the droplets while the fibres were fixed with glue on 
steel sample holders. Tests were observed with a microscope. The 
loading rate was 8μ m/s. 

The interfacial shear strength denoted as τd [38] was evaluated from 
the linear regression (slope) of a dataset of maximum force of individual 
droplets versus embedded area as [37]: 

τd =
dFmax

dAemb
(1)  

where Fmax is the measured maximum force, and Aemb is the embedded 
area along the fibre in the resin. In total, 20 individual droplets were 
tested for each sample. 

Unidirectional (UD) flax fibre/epoxy coupons with a 10 mm width, 
2 mm thickness, 250 mm length and 40% fibre volume fraction were 
manufactured based on the hand-layup method followed by hot press-
ing. Spacers with a 2 mm thickness were used in the press to assure the 
final thickness of the samples. Samples were cured at 90 ◦C for 24 h and 
post cured at 150 ◦C for 2 h. The fibre volume fraction (Vf) was calcu-
lated according to the ISO 14127:2008 standard: 

Vf =
mf /ρf

Vc
, (2)  

where mf is the mass of the fibres, Vc is the volume of the composite and 
ρf is the density of the fibres (1350 kg/m3), assuming a pore-free 
composite. 

To compare the porosity content in flax/epoxy and GO-modified 
flax/epoxy composites, the transverse area of UD composites was 
inspected by LEICA DM 2500 M optical microscope on a dark field mode. 
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Samples were embedded in an epoxy resin before polishing. Images were 
processed using image processing software (ImageJ) to differentiate 
between porosity, fibre, lumen, and matrix. After thresholding on the 
grey level, a morphological analysis tool was applied to count the 
number and size of pores. 

To study the interfacial adhesion at macroscale, transverse bending 
tests of composites were performed based on ASTM D7264. The flexural 
tests were performed on an Instron 5567 general-purpose mechanical 
testing machine with a 5 kN load cell. Composites were tested in a four- 
point bending condition with a crosshead speed of 2 mm/min. The strain 
was measured based on the load cell displacement. 

Tensile tests were performed on the Instron 5567 testing machine 
with a 30 kN load cell and a crosshead speed of 2 mm/min based on 
ASTM D3039. The strain was measured using a clip-on extensometer 
(50 mm gauge length). Abrasive papers were placed without glue in 
between the testing clamps and the samples to avoid slipping. All sam-
ples were stored for two weeks before testing in a controlled environ-
ment of RH 50% and 22 ◦C. Average results from five samples per series 
are reported. 

The fracture surfaces of tested composites and microbond test sam-
ples were examined with a Zeiss ULTRAplus scanning electron micro-
scope (SEM). A thin carbon or gold coating was used to ensure sufficient 
conductivity for the samples. 

3. Results and discussions 

3.1. Characterisation of graphene oxide (GO) 

Fig. 1a shows the FTIR spectra of graphene oxide (GO). The trans-
mittance spectra of GO represents the various characteristic oxygen-rich 
functional groups. The strong and broad-band at 3426 cm− 1 is related to 
the –OH stretching vibration of hydroxyl groups [39]. The existence of a 
few CH2/CH groups can be noticed from bands at 2922 cm− 1 and 
2852 cm− 1 [40]. The band around 1728 cm− 1 is related to the C––O 
stretching vibration of carboxylic functional units [39]. Finally, the 
bands at 1195 cm− 1 (C–OH stretching vibration) and 1046 cm− 1 (C–O 
stretching vibration) testify the presence of epoxy functional groups 
[39]. Fig. 1b shows the sharp XRD peak at 2θ = 10.6◦ which corresponds 
to 0.84 nm spacing between the graphene oxide sheets [40]. XRD 
pattern also indicates that the synthesised GO is free unreacted graphite 
(or unexfoliated) [41]. Based on our previous measurement with the 
atomic force microscope, the average thickness of single graphene oxide 
sheets was 0.84 nm [40]. In the same study, we also observed the 
wrinkled morphology of GO crystals which shows the flexible nature of 
GO. The results indicate the successful synthesis of GO with oxygen-rich 
functional groups. 

