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ABSTRACT 

This paper uses X-ray tomography to investigate the 

microstructure of two novel eco-friendly composites that could 

be used in aircraft secondary structures. One sample each of 

two sandwich panels are studied. The two samples both have a 

hybrid fibre honeycomb core. One is covered with sheets made 

of ramie fibre and the other is covered with sheets made of 

carbon fibre. With the results of the scanning, this paper aims to 

discover the critical features which may affect the mechanical 

properties and multifunctional performance of the composites. 

The scanning consists of two steps; the first involves imaging 

the whole sandwich panels, and the second provides a higher 

resolution region of interest scan of 2*2 cm2 strips. In each step 

of the scanning, samples were bound together so that two sets 

of data could be imaged in one operation, thus time and 

facilities access costs were reduced. Reviewing the data and 

images, more defects could be found in the ramie fibre surfaced 

composite than the carbon fibre, which is consistent with the 

low failure load achieved in a mechanical pull-off test reported 

elsewhere. These features are related to (i) surface finishing, (ii) 

voids in the matrix and (iii) an uneven application of adhesive. 

The scans provide useful datasets that can be used to both 

inform improvements in the manufacturing process and give 

insight into the performance of the material during mechanical 

testing. 

 

1. Introduction 

In the past few decades, there has been a rising demand 

for light-weight materials in the field of transportation in 

aircraft, road vehicles and shipping. In aircraft, such materials 

can reduce the weight of the airframe, consequently increasing 

the payload and reducing the fuel consumption (Gay, 2014). In 

the history of the development of composites, carbon fibre 

reinforced polymers (CFRP) have established themselves as 

good substitutes for conventional materials (such as steel and 

aluminum) because of their low density combined with a 

similar mechanical performance (Bai et al., 2014). Glass fibre 

reinforced polymers (GFRP) represent another class of 

state-of-art materials which are suitable for aircraft interior and 

secondary structures due to their good fire resistance capability 

(Thomason, Jenkins and Yang, 2016). Despite their many 

advantages, CFRP and GFRP have a serious disadvantage in 

that some of the ingredients are neither recyclable nor 

biodegradable. Especially for GFRP, although some 

investigation into reuse has been made, most of the waste ends 

up in landfill (Asokan, Osmani and Price, 2009). 

In order to solve the potential threat to the environment, 

research into bio-sourced composites has been carried out in 

recent years. A variety of natural fibres, such as jute, flax, hemp 

and ramie have been studied for potential engineering 

applications (Hodzic and Shanks, 2014). Composites made with 

natural fibres are considered to be more environmentally 

friendly and multifunctional compared to CFRP and GFRP. 

However, despite some beneficial features such as vibration 

damping and noise absorption, major disadvantages of natural 
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fibre reinforced polymers (NFRP) make them difficult to use in 

main structures. These disadvantages include a lack of strength, 

poor heat resistance and reduced mechanical performance, 

particularly through moisture absorption (Zafeiropoulos, 2011). 

Even though there are many challenges and difficulties, NFRP 

is still a good potential solution to the environmental problem 

caused by CFRP and GFRP. Therefore NFRP needs to be 

enhanced in several manufacturing steps including selecting the 

best matrix material, selecting the type of machine, refining the 

thermosetting process and the post-treatment process. 

For the purpose of enhancing NFRP, defects embedded in 

the composite must be found in the first place. As the defects 

such as voids and fibre orientation are mainly present at the 

length scale of the microstructure, X-ray computed tomography 

(CT) has seen widespread adoption for materials 

characterisation. Emerson et al. (2017) developed a 

segmentation method that could define and characterize every 

single fibre in unidirectional fibre reinforced composites. Rolfe 

et al. (2017) carried out underwater blast experiments on 

composite sandwich panels, then analysed the fracture 

behaviour using X-ray CT. Yu et al. (2016) scanned and 

analysed the evolution of damage in GFRP during fatigue 

testing using time-lapse tomography. Joffre et al. (2014) 

evaluated the relationship between fibre size, mechanical 

properties and manufacturing methods using the data obtained 

via this type of scanning. Basically, these investigations show 

the successful extraction of micro-features from samples of 

composites using X-ray CT scanning, followed by the 

identification of reasons for weakness or solutions to improve 

the mechanical performance of the material. This supports this 

papers use of the X-ray CT technique to characterise and 

suggest improvements to the design and manufacture of 

NFRPs. 

