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Abstract 

A method to improve the drapeability of Spread Tow Fabric (STF) of carbon fibres by 

introducing cuts to the fabric at the tow level is investigated. Two cutting patterns, 

different distances between the cuts and two cut sizes were trialled. The drapeability 

was assessed by means of optical scanning system (ATOS scanner) and a specially 

developed compliance test. The mechanical performance of the plates manufactured 

with the cut material was evaluated through a tensile test by measuring the stiffness 

and the strength in tension. The parameters that affect the drapeability and the 

mechanical performance were also studied. It was found that it is possible to tailor 

enhanced drapeability with a trade-off of the mechanical properties which might be 

acceptable for some applications. The reduction in mechanical properties varied with 

respect to the cutting pattern and to the distances between the cuts within the same 

pattern (the resultant fibre length).  

 

Keywords: Drapeability, Spread Tow Fabric, discontinuous fibres, ATOS scanning, 

mechanical cutting.  
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1. Introduction  

1.1.  Background 

Composite materials are those in which a discontinuous reinforcing medium, 

represented by fibres, is imbedded in a continuous matrix medium to produce a new 

material with unique and optimised properties that are different than those of the 

individual constituents. Constituents can vary widely in type and form. Fibres for 

example can be of glass, carbon, aramid or ceramic and they can be produced in 

different forms like short, continuous woven or unidirectional tapes. Matrices, on the 

other hand, can be thermoplastic or thermoset polymers, metals or ceramics, depending 

on the application. 

Carbon fibre composites are being used extensively in high performance applications 

due to their superior mechanical properties and their light weight compared to metals 

or other composites. However, the use of continuous fibre tapes is limited due to the 

directionality in reinforcement. Alternatively, fabrics of continuous fibres could be used 

to provide multidirectional reinforcement and easier layup and handling, yet there is a 

risk of degrading the mechanical performance due to the weaving effect. Further 

damage is induced when the fabric is processed and formed on the mould geometry. 

Fibre dislocations, inter- and/or intra-laminar shearing as well as buckling and 

wrinkling are possible deformations occur during processing.  

In large production rate applications, automation of the processes to reduce cycling 

times while maintaining high performing defect-free products is essential. When the 

surface finishing is as important as the mechanical performance, loading and forming 

the material to the tool and shaping them to the desired geometries is performed 

manually resulting in extensive times and efforts and prolonged cycling times.  

Recently, new fabric material called Spread Tow Fabric (STF) has emerged to the 

market as high performance materials. They have advantages of being ultra-light and 

ultra-thin resulting in significant weight saving in their applications. However, the stiff 

continuous fibres and the high coverage factor of these fabrics make them rather 
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difficult to process without degrading their properties. On the other hand, 

discontinuous fibres have lower mechanical properties but are easier and faster to form 

and to be processed. Integrating the process-ability of discontinuous fibres to the high 

performance of STF might result in new materials with advantageous characteristics.  

Swerea SICOMP (Piteå, Sweden) has carried out a project2 in which the formability 

(drapeability) of carbon fibre fabric was improved by locally introducing cuts of certain 

patterns to the fabric before draping it. The current work is an attempt to investigate 

the applicability of improving the drapeability of the STF by uniformly cutting the fabric 

at the tow level. The effect of these cuts on the mechanical performance of the resulted 

material is to be evaluated for different cutting patterns. An ultimate goal set for this 

project is to provide an automatic selection model that correlates the drapeability of the 

material to the mechanical performance that can be implemented in the designing 

phase to help choosing the right material for a certain application as shown in 

Figure 1.1 below.  

 

 

Figure 1.1: Deliberately generated data exemplifying the intended selection model 

 

                                                        
2 See the description of the project in section 2.4.2 or reference [25] 
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1.2. Objectives 

The objective of this work is to investigate the applicability of improving the 

drapeability of carbon fibre STF by reducing the length of the fibres by partially cutting 

the tows of the fabric with an automatic cutting machine. This involves creating and 

selecting the cutting pattern, assessing the drapeability of the resulted fabric and 

evaluating the mechanical performance of the composite laminates manufactured from 

this fabric.  

