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ABSTRACT 

The use of composite and nanocomposite materials is a growing trend in many industries such as 

aerospace, automotive, civil construction and energy. For many applications, the attachment between 

structures for efficiently transferring static and dynamic loads is a difficult problem to solve, especially 

for products which operate for long periods of time under extreme environments with corrosive fluid 

and high temperature. In the oil and gas segment, for instance, a common technique used for anchoring 

the tensile armours of flexible riser within the end fitting is through an embedded epoxy resin since it 

provides good chemical resistance and stable mechanical performance. Even though, cracks and 

defects can arise in the epoxy block during operations and end fitting mounting at resin curing step, 

and such cracks could affect the anchoring performance, in particular for composite armours. In this 

context, this work deals with the understanding of carbon fibre composite armours adhesion behaviour 

with an epoxy based matrix filled with multi-walled carbon nanotubes (MWCNTs) with a focus on 

improving the epoxy mechanical properties and its performance in adhesion. Mechanical 

characterization tests were carried out with referenced and filled epoxies to evaluate the gain of 

strength and modulus under tension and compression. The delamination toughness is also 

characterized in order to evaluate the resistance of the bonding structures. Test results confirmed an 

improvement in some epoxy mechanical properties and delamination toughness although MWCNTs 

dispersion may by optimized since some agglomerates were found by SEM analysis.   

 

ABBREVIATION 

CFA  Carbon fibre armour 

EF  End fitting 

DMA  Dynamic mechanical analysis 

DSC  Differential scanning calorimetry 

DWCNT Double-walled carbon nanotube 

MMB  Mixed-Mode Bending 

MWCNT Multi-walled carbon nanotube 

SEM  Scanning electron microscopy 

SWCNT Single-walled carbon nanotube 

UDW  Ultra-Deep Water 
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1 INTRODUCTION 

Flexible risers are multi-layered pipelines that connect offshore platforms to submarine wells for 

transferring oil, gas and water [1]. Each layer has its functions such as collapse resistance, leak-

proofness, and supporting pressure, static and dynamic loads, for instance. One particular layer so 

called tensile armours comes in pairs and is responsible for withstanding the axial loads induced by 

flexible weight, movements of the platform and end cap effect. Figure 1 presents the most common 

layers used in a flexible riser.  

For past years in the oil and gas subsea industry, solutions with composite materials are becoming 

more often for many components especially due to the increase of depth of the offshore fields, 

commonly called Ultra-Deep Water (UDW) fields. The tensile armours, for instance, are usually made 

of carbon steel. However, since it generates excessive tension to the pipe due to their weight, the use 

of a lighter but resistant material is attractive. The composite material studied for these armours is 

based on carbon fibre, called the Carbon Fibre Armour (CFA) [2]. The main advantage of this type of 

wire is precisely the specific mechanical strength when compared to carbon steel. 

 

 
Figure 1: Typical illustration of flexible pipe layers. 

Nevertheless, the CFA solution for risers brings some challenges for anchoring it at the extremity 

of the riser, inside the End fitting (EF), Figure 2. In this case, the behaviour considered for anchoring 

the CFA is by adhesion with the epoxy resin, while the approach used for steel armours is friction [4, 

5]. With the CFA bonded to epoxy, a new composite is formed where the CFA acts as reinforcement 

and the epoxy as matrix, which means that the epoxy’s integrity and mechanical properties impact 

directly on the performance of this new composite. 

 

 

Figure 2: Typical illustration of flexible pipe EF with tensile armours [6]. 

Incorporating carbon nanotubes (CNTs) fillers for toughening the epoxy matrix tends to provide an 

improvement of the anchoring system. Indeed, this method has been widely studied as reinforcement 

of epoxies [7, 8, 9]. They are normally synthetized with one, two or multi-layers, known as single 

walled (SWCNTs), double walled (DWCNTs) and multi-walled (MWCNTs), respectively. The CNT 

geometry offers a high ratio of surface area by weight, high electrical and thermal conductivity, and 

excellent mechanical properties, which may improve all these characteristics of a polymeric matrix 

[10, 11]. Furthermore, its combination with epoxy matrices can improve the adhesive performance as 

confirmed in references [12, 13]. However, CNTs have also setbacks that must be taken into account 

such as cost and difficulty of processing. To ensure the homogeneous dispersion and good bonding to 

the matrix, some techniques are required. High shear mixing like three rolls machine and ultrasonic 
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bath for dispersion are some of the methodologies used [8]. The glass transition temperature is another 

parameter that can be impacted by nanotube filling. Some authors already confirmed an increase of 

4% [14] and 24% [15] with 1.0%wt of MWCNTs, although the gain is not always assured depending 

on concentrations and type of CNTs, dispersion and cure processes.      