This research scanned two sandwich panels made of 

bio-based materials. In the following sections, the paper 

describes the materials, settings for CT scanning and 

subsequent image processing methods. Then the visualized 

results are presented together with a qualitative interpretation of 

what is seen in the scans. Finally, the paper ends with some 

concluding remarks. 

2. Method 

2.1 Materials and Manufacturing Process 

There were two materials and one sample of each material 

was studied. The two materials share the same structure, but 

have different ingredients. 

As shown in figure 1 & 2, the two materials both have a 

honeycomb core made of hybrid fibre paper. Compared to the 

state-of-the-art Nomex honeycomb, the honeycomb used in this 

study is partly naturally sourced, therefore it is named as 

‘NIDA Green’. The light sandwich panel is covered with sheets 

made of ramie fibre and epoxy resin (5 plies), and the dark 

sandwich panel is covered with sheets made of carbon fibre and 

epoxy resin (4 plies). The sheets and the honeycomb core are 

bonded together using adhesive. The sandwich panels (figure 1) 

are 240mm long (plus 30mm on each side of the ‘ears’) and 

75mm wide. The ramie fibre composite (RFC) is 11.7mm thick 

and the carbon fibre composite (CFC) is 10.9mm thick. Figure 

2 shows two strips which are 20mm wide that have been cut 

from the panels. They are necessary for the purpose of 

achieving a high resolution scan. 

Two sets of CT scans were obtained. The first set is a scan 

of the complete panels. Since the volume to be scanned is 

relatively large, it is difficult to achieve a high resolution. 

Hence the data set is not suitable for microstructure analysis, 

but could be used for finite element analysis in a future study. 

The second set focuses on the cut strips. Compared to the 

complete panels, the area of interest is sufficiently small to be 

able to scan at a high resolution. Hence this paper will mainly 

use the second data set for qualitative analysis. Note that the 

smaller samples (which have the same shape) are bonded 

together; with two pieces of foam fixed between the samples. 

The reason for doing this is to obtain one CT scan that contains 

both samples. This significantly reduces the time to scan both 

samples and therefore the facility access cost is lower. Later, 

the single scan can be post-processed to examine the two 

individual materials separately. 

The process used to manufacture the sandwich panels is 

shown in figure 3. After setting up the instruments and 

materials as illustrated, the system is gradually heated to 130℃ 

at a rate of 2℃/min. Meanwhile, 2 bars of pressure (a square 

slate) and a -0.9 bar vacuum are quickly applied to the system. 

Figure 1: Complete sandwich panels. The light sample is 

made of ramie fibre/epoxy sheets and honeycomb core (top). 

The dark sample is made of carbon fibre/epoxy sheets and 

honeycomb core (bottom). 

Figure 2: Strips cut from the complete panels. 
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This environment (temperature and pressure) is maintained for 

3 hours, allowing both the matrix and adhesive to set. Finally, 

the system is allowed to gradually cool down at a rate of 2℃
/min until room temperature. The slate is then removed and 

normal atmospheric pressure re-established. At this stage the 

sandwich panel is ready for cutting and testing. 

2.2 X-ray Tomography Settings 

The X-ray tomography settings are shown in table 1. 

Table 1: X-ray tomography settings 

Settings Value 

Source to Object Distance (mm) 83 

Source to Detector Distance (mm) 852 

Detector Pixel number 2000*2000 

Detector Pixel size (mm2) 0.2*0.2 

Number of Projections 3141 

Angular Step 0.11 

2.3 Imaging Processing and Reconstruction 

Image processing was carried out using the commercial 

package Avizo. Settings are shown in table 2. 

Table 2: Image processing settings. 

Settings Value 

Voxels Number 2000*2000*2000 

Voxel size (mm) 0.02 

 
 

 

Beam Hardening Value 

Coefficient X4 0.0 

Coefficient X3 0.0 

Coefficient X2 0.25 

Coefficient X1 0.75 

Coefficient X0 0.0 

Scale 1.32 

 

3. Results 

Before X-ray CT scanning, mechanical tests were carried 

out on the sandwich panels indicating that the carbon fibre 

sheets have better load capacity than the ramie fibre sheets. 