1.3. Thesis Outline 

The thesis falls into five main chapters; an introduction and objective has been provided 

in the first chapter. The second chapter contains the literature study that has been 

conducted to acquire the knowledge needed to carry out the work. A description of the 

experiments and laboratory activities is delivered in the third chapter while the results 

of these practices are presented and discussed in the fourth chapter. Conclusions are 

drawn and technical recommendations as well as directions for future work are 

suggested in the fifth chapter. At the end of the thesis, an appendix in which all the data 

and the detailed steps for some practices that are out of the main scope of the thesis are 

provided.  
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2. Literature Study 

2.1. Carbon Fibres 

Ever since 1990s, Carbon and graphite fibres usage as reinforcements in polymer 

matrix composite applications has increased due to them being more widely available 

and to their prices being decreased. However, they were first used in structural 

applications as early as 1950s. Their high strength and high stiffness with quite low 

density (compared to glass fibres for example (see Table 2-1)) allow them to be utilised 

in high performance applications like aerospace and marine but also for sporting goods 

and other consumer applications [1][2]. The main source of producing carbon fibres is 

the chemical decomposition of three organic precursors; Rayon, Polyacrylonitrile (PAN) 

and Pitch. Due to differences in the treating temperature during the manufacturing of 

carbon fibres, two terms are used to refer to the resulting fibres; either being Graphite 

Fibres when the treating temperature is high enough to produce more than 99% carbon 

content, or Carbon Fibres when the temperature used is lower and, hence, the carbon 

content is lower (80-95%) [1][2]. 

The properties of carbon fibres are the inherent of their internal chemical structure 

resulted from the use of the different precursors. The anisotropy of the morphology 

results in significantly high moduli both in the fibre and in the transverse to the fibre 

directions and the higher the degree of orientation in the precursor the higher the 

crystallinity of the resulted fibres and the higher the stiffness.  

 

Table 2-1: Properties of carbon fibres from different precursors compared to other types of 
fibres (Table modified from [2]) 

 
Tensile modulus 

(GPa) 

Tensile strength 

(MPa) 

Density 

(g/cm3) 

Fibre diameter 

(µm) 

Carbon (PAN) 207-345 2413-6895 1.75-1.90 4-8 

Carbon (Pitch) 172-758 1379-3103 1.9-2.15 8-11 

Carbon (Rayon) 414 1034 1.6 8-9 

Glass 69-86 3034-4619 2.48-2.62 30 

Aramid 138 2827 1.44 -- 

Boron 400 5033-6895 2.3-2.6 100-200 
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A standard procedure for the manufacturing of carbon fibres from PAN precursor 

consists of five major steps. The PAN is made into fibre precursor by a Spinning process 

followed by a Stretching step. In the spinning process, where the internal molecular 

structure of the fibres is formed, PAN powder-methylene mixture suspension is spun 

and pushed through tiny jets to produce the fibres. The stretching step helps the 

molecules to get aligned along the fibres. A Stabilization step is to follow, in which the 

polymer is held under tension for 24 hours in a temperature of 205-240°C with the 

presence of oxygen. This process helps in forming cross links between the ladder-like 

carbon-rings formed during the previous step as shown in Figure 2.1.  

 

 

Figure 2.1: Ladder-like Carbon rings from PAN precursor [3] 

 

Next, in the Carbonization process, the mechanical properties of the carbon fibres are 

defined and most of the non-carbon elements are removed due to the high-temperature 

(1500°C), inert atmosphere in which the fibres are pyrolized. If graphite is being 

produced, a Graphitization process is the final step in the manufacturing. During this 

process, the fibres are treated with very high temperatures (exceeds 1800°C) in an inert 

atmosphere, causing the crystallinity in the fibres to be increased and the orientation of 

the crystals to be enhanced leading to higher values of elasticity modulus [3]. The 

resulted fibres usually have bad bonding properties and a surface treatment is 

necessary to make the fibres compatible with epoxies and other matrices in composites. 

