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Abstract—Natural fibres such as kenaf, sisal, flax etc. have 

gained increasing recognition as alternatives to hi-tech synthetic 

fibres, primarily due to their moderate cost and 

environmentally friendly nature. However, the well-reported 

wide variability of their properties, primarily stiffness and 

strength, presents a significant challenge to the use of these 

fibres in composite materials and systems that have important 

implications for reliability and safety. Understanding the 

sources of variability requires combining different methods of 

structural analysis, as it is done in the context of multi-modal 

microscopy reported here. The morphology and internal 

architecture of flax nodal markings (sometimes also called 

“dislocations”) are described, and their implications for 

strength discussed. 

 
Index Terms— flax fibre; nodal markings; polarized optical 

microscopy; FIB-SEM; microstructure 

 

 

I. INTRODUCTION 

LAX fibres are being used as a substitute for synthetic 

glass fibres reinforcement in polymer matrix composite, 

due to their high performance mechanical properties and 

environmental and ecological benefits. However, it has been 

found that flax fibres also contain defects known as nodal 

markings, slip lines or dislocations that in some studies have 

been found to be related to their strength [1]. In fact, the body 

of evident relating the tensile strength of individual fibres to 

dislocation is contradictory [2-5]. Dislocations appear to 

provide the location for crack initiation [6-8] and therefore 

are included in the strength models of single fibres as regions 
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of reduced strength [9, 10]. The investigation of the 

microstructure of nodal markings at micro- and nano-scale 

level may give better insight into the relationships between 

structure and mechanical properties, as well as other aspects 

of fibre behavior, e.g. functional properties. Focused Ion 

Beam – Scanning Electron Microscope (FIB-SEM) serial 

sectioning has been successfully applied in order to visualize 

the way in which individual flax fibres are assembled into 

bundles, and also to image the structure of the secondary wall 

of a single fibre [11]. The proven feasibility of utilizing 

FIB-SEM to characterize the inner structure of natural flax 

fibres leads us to pursue further our attempt to carry out 

closer and more detailed observation on the nodal markings 

found in natural flax fibres. The precise identification of the 

region of interest (ROI) was achieved with the help of 

polarized light microscopy (PLM). This was followed by FIB 

sectioning and high resolution SEM imaging of selected local 

regions to reveal denser pore distribution inside the nodal 

markings than the surrounding region. It is hypothesized that 

it is this increased presence of internal voids in the nodal 

markings regions that play a role for the strength properties of 

natural fibres and result in failure being located at the nodal 

markings sites.  

 

II. METHODS 

A. Sample Preparation 

 The flax fibres studied in this experiment were isolated 

from unbleached flax fibre bundles (Linum usitatissimum L.) 

purchased from the company Skytten. A bunch of fibres was 

separated from a fibre stem and soaked in water for a while. 

Under a long focal distance digital microscope, the fibres 

were separated from the bunch by hand using tweezers. 

    Isolated fibres with the length of approximately 1.5 mm 

were mounted on a glass plate for the use in an optical 

microscope to locate the nodal markings. One of the 

challenges of multi-modal imaging was to identify and 

implement a sample mounting arrangement that allowed 

interchangeability between optical transmission imaging 

through a glass slide (transmission mode), on the one hand, 

and FIB-SEM imaging in the vacuum chamber of the electron 

microscope (reflection mode), on the other. The two 

microscopy techniques are highly complementary, in terms 

of resolution (fractions of a micron optically vs a few nm in 

the SEM), image formation (full field optically vs scanning 

mode in the SEM), structural sensitivity (polarization of 

transmitted light sensitive to the orientation of cellulose 

polymer molecule carbon backbone direction vs surface 

topography contrast in SEM), and beam path (transmission 

through the entire fibre optically vs very near-surface 
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information in secondary electrons (SE) or backscattered 

electrons (BSE) in SEM). Nevertheless, it was hoped that the 

prominent and distinct structural features of nodal markings 

would allow registration, i.e. alignment, to be achieved 

between moderate resolution optical imaging and high 

resolution electron and ion microscopy. 

To this end, the sample still mounted on the glass slide used 

for optical transmission imaging was placed on an aluminium 

alloy SEM stub, and charge path was provided with silver 

paint applied at each end. To reduce the charging effect in 

SEM, the sample was coated with a Au-Pd layer to the 

thickness of a few nanometres using the mini sputter coater 

(SC7620, Quorum Technologies).  

 

B. Polarized Light Microscopy (PLM) 

Olympus BX51 optical microscope was utilized for fibre 

imaging with transmitted light. A 360-degree adjustable 

polarizer was placed in the light path to impose a linear 

polarization on the illumination coming from the back 

lighting source. The interaction of the linearly polarized 

incident light with the sample induced partial polarization 

from different parts of the fibre. It has already been 

well-established that the light polarization induced by the 

nodal markings is different from the rest of the fibre [12,13]. 