The present work studies the relation between the CFA adhesive resistance and the improved epoxy 

matrix. The composite armour is considered as a constant parameter with its pre-established data. The 

matrix, on the other hand, has its mechanical behaviour studied, aiming to improve the final composite 

system. Small-scale tests are performed with the referenced and toughened epoxies, and with the CFA-

Epoxy system.  

 

2 EXPERIMENTAL STUDY  

In order to characterize the gain of mechanical properties of the filled epoxy, a first batch of tensile 

[15] and compressive [16] small-scale tests were carried out with toughened and referenced epoxy 

samples. Then, delamination toughness by double cantilever beam [17] was performed with CFA-

epoxy systems, varying only the epoxy properties by toughening with nanotubes.  

The CFA material used was a carbon fibre composite supplied by TechnipFMC and the epoxy 

system chosen was a proprietary supplier formula. Two types of nanotubes, MWCNTs and a 

proprietary supplier modified m-MWCNTs, with aspect ratios from 330 to 1500 were used for 

toughening. Furthermore, two different concentrations were considered, 0.5%wt and 1.0%wt. 

Knowing that a good dispersion of MWCNTs is very important to guarantee a homogenous sample 

material, a high shear mixing three rolls machine was used for one hour of mixing and a gap of 5µm. 

To mitigate defects in samples, two vacuums were applied during thirty minutes at ambient 

temperature prior and just after applying the hardener. The second vacuum step was possible due to 

the high pot life offered by the chosen epoxy. Then, the compounds were placed in the moulds and 

cured at 60°C during twenty hours. The non-modified epoxy samples followed the same steps except 

for the three rolls machine. 

Five samples were prepared for each test. The machine used for the tensile tests was the Instron 

4206, with a 100kN static load cell, ±2.5mm travel extensometer and speed 1.5mm/min. For the 

compressive tests, an Instron 4482 machine was used with a 30kN static load cell, and same travel 

extensometer and speed. The delamination toughness tests were performed with a MMB device, with 

speed 0.5mm/min.   

 

3 RESULTS AND DISCUSSION 

The results found from the first mechanical tests already confirmed a slight improvement of epoxy 

mechanical properties and also CFA-epoxy adhesion system. Table 1 summarises the small-scale tests 

performed with the toughened and referenced epoxy matrix, and with CFA-epoxy system 

(Delamination toughness test) for 1%wt m-MWCNT toughened epoxy. The results found in tension 

with the referenced epoxy were coherent with previous studies [19].  

 

Test Property 
Ref. 

epoxy 

0.5%wt 

MWCNT 

0.5%wt m-

MWCNT 

1.0%wt m-

MWCNT 

Tensile (MPa) epoxy 

Strength 75.2±0.9  77.8±1.2 72.0±0.9 76.4±0.8 

Modulus 2950±75 2900±30  3000±30 3350±100 

Strain 5.4%±0.5 5,0%±0.3 5.9%±0.8 5.3%±0.6 

Compressive 

(MPa) epoxy 

Strength 97±0.9 100±0.8 98±0.0 102±0.7 

Modulus 2300±130  2480±150  3110±80 3360±180 

Delamination 

Toughness CFA-epoxy 

Gc (J/m2) 150±24 - - 178±19 

G1Ic (J/m2) 28±5  -  -  34±4 

 

Table 1: Summary of test results with referenced and MWCNTs toughened epoxies, and CNT 

concentrations of 0.5%wt and 1.0%wt. 

According to the table, although the addition of 0.5%wt MWCNTs did not provide expressive 
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changes on epoxy properties, the composites with 1%wt m-MWCNT caused an increase in some 

mechanical properties. The Young’s modulus and the Delamination toughness, which are parameters 

quite important for transferring and withstand the CFA loads in the anchoring system, reached nominal 

improvement of 14% and 20%, respectively. Moreover, no significant brittle behaviour of the epoxy 

was found by adding CNTs, especially m-MWCNT. Regarding the 0.5%wt MWCNT and 1.0%wt m-

MWCNT, the elongation had small decrease and the tensile and compressive strengths remained 

almost the same, still with a small gain. In addition, the compressive modulus increased 46% with 

1.0%wt m-MWCNT. 

Figure 3 presents the tensile stress-strain curve (a) and the increase of Delamination toughness, in 

Mixed-Mode (1 and 2) and Mode 2, by adding 1.0%wt m-MWCNT (b).   

 

a)    b)  

Figure 3: a) Stress-strain curves; b) Delamination toughness in Mode 2 and Mixed-Mode 1 and 2 of 

system CFA-epoxy, with non-modified and toughened 1%wt m-MWCNTs epoxies. 