Fig. 1. The FTIR transmittance spectra (A) and XRD pattern (B) of graphene Oxide.  

Fig. 2. The FTIR transmittance spectra of untreated flax and GO-modified flax fibres.  
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3.2. Surface characterisation of fibres 

Fig. 2. shows the FTIR transmittance spectra of untreated flax and 
GO-modified flax fibres. The transmittance spectra of flax fibre show the 
typical band peaks of cellulose, hemicellulose, and lignin [11]. The band 
at 3340 cm− 1 is related to the –OH stretching of hydroxyl groups 
mainly in cellulose and lignin [42]. The bands at 2849 cm− 1 and 2916 
cm− 1 are usually related to the symmetric and asymmetric CH2 
stretching vibrations of cellulose and hemicellulose [42]. The band 
around 1632 cm− 1 is ascribed to the O–H bending due to absorbed 

water [42,43]. The band groups at 1427 cm− 1, 1320 cm− 1, and 1024 
cm− 1 can be related to the C–H wagging vibration in cellulose and 
hemicellulose [43], the CH2 rocking vibration at C6 in cellulose [42,44], 
and the C–O stretch vibrations of acetyl groups (lignin) [45]. The 
spectrum of the GO-modified flax exhibits a new band around 1737 
cm− 1 for the –C––O stretching vibrations of the –COOH groups of the 
GO [24,46]. FTIR results suggest successful adsorption of GO on the flax 
fibres by hydrogen bonding. 

Fig. 3 compares the surface morphology of untreated flax fibres, and 
graphene oxide treated fibres. Fig. 3 a, b shows the rather smooth sur-
face of flax fibres. Fig. 3 c, d represents the clear morphology difference 
between flax fibres and GO treated flax fibres. In Fig. 3 d the wrinkled 
nature of GO coating on the flax fibres is in agreement with our previous 
observation [40]. 

3.3. Tensile performance of elementary flax fibres 

Table. 1 reports the average tensile properties of elementary flax 
fibres and GO treated flax fibres with three different concentrations 
(0.65 wt%, 1.2 wt%, 2 wt%). The breaking force, elongation at failure, 

Fig. 3. Surface morphology of flax fibres (A, B) and GO-flax fibre (C, D).  

Table 1 
Summary of the tensile properties of elementary flax fibres.  

Fibre Breaking force Elongation Tenacity Linear density 
cN % cN/dtex dtex 

Flax 18 ± 6 3.1 ± 0.9 6.3 ± 2.7 3.2 ± 1.4 
0.65 GO-flax 16 ± 6 2.9 ± 0.8 5.3 ± 2.7 3.6 ± 1.9 
1.2 GO-flax 20 ± 5 3.6 ± 0.8 6.6 ± 2.7 3.5 ± 1.3 
2 GO-flax 16 ± 6 2.9 ± 0.8 5.9 ± 2.4 2.9 ± 1.1  

Fig. 4. Effect of GO-surface modification on the interfacial adhesion of elementary flax fibre/epoxy. (A) experimental microbond test results, (B) the shape of 
deposited epoxy droplets on the elementary flax and GO modified flax fibres. 
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and tenacity of untreated elementary flax fibres are 18 ± 6 (cN), 3.1 ±
0.9 (%), and 6.3 ± 2.7 (cN/dtex) respectively. The variation from the 
average value is rather high which can be related to the inhomogeneous 
nature of natural fibres. The average tensile performance of elementary 
GO-flax fibres is in the range of untreated flax fibre regardless of the 
concentration. Also, the linear density of flax fibres is not affected by the 
graphene oxide surface modification. It can be concluded that there is no 
meaningful change in the tensile performance of single flax fibres after 
GO surface treatment. The detailed results are reported in the supple-
mentary data 1. 

