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Abstract 

Carbon fiber reinforced polymer composites, especially carbon/epoxy, have been attracting interest from offshore oil and gas 
industry as alternatives to metals for deepwater risers due to their very high performance besides being light weight. Composite 
risers, however, require an inner liner of metal to prevent leakage and damage to the outer composite layers. The bonding 
between the composites and the metal liner is critical for the overall integrity of the riser. In this study, two mechanical surface 
treatment methods, grit blasting and grooving, are used to modify aluminum liner surface. Representative composite pipe 
specimens consisting of these aluminum liners and carbon/epoxy composites were fabricated using filament winding process. 
Effects of the surface treatments on the liner-composites bonding are investigated by loading the specimens under axial 
compression. The liner-composite bonding, de-bonding process and the progressive failure mechanism were studied with the use 
of finite element simulation tools. The grooving method was found to provide a better bonding than the grit blasting process. 
Details of the fabrication and the testing, as well as the analysis of the results are presented in the paper. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the Advances in Material & Processing Technologies 
Conference. 
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1. Introduction 

Deepwater oil production (3000m and above) has become increasingly important in the offshore oil and gas 
industry due to the decline in shallow water oil production. For the construction of deepwater risers, composite 
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materials, in particular carbon/epoxy composites have been identified as good alternatives to metals because of their 
high specific strength. The weight reduction achieved from the use of composite materials can lead to significant 
cost savings [1]. Composite risers require an inner liner made of metal to prevent leakage and protect the composite 
layers. For composite risers where the metal liner contributes in bearing some load, the bonding between the metal 
liner and composite layers is important to ensure the overall mechanical performance of the riser. Failure at the 
interface between the liner and composite layers can lead to buckling and fluid pressure build up at the interface [2]. 
Therefore, a strong bonding between the liner and composite layers is required. 

In order to increase the bonding between metal and carbon/epoxy composites, surface treatment on the metal 
needs to be carried out. The surface treatment aims to adjust the surface tension, surface roughness and surface 
chemistry of the metal to improve its bonding with polymer [3]. Many surface treatment methods have been studied 
by researchers, including mechanical surface treatment such as grit blasting [4], and chemical surface treatment such 
as anodizing [5, 6]. The anodizing treatment has been found to improve the metal-polymer bonding significantly but 
the effectiveness of the treatment process can be affected by many factors such as temperature [7], electrolyte 
concentration and voltage [5]. Other methods used to improve the bonding between metal and polymers include the 
addition of carbon nanotubes (CNT) as reinforcing agent in the polymer [8] and the application of a conversion 
coating layer on the metal surface to enhance its wettability [9]. 

In this study, two mechanical surface treatment methods, grit blasting and grooving, are studied. Composite pipe 
specimens with inner aluminum liner are fabricated using the filament winding technique. Grooves are cut into the 
outer surface of the liner in the same angle as the filament winding angle. This allows the fibers to be placed on the 
grooves. The effects of the grooves on the liner-composite interface are studied by testing the specimens under axial 
compression loading. The results are then compared to the specimens with liner subjected to grit blasting. 

2. Materials and Experiments 

2.1. Materials and fabrication methods 

 The aluminum liners used in this study have an outer diameter of 76.2mm and wall thickness of 1.7mm. The 
outer surface of the liner is treated using two mechanical surface treatment methods, grit blasting and grooving. For 
grit blasting, glass beads supplied by Potters Industries Inc. were used. For grooving, round bottomed grooves were 
cut into the outer surface of the liner at angles of ±55º to the axial direction. The grooves are 0.02mm in depth and 
the groove spacing is 15mm. Figure 1 shows the surface of the liners after grooving and grit blasting. 

 

 

Figure 1. Surface treatment on aluminum liner: (a) grooving; (b) grit blasting. 

For the composite layers, the Epolam 5015/5015 epoxy resin system supplied by Axson Technologies was used 
as the matrix. The epoxy resin system has a low viscosity at room temperature and is suitable for the wet filament 
winding process. The HexTow® IM2A carbon fibers supplied by Hexcel Corp was used as the reinforcement.  
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 The representative composite pipe specimens were fabricated using a two-axis CNC filament winding machine. 
Three helical composite layers with angle ±55º to the axial direction were wound onto the aluminum liner and 
subsequently cured together. Figure 2 shows the fabrication of a composite pipe. The resulting composite layers 
have a total thickness of about 1mm. Besides composite pipe specimens with liners, unlined composite pipe 
specimens were also fabricated. The filament winding was carried out using a mandrel which was removed after 
curing to produce the unlined composite pipe specimens. 

 

 

Figure 2. Fabrication of composite pipe using the filament winding technique. 

2.2. Axial compression tests 

Test specimens were cut to 150mm in length from the fabricated composite pipes using a band saw machine. 
Strain gauges were attached to the middle of the pipe specimens to measure the axial and hoop strains. The 
specimens were tested under compression loading in the axial direction using a Universal Testing Machine. The 
compression tests were carried out at a constant head displacement rate of 1.3mm/s. The test procedure in ASTM 
D695 standard was followed closely. Figure 3 shows the experimental setup for the axial compression tests. A 
summary of the configuration and dimensions of specimens tested is given in Table 1.  

 

 

Figure 3. Axial compression test on composite pipe specimen. 