The treatment may include slight oxidation with air or other gases, embedding the 
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fibres in solutions to add some reactive groups or electrical coating of the fibres [4]. 

Several grades of carbon fibres are commercially available as listed below and data 

collected from the datasheets of the manufacturers are presented in Table 2-2 for some 

of these grades.  

 Standard modulus carbon fibres 

 Intermediate modulus carbon fibres  

 High modulus carbon fibres 

 Ultra high modulus carbon fibres  

 

Table 2-2: Properties of different grades of carbon fibres (Table modified from [5]) 

Grade 
Tensile modulus 

GPa 
Tensile strength 

GPa 
Manufacturer’s 

country 
Standard Modulus CF    

T300 230 3.53 France/Japan 
T700 235 5.3 Japan 
HTA 238 3.95 Germany 
UTS 240 2.8 Japan 

34-700 234 4.5 Japan/USA 
Intermediate Modulus CF    

T800 294 5.94 France/Japan 
M30S 294 5.49 France 
IM9 310 5.3 USA 

High Modulus CF    
M40 392 2.74 Japan 
M40J 377 4.41 France/Japan 
HMA 358 3.0 Japan 

Ultra high Modulus CF    
M46J 436 4.21 Japan 

UMS3536 435 4.5 Japan 
HS40 441 4.4 Japan 
UHMS 441 3.45 USA 

 

Depending on the manufacturer and the precursor, the number of filaments in a bundle 

or tow ranges from 400 to 160000, usually referred to by the letter K for each thousand 

filaments (e.g. 1K for a bundle of 1000 fibres). They can be twisted (yarn), untwisted 

(roving) or never twisted and certain number of those can be collected on a backing or 

stitched together to produce what is called a tape [1]. Tows are also interlaced to 
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produce fabrics of carbon fibres and the way according to which this fabric is produced 

is used to identify it. Figure 2.2 shows some of these types and their significance.  

 

Figure 2.2: Types of woven fabrics: from left to right, top) plane weave, 4H satin weave, 5H 
satin weave, bottom) 8H satin and twill woven fabric (images source [6]) 

 

Since the mechanical properties as well as the draping properties are highly dependent 

on the weaving type [7], it is important when choosing the fabric for certain application 

and for the simulation that the specifications of each type are well-known. Such 

specifications include [8][9]: 

 The areal weight (the weight of fibres present in unit area measured by 

g/m2): This can vary depending on the bundle size and the number of 

filaments.  

 The thickness of the fabric 

 The type of fibres and stitches and their properties 

 The crimp angle: That is the angle with which the fibres change direction due 

to the weaving effect. 

 Etc.  
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2.2. Spread Tow Technology 

The original idea of spread tow technology is to convert the conventional 5 mm wide 

bundles into thin 20 mm wide tows. The spreading is performed in different ways all of 

which involve guiding the conventional bundles continuously on rolls, as the ones 

shown in Figure 2.3, while being spread progressively by different means. One way to 

spread the fibres is to direct an air stream through a duct between the rolls and apply 

vacuum from beneath so that the tow loses the tension and the uniform air flow spreads 

the fibres gently and continuously to a wider tape [10]. The air flow is kept rather low in 

order to prevent damaging the fibres. Instead of a uniform continuous air flow, the 

acoustic energy from a vibrating device is another way used to produce air pulses (or 

any other gaseous medium) towards the fibres to spread them while they are thread in 

a zig-zag way over the guiding rods [11] as shown in Figure 2.3. A binder (resin or resin 

compatible material) is usually used to hold the fibres together and prevents them from 

going back to the conventional conformation of the thick narrow tow. After spreading 

the bundles into tapes, they leave to the weaving unit in which the weft tows meet the 

filling (or wrap) tows in a 90° angle and being interlaced together to produce the fabric 

as shown in Figure 2.4.  