Transmitted light was then passed through another polarizing 

plate (analyser). The imaging contrast of the nodal markings 

was achieved by first adjusting the analyser angular position 

to ensure cross polarization between the two plates; and then 

rotation both plates together with respect to the fibre. This 

procedure ensured that nodal markings became prominently 

visible as bright features, whilst the rest of the fibre appeared 

darker. A digital camera attached to the microscope was used 

to collect a sequence of images to form a mosaic covering the 

entire length of the fibre, from one end to the other, with 

some overlap between images for alignment.  

Gimp (version 1.2) was the software used for image 

processing to obtain the complete composite mapping image 

of the fibre of the kind illustrated in Fig. 2a.  

 

C. FIB-SEM Serial Sectioning 

LYRA3 (Tescan s.r.o, Brno, Czech Republic) was utilized 

for FIB-SEM serial sectioning experiment. Electron beam 

used for SEM imaging had the voltage of 5.0 kV and 

emission current of 189.3 µA. The ion beam used for milling 

had the voltage of 30.0 kV and the current of 53 pA. Fig. 1 

gives a schematic illustration of the FIB-SEM configuration 

used in this study. Focused Ion Beam was directed from the 

top and was incident normally on the top surface of material. 

Using moderate to high ion current resulted in material 

removal (“milling”) from material surface inwards. The 

electron beam column is mounted at a fixed offset angle of 55° 

from the vertical FIB column, meaning that the surface was 

imaged at an oblique angle of 35°. Correction for the imaging 

distortion induced by this oblique angle could be provided in 

two ways: by changing the scanning parameters to ensure that 

the electron probe was rastered over an rectangular array on 

the sample surface such that the steps in the two in-plane 

directions were equal; or in the software mode, i.e. simply by 

stretching the image along the “short” direction after the data 

was collected. The former approach was used, since it 

provided higher quality imaging data, and also allowed the 

use of dynamic focusing that took into account the varying 

distance made from the electron objective lens to different 

points on the sample surface due to oblique incidence. 

 

 
TABLE I 

PARAMETERS FOR SEM-FIB SERIAL SECTIONING 

 Parameter Value 

Milling volume width 21.77 µm 

 depth 15 µm 

 length 4.15 µm 
   

Slices thickness 25 nm 

 number of SEM images 166 
   

SEM image pixel size 25×25 nm2 

 matrix size of Image frame 1220×949 

 

 
Fig. 1. Schematic demonstration of FIB-SEM configuration in a FIB-SEM 
serial sectioning experiment conducted on a nodal marking of flax fibres 

 

An important consideration in the preparation of FIB-SEM 

serial sectioning experiment is maintaining the convergence 

of the electron and ion beams, to ensure that SEM images are 

collected from the precise location where ion beam milling is 

performed. The intersection between the two beams was 

carefully aligned, enabling stable centre of SEM images and 

avoiding image drift. Layers of material with thickness of 25 

nm were removed in sequence by FIB at the current of 53 pA. 

Each newly exposed surface was translated by the same 

25nm to place the new surface in the same position as in the 

previous step, and the next image was acquired by the SEM. 

The milling width was set to be 21.77 µm and the depth to 15 

µm. This was to make sure that at each milling step covered 

the complete cross-section of the chosen flax fibre. The 

milling length was set to 4.15 µm, meaning that 166 slices 

were removed, and 167 images collected in total. To study 

the internal structure of a dislocation, adequate resolution for 

SEM images were required. Therefore, the pixel size was set 

to 25×25 nm2, and the matrix size of 1220×949 pixels was 

used for each image. Table 1 gives a summary of the 

parameters used for FIB-SEM serial sectioning of flax fibres 

Proceedings of the World Congress on Engineering 2015 Vol II 
WCE 2015, July 1 - 3, 2015, London, U.K.

ISBN: 978-988-14047-0-1 
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

WCE 2015



 

in this study. 

 

 

III. RESULTS 

Figure 2b illustrates the sample mounting arrangement, 

with the two silver paint dots used to immobilize the fibres, 

and also served as reference to localize the nodal markings by 

evaluating the distance along the fibre. S1 and S2 labels 

denote the silver paint dots, with red dash lines indicating the 

boundaries in Fig. 2a. The distance from the chosen 

dislocation (highlighted by the red dashed rectangle) to the 

edge (designated by “M”) of silver paint dot in the area of S1 

was measured as a=577.6µm approximately along the 

longitudinal direction of flax fibre. 

Polarized light microscopy image of two flax fibres is 

shown in Fig. 2a. The nodal markings displayed as bright 

bands appear systematically along each individual flax fibre. 

It is clear that in order to achieve detailed observation of these 

features with the characteristic dimensions of 10-20µm, high 

resolution imaging method at the nanoscale is needed in order 

to visualize their structure. 

A higher magnification of PLM image is shown in Fig. 3 

on the left, with the dislocation / nodal marking ROI again 

marked by the red dash rectangle. The two steps were used to 

identify nodal marking of interest from the full mapping of 

Fig. 2a:  

i) differentiate the two ends of fibre according to the 

shape of silver paint;  

ii) measure the distance between the chosen dislocation 

and a certain end. 