3.4. Interfacial fibre/matrix adhesion 

Fig. 4 presents the contribution of GO-treatment to the interfacial 
adhesion of elementary flax fibres with epoxy, as measured by the 
microbond test. The slope-based results (linear regression) in Fig. 4a 
suggest an interfacial shear strength (τd) of 33 ± 3 MPa for 1.2 wt% GO- 
flax/epoxy which is 43% higher than 23 ± 3 MPa for flax/epoxy. 
Microbond test assessment for 0.65 wt% GO-flax/epoxy and 2 wt% GO- 

flax/epoxy showed an interfacial shear strength of 25 ± 3 MPa and 20 ±
3 MPa respectively. The detailed results are reported in the supple-
mentary data 2. The lower shear strength of 2 wt% GO-flax/epoxy can 
be potentially related to the formation of multi GO layers on the flax 
fibre acting as a weak spot against shear force. Daly et al. [47] showed 
that GO-to-GO shear strength in thicker multilayer graphene oxide could 
be as low as 5.3 ± 3.2 MPa. In the upcoming sections, performance of 
composites is based on 1.2 wt% GO-flax/epoxy which shows the best 
interfacial adhesion based on the microbond test. 

Fig. 5 shows the fracture surfaces after the microbond test. The re-
sidual meniscus on the fibres (Fig. 5a, b) represents crack initiation in 
mode I close to the microvices followed by crack propagation along the 
interface, as was explained previously [48]. All droplets debonded with 
brittle failure. In Fig. 5b, d minor peelings of fibre cell-walls are evident 
after debonding. The sliver of fibre cell-walls indicates a better interfa-
cial adhesion with epoxy compared to the internal fibre cohesion. In 
Fig. 5d resin residuals are visible on GO-modified elementary flax fibres 
after debonding, suggesting the failure onset locus has moved towards 
the epoxy matrix. 

To further understand the effect of GO-modification on the interfa-
cial adhesion of flax fibre/epoxy, Fig. 6 presents the transverse bending 
strength results of UD composites. Remarkably, the average transverse 
bending strength of the GO-flax/epoxy composites is 38 ± 1 MPa which 
is 40% higher than the corresponding value for flax/epoxy composite. 
The better transverse strength of GO-treated flax/epoxy composites 
suggests an improvement in the fibre/matrix adhesion. Better adhesion 
can be ascribed to the high amount of oxygen-containing functional 
groups of GO, namely hydroxyl (–OH), carboxyl (O–C––O), epoxide 
(C–O–C), and carbonyl (C––O), which can interact with the functional 
groups of epoxy [13,15,25]. C–N bond between amine hardener and 
GO treated flax fibres by ring opening polymerisation [13,49], and 
mechanical interlocking between wrinkled GO coating and epoxy is also 
possible [13]. The 43% improvement in the interfacial adhesion of flax 
fibre/epoxy composites by GO-surface modification, agrees with 
microbond results. Our findings agree with the previous reports on the 
effect of GO on the interfacial adhesion of glass and carbon fibres with 
epoxy, that GO can be used as an efficient interfacial coupler in fibrous 
composites [26,50]. 

Fig. 5. Fracture surface analysis of untreated (A, B) and GO-treated (C, D) elementary flax fibre/epoxy after microbond test.  