This includes tensile test, bending test and peel off test. The 

results of these tests are not provided in this paper and may be 

published elsewhere. 

3.1 Adhesive Distribution 

Figure 4 shows a typical 2D slice through the tomography 

data cross-section of the samples. The RFC is on the left hand 

side and the CFC is on the right hand side. The image shows 

that in the CFC, the adhesive is evenly distributed between the 

honeycomb and the sheets. However, in the RFC, a lack of 

adhesive was observed at some locations between the 

honeycomb and the sheets. More adhesive was used for the 

manufacture of CFC, however, the difference is abnormally 

exaggerated. It raises the question as to why adhesive appears 

to be missing in the RFC scans. 

Figure 5 shows a typical 2D slice through the scan in a 

direction perpendicular to the image in Figure 4. Whilst the 

adhesive in the CFC can be seen to be evenly distributed, only a 

few cells in RFC contain adhesive. It is reasonable to assume 

that the adhesive was applied evenly in both materials during 

the manufacturing process. This observation raises another 

question regarding the cause of this strange distribution 

Looking again at figure 4, it is readily apparent that a large 

amount of adhesive has accumulated on one side of the 

honeycomb in the CFC, whilst very little adhesive remains on 

the other side. The same general trend could be observed in the 

RFC, but the effect is less significant. 

3.2 Shape of the Woven Fibre Sheets and Voids 

In figure 4, the interior surfaces of the ramie fibre sheets 

are deformed into a wave-like pattern (or crimp structure). The 

exterior surfaces remain approximately even, however, a slight 

deformation appears in some of the cells. Meanwhile, this 

phenomenon can also be observed in on the CFC, but to a lesser 

degree. 

In the RFC (figure 4), a large number of voids can be 

observed in the ramie fibre sheets. In places these voids are 

connected together, causing separation of the plies. These 

defects lead to delamination of the sheets. Looking at the CFC, 

voids were difficult to detect in the carbon fibre sheets. 

Figure 3: Manufacturing and Curing Cycle. 

(Jacques and Zhang, 2018) 
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Furthermore, the plies in the CFC are also closely connected 

together. 

Figure 6 illustrates the interior surfaces of the RFC and 

CFC. In the RFC, it can be seen that the fibres are arranged 

bundles, with the presence of voids between the yarns of the 

fabric. In comparison, the surface of the CFC appears smooth 

and with fewer defects. As voids are one of the principle 

defects observed in the images, it would be important to 

discover the cause in order to eliminate them and thus improve 

the mechanical performance of both composites. 

Figure 4: Cross section of RFC (left) and CFC (right). 
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Figure 5: Glue distribution of RFC (left) and CFC (right). 

Figure 6: Interior surface of RFC (left) and CFC (right). 
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4. Discussion 

Based on what is known about the manufacturing process, 

some hypotheses are proposed as to the cause of the defects: 

4.1 Effect of the Vacuum on Adhesive Distribution 

In the first stage of the manufacturing process, a vacuum 

is formed. This may have led to a difference in air pressure 

between the interior and exterior of the sandwich panel. Since 

the exterior surfaces are either backed by the base of the system 

or a square slate (offering the 2 bar pressure), the shape of the 

woven sheets could remain even.  

In the RFC, the pathway for the extraction of the air in the 

cells may have been through the voids of the woven fibre 

sheets, pushing the adhesive that was in a liquid phase into the 

voids of the sheets. In section 3, it is highlighted that a 

considerable number of voids are present on the interior 

surfaces of the ramie fibre sheets. Figure 7 shows that some of 

the voids are filled with a phase that share a similar grayscale 

value to the adhesive (highlighted by the red circle).  

The CFC contains fewer voids than the ramie fibre and 

most of the adhesive applied to the CFC remained in the 

honeycomb cells. Furthermore, more adhesive was used in the 

manufacture of the CFC. Gravity may also have contributed to 

the unintended distribution of adhesive in the RFC as discussed 

in the next subsection. 

The poor distribution of adhesive is consistent with the low 

strength of the RFC recorded for the pull off tests carried out 

elsewhere. 