Since the concentration of 1.0%wt showed tougher performance offering higher modulus without 

losing elongation and strength, higher concentrations of MWCNTs could be tested in the future in 

order to increase further the modulus until it starts becoming brittle. In this case, fracture toughness 

tests [19] should also be assessed.  

Although positive results have been reached, they were not as high as expected, if compared to the 

gain of 59% in Young’s modulus in reference [19], for example. Indeed, there are several parameters 

that may impact on final results which must be studied more deeply in the future such as: the type of 

epoxy, hardener and MWCNTs; nanotubes length and aspect ratio.  

Some non-negligible deviation, especially in strain from tensile tests and in Delamination 

toughness, have been found between the five samples tested. It could be linked to the repeatability of 

the protocol for preparing the samples. Besides, the degree of cure is one of the parameters that could 

be evaluated by DMA and/or DSC in order to verify if the time/temperature considered for curing was 

enough or even to check if samples with CNTs should be subjected to higher temperatures or longer 

duration. The poorer behaviour of the 0.5%wt m-MWCNTs sample in tension, for instance, or even 

the other results that did not reached higher improvements could be explained by the lower degree of 

cure.  

The dispersion of CNTs is another important factor that could be reassessed. Figure 4 presents 

SEM images taken from 0.5%wt and 1%wt m-MWCNTs samples.  
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0

20

40

60

80

0% 1% 2% 3% 4% 5% 6%

Tn
es

ile
 S

tr
es

s 
(M

P
a

)

Strain
Epoxy 0.5%wt MWCNT

0.5%wt f-MWCNT 1%wt f-MWCNT

0

50

100

150

200

250

Epoxy 1%wt f-MWCNT

D
el

am
in

at
io

n
 T

o
u

gh
n

es
s 

(k
J/

m
2

)

Gc

G2c

CNTs agglomerate 



21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

c)   d)  

Figure 4: SEM images showing dispersion of CNTs in the epoxy matrix samples: a) x1000 from 

0.5%wt m-MWCNT; b) x4000 from 0.5%wt m-MWCNT; c) x2000 from 1%wt m-MWCNT; d) x4000 

from 1%wt m-MWCNT. 

In Fig.4a, although it presents a relatively good dispersion, several CNTs agglomerates were found. 

Fig.4b shows some of them zoomed. Inspecting the 1%wt m-MWCNTs sample, it was more difficult 

to find agglomerates, nevertheless Figures 4c and 4d show CNT agglomerates with approximately 

5µm in diameter, which is the same gap (minimum feasible from the three rolls machine) used for the 

dispersion. 

Even if smaller gaps were possible in the three rolls machine, its setup (speed, gap and duration) 

may impact not only on the homogeneity of the dispersion but also on their structural integrity, that is, 

depending on the configuration, it could break some of nanotubes and the aspect ratio would be 

compromised. An option that could be considered for enhancing it is to combine the high shear mixing 

with an ultrasonic exposition.  

 

4 CONCLUSIONS 

The preliminary tests with the MWCNTs filled toughened epoxy already showed an improvement 

of mechanical properties, such as epoxy’s tensile and compressive modulus and the delamination 

toughness of the system CFA-epoxy, particularly for the composites with 1%wt m-MWCNT. The 

strengths remained mostly unchanged and there was no significant decrease of strain especially with 

the modified nanotubes. Therefore, it confirmed a tough matrix behaviour and a potential solution for 

increasing the anchoring resistance of the system if additional tests and the parameters like CNTs 

dispersion, cure protocols and epoxy family are deeply assessed. Besides, higher concentrations of m-

MWCNTs, 2%wt for instance, could be evaluated since 1%wt m-MWCNT was still tough. 

SEM analysis showed some CNT agglomerates even though matrices had relative good 

homogeneity in CNTs dispersion. Adding an ultrasonic bath step besides the three rolls machine could 

be an option for reducing these agglomerates and reaching better mechanical results.   

Although the present work enabled an introduction of characterization of the material properties 

and adhesion toughness to the CFA, future tests such as fracture toughness with epoxy and lap shear 

[21] with CFA-epoxy system shall be performed to confirm the material improvement. It is also 

important to perform an exhaustive campaign of straight pull-out testing with CFA-epoxy system in 

next works with the referenced and toughened epoxy in order to consolidate the suggested system. 

 

REFERENCES 
 

[1]  API - American Petroleum Institute,  Specification for Unbonded Flexible Pipe,  2009. 

[2]  A. Lambert, A.-T. Do, A. Felix-Henry et F. Grosjean,  Qualification of Unbonded Dynamic 

Flexible Riser With Carbon Fibre Composite Armors, OMAE2012-83130, 2012.  