Fig. 6. Transverse four-point bending strength of untreated flax fibre/epoxy 
and GO-modified flax fibre/epoxy composites. 
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3.5. Tensile behaviour of UD composites 

Fig. 7a presents examples of the stress–strain curves related to the 
uniaxial tensile tests of flax/epoxy composites. Fig. 7b shows the 
trilinear development of tensile modulus with respect to strain. The 
nonlinearity at approximately 0.3% strain, is anticipated to be related to 

the viscoplastic deformation of the amorphous matrix of hemicellulose 
at the primary walls [51,52]. The tensile modulus of untreated flax 
fibre/epoxy and GO-treated flax fibre/epoxy composites are reported in 
Table. 2 for the initial strain range (until 0.1%) and between 0.6% and 
0.8% strain range above the transition point. The tensile moduli (stiff-
ness, E) of untreated flax fibre/epoxy composites at the initial and post- 
transition strain ranges are 20±1 GPa and 13±1 GPa respectively. In the 
similar strain ranges, GO-modified flax fibre composites have slightly 
higher (~2 GPa) modulus values of 23±1 GPa and 15±1 GPa. The dif-
ference in the tensile stiffness can be related to the better fibre/matrix 
adhesion with GO-treatment as reported in Fig. 6 by increased trans-
verse flexural strength of composites. Better adhesion is often also 
associated with better fibre–matrix impregnation, which will lead to the 
increased modulus. 

Additionally, Fig. 8 shows that the representative microstructure of 
GO-modified flax/epoxy composites is clearly less porous compared to 

Fig. 7. Tensile behaviour of unidirectional flax/epoxy and GO-modified flax/epoxy. The graph A shows representative stress-strain results and the graph B shows the 
instantaneous stress-strain slope (stiffness) of the composite coupons for all strain ranges. 

Table 2 
Summary of the tensile properties of composites.  

Sample Vf E0.1% E0.6-0.8% σtensile  εfailure   

% GPa GPa MPa % 
Flax/ Epoxy 40 20±1  13±1  260±21  1.86±0.07  
GO-Flax/ Epoxy 40 23±1  15±1  275±14  1.70±0.05  
Epoxy – 2.2±0.05  – 53±1  5.1±0.1   

Fig. 8. The representative transverse cross-sectional micrographs of UD composites showing the microstructure of embedded fibre bundles of untreated flax fibre/ 
epoxy (A, B) and GO- modified flax fibre/epoxy (C, D). The histograms show the number and size distribution of pores in each micrograph. 
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reference flax/epoxy composites. The less porous nature of these GO- 
nanoengineered composites suggests a better fibre/matrix impregna-
tion. The better fibre/matrix impregnation can be related to the 
improvement in fibre/matrix adhesion with GO treatment as discussed 
previously (in Section 3.4). Naturally, porosity in flax/epoxy would 
negatively affect the tensile stiffness [53] as well as ultimate perfor-
mance. Due to the lower amount of porosity also at the fibre/matrix 
interface, GO-treated flax/epoxy demonstrates indeed better tensile 
stiffness (Table. 2). However, the tensile strength and the failure strain 
of both composites are at a similar level in this study. The failure process 
upon tensile test propagates fast and interfacial properties are not 
significantly shown – yet it is not clear if the GO-modification could not 
improve long-term dynamic (e.g. fatigue) performance in tensile mode. 

The fracture surface of the flax/epoxy composite in Fig. 9a demon-
strates that local failure in shear occurred along fibre/matrix interphases 
with long fibre pull-outs. The fracture surface of GO-modified flax/ 
epoxy in Fig. 9b is essentially similar to the one of flax/epoxy except for 
the length of the fibre pull-outs. For GO-modified flax/epoxy, the pull- 
out lengths were observed shorter, which is known to indicate better 
load transfer and adhesion between the fibres and matrix of the com-
posites. Also, Fig. 9c shows the relatively smooth fibre surfaces after 
flax/ epoxy fracture, whereas in Fig. 9d epoxy residual are evident on 
GO-modified flax fibres. Epoxy residuals on the fracture surface of GO- 
flax/epoxy composites show improved adhesion and affinity between 
fibre/matrix. Fig. 9 e, f indicates the brittle nature of the fracture sur-
faces for both untreated and modified composites. 