 

After the sample was carefully transferred to the electron 

microscope chamber, SEM acquisition was used in order to 

locate the correct nodal markings for further observations. 

Point M was firstly identified under lower magnification and 

then the sample was translated towards the chosen 

dislocation by 577.6µm using accurate sample stage control, 

leading exactly to the region of interest. Under the 

magnification matched to that of the PLM image in Fig.3, the 

SEM image shown on the right hand side of Fig.3 was 

collected. Those large enough nodal markings are quite 

clearly visible at the fibre surfaces, since these dislocations 

are defined not only as irregular regions within the cell wall, 

but also as topographic contrast at the fibre side surfaces, as 

discussed earlier [14]. Clear confirmation of alignment can 

be seen by comparing the PLM and SEM images in Fig. 3. 

Thus, the ROI was identified correctly, and further 

multi-scale insight into the internal architecture of a nodal 

marking can be obtained by FIB-SEM serial sectioning.       

 
Fig. 2. a) Full mapping of the fibre using crossed plates PLM illustrating the 

presence of nodal markings The region of interest (ROI) used for FIB-SEM 
serial sectioning is highlighted as the red rectangle. b) Illustration of sample 

mounting on a glass substrate using conductive silver paint. 

 

 

 
Fig. 3. ROI location in the SEM and comparison between dislocation image 

from SEM and fibre mapping image from cross-polarized light microscopy. 
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In order to allow the discussion of the internal structure of 

a nodal marking, a representative cross-section SEM image is 

shown in Figure 4. This image was selected from a series of 

FIB-SEM sectioning snapshots to illustrate the internal 

arrangement within a nodal marking that reveals several 

aspects of the effect it is likely to have on the structural 

integrity (strength) of the fibre. It is worth noting that the 

topography relief observed on the external surface of the fibre 

is associated with a cluster of internal voids located just 

sub-surface, and leading to a degree of “bulging” of the 

exterior fibre wall. Furthermore, it can be noticed also that 

significant defects and pores are present in the bulk of the 

fibre at the location proximate to the nodal marking. They are 

located close to the centre of the image, and have the internal 

diameter of the order of one micron. Such large pores are not 

evenly distributed along the fibre length: it is evident that the 

pores are clustered in the vicinity of the nodal marking, 

although some are visible at a moderate distance from it. 

 

 

 

Fig. 4. A snapshot selected from the FIB-SEM serial sectioning sequence 

showing the characteristic features and inner microstructure of a nodal 

marking. 
 

 

Figure 5 is presented here to illustrate the kind of 

information that can be derived from sequential FIB-SEM 

serial sectioning. As the observed section progresses across 

the nodal marking that was chosen for examination, the 

principal void is seen to reveal internal structuring consisting 

of multiple internal voids separated by thin membranes, 

forming a “bubble cluster” with the effective size of a few 

microns. The presence of such void results in a significant 

reduction in the load-bearing cross-sectional area, and 

therefore may be expected to serve as the “weakest link” in a 

long fibre subjected to a tensile load. This is in line with the 

observations reported previously using synchrotron X-ray 

diffraction [15], which revealed the presence of micron-sized 

clusters of voids in the form of a sizeable cavity around the 

fibre lumen found periodically along the fibre length.  
 

 

 
 
Fig. 5. A sequence of images from FIB-SEM serial sectioning showing the 

depth variation and progress of inside the nodal marking: a) 58th image 

(depth=1.45 µm) b) 90th image (depth=2.25 µm)  c) 120th image (depth=3.0 

µm)  d)147th image (depth=3.675 µm). Scale bar = 2.5µm 

 

IV. DISCUSSION AND CONCLUSION 

The combination of polarized light microscopy (PLM) and 

Scanning Electron Microscopy (SEM) with Focused Ion 

Beam (FIB) enables multi-modal microscopy examination of 

natural flax fibres for the purpose of accurate identification of 

nodal markings. This signifies an important step towards 

nano-scale inner structural visualization of these interesting 

natural structures.   

The presence of inner porous microstructure at nodal 

markings represents defects that might lead to the failure. 

Considering the inconsistency nodal markings introduce to 

the inner structure, fibres are weakened and more likely to 

fail at dislocations under loading. Since nodal markings are a 

natural and integral feature of flax fibres, a possible way to 

reduce their affect would be to seek a fibre species that is less 

susceptible to nodal marking formation, that responds to the 

variation in the growing conditions to reduce the nodal 
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marking formation, or may even perhaps allow genetic 

modification to create a species that is free from such defects. 

However, as nodal markings possibly have vital stress 

dissipation functions in the living plant these ideas remain 

entirely speculative. 

 Complementary techniques e.g. EDX and EBSD that as 

part of the common SEM configuration will be applied in the 

future to provide multi-modal characterization of the similar 

objects. Further experimental and modelling investigations of 

the correlation between the structure of nodal markings and 

fibre strength distribution will be carried out. 
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