[3]  G. C. Campello,  Metodologia de projeto para o sistema de ancoragem de conectores de dutos 

flexíveis e proposição de nova tecnologia,  Rio de Janeiro, 2014. 



 Rafael P. Mattedi, Anh-Tuan. Do, Fernando L. Bastian, Delong He, Jinbo Bai 

[4]  M. J. Thorsen,  Capacity of Deep Water Flexible Risers,  Norwegian University of Science and 

Technology, Trondheim, Norway, 2011. 

[5]  G. C. Campello et M. C. De Almeida,  End fitting for a flexible riser and method of assembly . 

Brevet US20120211975 A1, 23 August 2012. 

[6]  A. M. Schrand and T. B. Tolle,  Carbon nanotube and epoxy composites for military applications,  

in Carbon Nanotechnology, L. Dai, Ed., Dayton, USA, Liming Dai, 2006, pp. 633-675. 

[7]  P. R. Thakre,  Processing and characterization of carbon nanotubes reinforced epoxy resin based 

based multi-functional composites,  2009. 

[8]  N. E. Zander,  Epoxy Nano-Reinforced Composite Systems,  Phoenix, USA, 2008. 

[9]  A. Allaoui, S. Bai, H. Cheng et J. Bai,  Mechanical And Electrical Properties of a MWNT/Epoxy 

Composite,  Composites Science & Technology, vol. 62, n° %115, pp. 1993-1998, 2002.  

[10]  J. Bai et A. Allaoui,  Effect of the length and aggregate size of MWNTs on the mechanical and 

electrical properties of the nanocomposites,  Composite Part A, vol. 34/8, pp. 689-694, 2003.  

[11]  A. H. Korayem, Y. M. Liu, X. L. Zhao et W. H. Duan,  Bond Characterization of Steel-CFRP 

with Carbon Nanotube Modified Epoxy Adhesive via Pull-off Tests,  Structural Stability and 

Dynamics, vol. 15, n° %18, pp. 1540027 1-15, 2015.  

[12]  S. Yu, M. Tong et G. Critchlow,  Use of carbon nanotubes reinforced epoxy as adhesives to join 

aluminum plates,  Materials & Design, vol. 31, pp. S126-S129, 2010.  

[13]  Z. Yang, K. McElrath, J. Bahr et N. A. D’Souza,  Effect of matrix glass transition on 

reinforcement efficiency of epoxy-matrix composites with single walled carbon nanotubes, multi-

walled carbon nanotubes, carbon nanofibers and graphite,  Composites: Part B, vol. 43, p. 2079–

2086, 2012.  

[14]  A. Allaoui et N. El Bounia,  How carbon nanotubes affect the cure kinetics and glass transition 

temperature of their epoxy composites? – A review,  Express Polymer Letters, vol. 3, n° %19, p. 

588–594, 2009.  

[15]  American Society for Testing and Materials,  ASTM D638 Standard Test Method for Tensile 

Properties of Plastics,  West Conshohocken, United States, 2014. 

[16]  American Society for Testing and Materials,  ASTM D695 Standard Test Method for 

Compressive Properties of Rigid Plastics,  West Conshohocken, United States, 2015. 

[17]  American Society for Testing and Materials, ASTM D6671/D6671M Standard Test Method for 

Mixed Mode I-Mode II Interlaminar Fracture Toughness of Unidirectional Fiber Reinforced 

Polymer Matrix Composites, West Conshohocken, United States, 2015.  

[18]  W. Li,  The self-sensing, electrical and mechanical properties of the epoxy composites reinforced 

with carbon nanotubes-micro reinforcement nano/micro hybrids,  Ecole Centrale Paris, Châtenay-

Malabry, 2014. 

[19]  American Society for Testing and Materials,  ASTM E399 Standard Test Method for Linear-

Elastic Plane-Strain Fracture Toughness KIc of Metallic Materials,  West Conshohocken, United 

States, 2012. 

[20]  A. N. S. Alamry, B. G. Prusty, M. R. Mada et S. Bandyopadhyay,  Improved crack resistance and 

fracture toughness using MWCNT modified epoxy for delaminated composite structures,  

Elsevier - Procedia Materials Science, vol. 3, pp. 805-810, 2014.  

[21]  American Society for Testing and Materials,  ASTM D3528 Standard Test Method for Strength 

Properties of Double Lap Shear Adhesive Joints by Tension Loading,  West Conshohocken, 

United States, 1996. 

[22]  D. Li, X. Zhang, G. Sui, D. Wu et J. Liang,  Toughness improvement of epoxy by incorporating 

carbon nanotubes into the resin,  Journal of Materials Science Letters, vol. 22, n° %111, pp. 791-

793, 2003.  

 
 