Regardless of the 43% improvement in the microbond τd values, and 
40% enhancement in the interfacial strength measured by transverse 
bending, our findings suggest that the extent of improvement in the 
longitudinal tensile strength of flax/epoxy composites by GO- modifi-
cation of the high-performance flax fibres is not significant for quasi- 
static loadings. This observation is in line with the existing data. Mert-
tote et al. [9] reported that in the case of high-performance flax yarns 
with large content of individual elementary fibres, even a 100% 
improvement in the interfacial adhesion does not significantly affect the 
longitudinal tensile strength of flax fibre reinforced composites. Also, a 
110% improvement in tensile strength of jute/epoxy composites re-
ported by Sarker et al. [13], was achieved by a combination of alkali 
lipophilic extraction, combing jute bundles to individual fibres, and GO- 
adsorption. Therefore, it can be argued that a significant improvement 
of the tensile strength in their work is mainly due to the removal of 
waxes and individualisation of pristine jute bundles. 

Nevertheless, a significant improvement in transverse strength is 
very relevant to improve off-axis strength in multi-directional compos-
ites. In future work, the fatigue testing of flax/epoxy composites will 
have to be analysed to understand the interfacial effects on the dynamic 
load range. The fatigue testing of unidirectionally reinforced composites 
is still under development, due to the challenges related to the test 
specimen design that could reveal interfacial effects on the results 
[54,55]. 

Fig. 9. The tensile fracture surface of flax/ epoxy (A, C, E) and GO-flax/ epoxy (B, D, F) composites.  
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4. Conclusions 

This paper presents the potential of graphene oxide (GO) surface 
treatment to improve the interfacial adhesion and the tensile behaviour 
of flax fibre/epoxy composites. A GO-treatment is performed on a high- 
end flax fabric intended for structural applications rather than on green 
or unprocessed flax yarns to highlight the pure effect of GO-treatment. 
The microbond results indicated a 43% improvement in the interfacial 
shear strength of the elementary flax fibre/epoxy by GO-surface modi-
fication. The micrographs of the GO-treated flax fibres after the micro-
bond test revealed a shift of the failure locus – the onset had shifted 
towards the matrix. The transverse strength of GO-modified flax fibre/ 
epoxy composite outperformed the untreated flax fibre/epoxy by 40%. 
The better transverse strength of GO-flax/epoxy composites was 
ascribed to the enhanced interactions between oxygen-containing 
functional groups of GO adsorbed into flax fibres and epoxy (inter-
face). A significant improvement in transverse strength of composites is 
very relevant to improve off-axis strength in multi-directional compos-
ites. The tensile stiffness of GO-modified flax fibre/epoxy composites 
was on average 2 GPa higher than untreated flax/epoxy composites for 
all strain ranges. The quasi-static longitudinal tensile ultimate strength 
and the failure strain were similar for the reference and modified 
version. Our findings suggest that the longitudinal tensile strength of UD 
flax/epoxy composites (with large content of individual elementary flax 
fibres) is not sensitive to the improvement in the fibre/matrix interfacial 
adhesion. 
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Sundaram RS, et al. Electronic properties and atomic structure of graphene oxide 
membranes. Carbon N Y 2011;49:966–72. https://doi.org/10.1016/j. 
carbon.2010.09.063. 

[34] Ramanathan T, Abdala AA, Stankovich S, Dikin DA, Herrera-Alonso M, Piner RD, 
et al. Functionalized graphene sheets for polymer nanocomposites. Nat 
Nanotechnol 2008;3:327–31. 

[35] Ruiz L, Xia W, Meng Z, Keten S. A coarse-grained model for the mechanical 
behavior of multi-layer graphene. Carbon N Y 2015;82:103–15. https://doi.org/ 
10.1016/j.carbon.2014.10.040. 

[36] Sheet PD. Art . No . 5009 UD fabric Product description n.d.:1–2.. 
[37] Laurikainen P, Kakkonen M, von Essen M, Tanhuanpää O, Kallio P, Sarlin E. 