Table 1. Summary of test specimens 

Specimen type Pipe label Liner thickness 
(mm) 

Composite layers 
thickness (mm) 

Aluminum liner Al 1.7 0 

Composite pipe without liner C 0 1 
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Composite pipe with aluminum liner treated with grit blasting GB-C 1.7 1 

Composite pipe with aluminum liner treated with grooving GR-C 1.7 1 

3. Results and Discussion 

3.1. Fiber distribution around grooves 

The cross sectional area of the composite pipe specimens with its aluminum liner treated with grooving was 
inspected using a microscope to study the fiber distribution around and into the grooves. Figure 4 shows the cross 
sectional area of the composite pipe specimen near two different grooves. Fibers were found into the groove shown 
in Figure 4(a) whereas for the groove in Figure 4(b), it is only filled with the epoxy matrix.  

 

 

Figure 4. Microscope images showing cross sectional areas around two different grooves. 

3.2. Axial compression tests on composite pipe specimens 

The axial compression test results are summarized in Table 2. The percent difference, d, for a mechanical 
property of the composite pipe specimens with inner liner treated with grooving (pipe label GR-C) compared to 
composite pipe specimens with its inner liner treated with grit blasting (pipe label GB-C) was calculated using 
Equation 1: 

%1001
CGB

CGR

P

P
d    (1) 

where 
 PGR-C is the mechanical property of composite pipe specimens with its liner treated with grooving. 
 PGB-C is the mechanical property of composite pipe specimens with its liner treated with grit blasting. 

 
For the composite pipe specimens tested in this study, the aluminum liner bears a large part of the load because 

the liner is thicker than the composite lay-up. Under axial compressive load, the specimens initially showed linear 
elastic behavior. The axial linear elastic modulus for the GB-C specimens (35.5GPa) was slightly larger than that of 
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the GR-C specimens (31.6GPa). However, the GR-C specimens failed at a larger average maximum compressive 
stress of 145.6MPa compared to the GB-C specimens which failed at 126.6MPa. Figure 5 shows a comparison of 
the stress-strain response for the specimens with liner treated with grit blasting and grooving. 

For the GR-C specimens, the axial strain at final failure changed between different specimens. This can be seen 
from the large standard deviation for the axial strain at failure. The different behavior shown by the test specimens is 
due to the difference in the fiber distribution around the grooves. The current fabrication process was not able to 
produce composite pipes with consistent fiber distribution around the grooves (Section 3.1). 

Table 2. Axial compression test results (standard deviation in parenthesis). 

 Composite pipe with its 
aluminum liner treated 
with grit blasting 

Composite pipe with its 
aluminum liner treated 
with grooving 

% difference in GR-C 
mechanical property 
compared to GB-C 
specimens, d 

Pipe specimen label GB-C GR-C  

Axial linear elastic modulus (GPa) 35.3 (3.09) 31.6 (2.78) -10.5% 

Maximum  compressive stress (MPa) 126.6 (4.24) 145.6 (3.83) +15.0% 

Axial strain at final failure (με) -10198 (1729) -16945 (6066) +66.0% 

 
 

 

Figure 5. Compressive stress vs hoop and axial strain for composite pipe specimens with the liner treated with grit blasting (labeled GB-C) and 
grooving (labeled GR-C). 
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3.3. Finite element simulation 

Finite element simulation of the axial compression test was carried out using the ABAQUS finite element 
program to study the failure mechanism of the composite pipe specimens [10]. Separate mechanical tests on 
aluminum liner and unlined composite pipe specimens were carried out to obtain the material properties of 
aluminum and carbon/epoxy composite to be used in the numerical simulations. For the liner-composite interface, 
the liner and composite are considered in contact but not bonded. 

The stress-strain response for the simulation compared to experiments is shown in Figure 6. From the simulation, 
the aluminum liner started to yield at compressive stress of about 100MPa. The plastic deformation of the liner 
resulted in a lower overall modulus for the composite after yielding. The separation of the liner and composite 
resulted in the final failure of the simulation model. This is also observed in the experiments where the pipe 
specimens bulged around the circumference right before final failure (Figure 7).  

 

 

Figure 6. Comparison of finite element simulation and experimental results of axial compression test on composite pipe specimens with liner 
treated with grit blasting (GB-C) and grooving (GR-C). 
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Figure 7. De-bonding between liner and composite layers: (a) bulging at one end of composite pipe specimen after axial compression test; (b) 
simulation model showing the separation between liner (blue) and composite layers (green) at final failure under axial compressive loading.  

From Figure 6, it can be seen that the yielding of the aluminum liner for the composite pipe specimens with their 
liner treated with grooving (GR-C) occurred at a higher stress than the specimens with the liner treated with grit 
blasting (GB-C). This is because the fibers in the grooves function as reinforcement to strengthen the aluminum 
liner. Besides yielding at a higher stress, the liner-composite bonding was also improved for the grooving specimens 
as shown in Figure 6 where the de-bonding process occurred only at higher stress. This can be due to the increase in 
surface area for the liner-composite bonding. These two factors result in the GR-C specimens withstanding higher 
compressive stress than the GB-C specimens. Finite element simulations also provide insight into the de-bonding 
between the inner liner and the composite wound around it.   

4. Conclusions 

In this study, the effects of two mechanical surface treatment methods of metal liners on the metal-composite 
bonding in composite pipes are studied. The grooving method produced specimens that have a higher maximum 
compressive strength than the grit blasting method. For the grooving method where the angle of the grooves is the 
same as the filament winding angle, the fiber can be placed in the grooves to act as reinforcement for the liner. The 
grooves also increase the surface area of the liner-composite interface thus improving the liner-composite bonding 
compared to specimens produced with grit blasting surface treatment.  
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