4.2 Effect of Gravity on the Distribution of the Adhesive 

After manufacturing, the upper side of the sandwich 

panels was labelled. In the CFC, it can be observed that the 

adhesive has accumulated on the bottom surface. This is very 

likely due to gravitational effects. As there is little adhesive 

observable in the RFC, this feature is not so obvious, but still 

exists. In stage two of the manufacturing process, the system 

remained in place for 3 hours. Some of this time (when the 

adhesive was still liquid) provided time for the adhesive to 

accumulate on one side. This feature is likely to affect the 

mechanical properties of the different sides. In other words, 

bending tests carried out in different directions would be 

expected to have a directional bias due to the unbalanced 

distribution of the adhesive. If the manufacturing process 

cannot be modified to remove it, this bias in load capacity 

should be considered carefully when using these materials in 

any application area. 

4.3 Air Pressure and Voids in the Sheets 

As stated in the results section, the RFC sheets had a 

wave-like structure (crimp). The same structure is noticeable in 

the CFC, but the magnitude is much less. The effect is likely 

due to the negative air pressure (vacuum) applied during 

manufacturing. The difference in magnitude of the effect 

between the RFC and CFC may be attributed to two factors. 

Firstly, the carbon fibre sheets have a better load capacity, 

hence the plies were neither seriously deformed nor separated 

before the air pressure was returned to normal room conditions. 

Secondly, there were very few voids in the CFC compared with 

the RFC, so the extraction of air would not have found an easy 

route through a network of voids. 

Further considerations are that the combination of ramie 

fibre and the chosen matrix may not have worked well with the 

manufacturing process (SALIT, 2016). Identifying a more 

suitable matrix or manufacturing method that did not require a 

vacuum (or a lower strength vacuum) may be potential 

solutions. 

5. Future Work  

The imaging provided satisfactory results for the 

qualitative assessment described in this paper. However further 

quantitative analysis was difficult to carry out. This was 

because the contrast between the phases is too low for 

segmentation. Figure 8 shows a histogram in which there is a 

clear overlap in intensity (grayscale value) for each of the main 

phases. When segmentation was attempted, the following 

problems were experienced: 

 The phase of fibre, of course, has the highest density. 

 The honeycomb is made of mixed fibre, therefore its 

density is slightly lower than the fibre. 

 The adhesive has the lowest density and the matrix 

(epoxy) has the second lowest density. Generally, the 

values of their density are smaller than the fibre and 

the honeycomb, but the density of their surface would 

increase significantly after curing. 

Figure 7: Adhesive in the voids 
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These problems mean the grayscale values overlap and are 

therefore impossible to segment. 

In order to improve the phase contrast, investigations were 

made to identify feasible solutions. Phase contrast X-ray 

imaging techniques (XPCI) could be used. For example, Gresil 

et al. (2016) improved the results of their imaging (for materials 

different to those studied in this paper) using the XPCI 

technique. Alternatively, Weon et al. (2006) have used 

synchrotron X-ray imaging to improve phase contrast where 

similar difficulties arise. These methods could be used in this 

project to enhance phase contrast.  

6. Conclusions 

This paper successfully uses X-ray computed tomography 

to identify possible defects in two novel composite materials 

being evaluated for use in the aerospace industry. The scans 

were of sufficient clarity for a qualitative analysis, but issues 

with lack of contrast between the material phases meant that 

quantitative analysis could not be carried out. 

The main observations were that:  

(i) The adhesive had entered into voids in the woven fibre 

sheets instead of working in the proper position. This 

explained why load capacity was lower than expected 

in experimental work carried out elsewhere.  

(ii) There was a bias in the distribution of the adhesive, to 

the bottom side of the sandwich panels, which may 

mean the composite is stronger in one direction 

compared to another. This was attributed to 

gravitational effects. 

(iii) The woven fibre sheets displayed a wavy structure 

(crimp), had extended voids and separated plies. It was 

suggested that this was due to differences in air 

pressure, due to the application of a vacuum during the 

manufacturing process. 

The paper discusses possible solutions to remove the 

observed defects and also identifies two techniques that could 

be used to obtain better quality images of this type of material 

that would support future characterisation using quantitative 

techniques. 
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