Identification and compensation of error sources in the microbond test utilising a 
reliable high-throughput device. Compos Part A Appl Sci Manuf 2020;137:105988. 
https://doi.org/10.1016/j.compositesa.2020.105988. 

[38] Kang SK, Lee DB, Choi NS. Fiber/epoxy interfacial shear strength measured by the 
microdroplet test. Compos Sci Technol 2009;69:245–51. https://doi.org/10.1016/ 
j.compscitech.2008.10.016. 

[39] Stankovich S, Piner RD, Nguyen SBT, Ruoff RS. Synthesis and exfoliation of 
isocyanate-treated graphene oxide nanoplatelets. Carbon N Y 2006;44:3342–7. 
https://doi.org/10.1016/j.carbon.2006.06.004. 

[40] Layek RK, Ramakrishnan KR, Sarlin E, Orell O, Kanerva M, Vuorinen J, et al. 
Layered structure graphene oxide/methylcellulose composites with enhanced 
mechanical and gas barrier properties. J Mater Chem A 2018;6:13203–14. https:// 
doi.org/10.1039/c8ta03651a. 

[41] Cote LJ, Cruz-Silva R, Huang J. Flash reduction and patterning of graphite oxide 
and its polymer composite. J Am Chem Soc 2009;131:11027–32. https://doi.org/ 
10.1021/ja902348k. 

[42] Rout SK, Tripathy BC, Padhi P, Kar BR, Mishra KG. A green approach to produce 
silver nano particles coated agro waste fibers for special applications. Surf 
Interfaces 2017;7:87–98. https://doi.org/10.1016/j.surfin.2017.03.004. 

[43] Taha I, Steuernagel L, Ziegmann G. Optimization of the alkali treatment process of 
date palm fibres for polymeric composites. Compos. Interfac. 2007;14:669–84. 
https://doi.org/10.1163/156855407782106528. 

[44] Sawpan MA, Pickering KL, Fernyhough A. Effect of various chemical treatments on 
the fibre structure and tensile properties of industrial hemp fibres. Compos Part A 
Appl Sci Manuf 2011;42:888–95. https://doi.org/10.1016/j. 
compositesa.2011.03.008. 

[45] Roy A, Chakraborty S, Kundu SP, Basak RK, Basu Majumder S, Adhikari B. 
Improvement in mechanical properties of jute fibres through mild alkali treatment 
as demonstrated by utilisation of the Weibull distribution model. Bioresour 
Technol 2012;107:222–8. https://doi.org/10.1016/j.biortech.2011.11.073. 

[46] Costa UO, Nascimento LFC, Garcia JM, Monteiro SN, da Luz FS, Pinheiro WA, et al. 
Effect of graphene oxide coating on natural fiber composite for multilayered 
ballistic armor. Polymers (Basel) 2019;11.. https://doi.org/10.3390/ 
polym11081356. 

[47] Daly M, Cao C, Sun H, Sun Y, Filleter T, Singh CV. Interfacial Shear Strength of 
Multilayer Graphene Oxide Films. ACS Nano 2016;10:1939–47. https://doi.org/ 
10.1021/acsnano.5b05771. 

[48] Dsouza R, Antunes P, Kakkonen M, Jokinen J, Sarlin E, Kallio P, et al. 3D interfacial 
debonding during microbond testing: Advantages of local strain recording. Compos 
Sci Technol 2020;195:108163. https://doi.org/10.1016/j. 
compscitech.2020.108163. 

[49] Yang H, Shan C, Li F, Zhang Q, Han D, Niu L. Convenient preparation of tunably 
loaded chemically converted graphene oxide/epoxy resin nanocomposites from 
graphene oxide sheets through two-phase extraction. J Mater Chem 2009;19(46): 
8856–60. 

[50] Chen J, Zhao D, Jin X, et al. Modifying glass fibers with graphene oxide: towards 
high-performance polymer composites. Compos Sci Technol 2014;97:41–5. 

[51] Giancane S, Panella FW, Dattoma V. Characterization of fatigue damage in long 
fiber epoxy composite laminates. Int J Fatigue 2010;32(1):46–53. 

[52] Bensadoun F, Verpoest I, Baets J, Müssig J, Graupner N, Davies P, et al. 
Impregnated fibre bundle test for natural fibres used in composites. J Reinf Plast 
Compos 2017;36:942–57. https://doi.org/10.1177/0731684417695461. 

[53] Madsen B, Thygesen A, Lilholt H. Plant fibre composites–porosity and stiffness. 
Compos Sci Technol, 69 (7–8) (2009), pp. 1057–1069.. 

[54] Korkiakoski S, Brøndsted P, Sarlin E, Saarela O. Influence of specimen type and 
reinforcement on measured tension-tension fatigue life of unidirectional GFRP 
laminates. Int J Fatigue 2016;85:114–29. https://doi.org/10.1016/j. 
ijfatigue.2015.12.008. 

[55] Korkiakoski S, Sarlin E, Suihkonen R, Saarela O. Influence of reinforcement 
positioning on tension-tension fatigue performance of quasi-unidirectional GFRP 
laminates made of stitched fabrics. Compos Part B Eng 2017;112:38–48. https:// 
doi.org/10.1016/j.compositesb.2016.12.017. 

F. Javanshour et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/J.POLYMER.2014.12.067
https://doi.org/10.1016/J.POLYMER.2014.12.067
https://doi.org/10.1080/09243046.2019.1709679
https://doi.org/10.1080/09243046.2019.1709679
https://doi.org/10.1039/b917103g
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1038/nature06016
https://doi.org/10.1021/nn202928w
https://doi.org/10.1016/j.carbon.2010.09.063
https://doi.org/10.1016/j.carbon.2010.09.063
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0170
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0170
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0170
https://doi.org/10.1016/j.carbon.2014.10.040
https://doi.org/10.1016/j.carbon.2014.10.040
https://doi.org/10.1016/j.compositesa.2020.105988
https://doi.org/10.1016/j.compscitech.2008.10.016
https://doi.org/10.1016/j.compscitech.2008.10.016
https://doi.org/10.1016/j.carbon.2006.06.004
https://doi.org/10.1039/c8ta03651a
https://doi.org/10.1039/c8ta03651a
https://doi.org/10.1021/ja902348k
https://doi.org/10.1021/ja902348k
https://doi.org/10.1016/j.surfin.2017.03.004
https://doi.org/10.1163/156855407782106528
https://doi.org/10.1016/j.compositesa.2011.03.008
https://doi.org/10.1016/j.compositesa.2011.03.008
https://doi.org/10.1016/j.biortech.2011.11.073
https://doi.org/10.3390/polym11081356
https://doi.org/10.3390/polym11081356
https://doi.org/10.1021/acsnano.5b05771
https://doi.org/10.1021/acsnano.5b05771
https://doi.org/10.1016/j.compscitech.2020.108163
https://doi.org/10.1016/j.compscitech.2020.108163
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0245
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0245
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0245
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0245
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0250
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0250
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0255
http://refhub.elsevier.com/S1359-835X(20)30505-4/h0255
https://doi.org/10.1177/0731684417695461
https://doi.org/10.1016/j.ijfatigue.2015.12.008
https://doi.org/10.1016/j.ijfatigue.2015.12.008
https://doi.org/10.1016/j.compositesb.2016.12.017
https://doi.org/10.1016/j.compositesb.2016.12.017

	Effect of graphene oxide surface treatment on the interfacial adhesion and the tensile performance of flax epoxy composites
	1 Introduction
	2 Methodology
	3 Results and discussions
	3.1 Characterisation of graphene oxide (GO)
	3.2 Surface characterisation of fibres
	3.3 Tensile performance of elementary flax fibres
	3.4 Interfacial fibre/matrix adhesion
	3.5 Tensile behaviour of UD composites

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