 

 

Figure 2.3: Spread tow technology [10][11] 
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Figure 2.4: Plain woven fabric in a weaving unit [12] 

 

Even though the mechanical performance of the tape fibres is significantly high, the 

reinforcement directionality limits their efficiency to applications where the products 

are subject to multidirectional loading. On the other hand, the woven fabric provides 

multidirectional reinforcing but suffers a reduction in the properties due to the damage 

of fibres during the weaving process and the high crimp angle due to the size of the used 

yarns. The use of stitches in the non-crimp fibres that holds the fibre layers together 

locks the movement of the fibres and prevents them from sliding pass each other when 

formed over the tool geometry resulting in bad drapeability of fibres to the mould. The 

fabric produced with STT outperforms the unidirectional tapes, the conventional fabrics 

and the non-crimp fibres. Unlike the conventional fabric where tows with low counts 

are used for low areal weight applications, the high alignment and tight compaction of 

fibres in the STF prevent having/creating large spacing between the tows that would be 

filled with resin during the fabrication of composites. When the material is loaded, these 

resin-rich spots increase the probability of failure due to matrix transversal cracking. In 

addition, using thin and wide tapes in weaving the fabric allows producing a material 

with lower crimp angle and crimp frequency. This results in straighter fibres with lower 

in- and out-of-plane misalignment and higher load bearing. The low crimp angle and 
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frequency also reduces the amount of resin in the produced composite which leads to 

significant weight saving and higher volume fraction of fibres [13]. It is well established 

that the damage resistance is increased and the crack initiation and propagation are 

supressed in thin ply composites [14] making them even more sought in high 

performance applications.  

Since 2004, Oxeon AB3 (Sweden) is optimising this technology to produce high 

performance, ultra-thin and ultra-light weight carbon fibre tapes and fabrics produced 

under the brand name TeXtreme® (see Figure 2.5). Several weaving patterns are 

produced and different fibre widths are available. They also produce hybrid fabrics in 

which different types of fibres are used in the wrap and weft tows or within the same 

tow. 

 

 

Figure 2.5: TeXtreme® Spread Tow Tapes and Fabrics compared to their conventional 
counterparts [13] 

 

                                                        
3 Oxeon AB, Företagsgatan 24, SE-504 64 Borås, Sweden 
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2.3. Drapeability of Fibre Fabrics 

2.3.1. Draping Property 

As it might has been made clear from the above that the ability of a material to deform 

to a three dimensional state from an initial flat state is defined as its Drapeability [15]. 

The knowledge about the behaviour of materials during forming and draping is still not 

fully established and hence, the forming process is performed manually in most 

applications that involve complex geometries. Different modes of deformation are 

associated with the formation of the material depending on its structure and the 

properties of the constituents. Shear is the main mechanism that controls the 

drapeability of a woven fabric and varies in extent with respect to the type of weaving 

pattern [16]; while the problematic mechanism in non-crimp fabrics is attributed to the 

dislocations of fibres [15]. The result of sheared fabric is the formation of wrinkles that 

do not only affect the surface finishing of the product, but also cause a reduction in the 

stiffness due to the out of plane misalignment of the fibres. On the other hand, 

dislocated fibres leave empty spots in the fabric that are filled with resin during the 

infiltration and act as weak points for crack initiation.  

Initially, the fabric constituents (i.e. the weft and the warp) have an angle of 90° with 

respect to each other as mentioned before. During forming, shear develops within the 

fabric and this angle changes gradually until the tows come into contact with the 

smallest possible angle, called the shear lock angle. When the fabric is further draped, 

the deformation starts to occur in the out of plane direction in the form of wrinkles [17]. 

Figure 2.6 shows the described steps in a schematic way.  

In most instances, the kinematic of drapeability is modelled by a pin-joint algorithm in 

which the intralaminar (or in plane) shear is considered to be the main deformation 

process. A drapeable material is that which conforms to the desired shape while the 

weft and wrap tows are still in a relative orientation below the shear lock angle and a 

non-formable material is the one that is shaped to the geometry after exceeding that 

angle. However, although simple and useful for initial predictions of the drapeability,  

modelling in this method does not take into account the forming environment such as 

temperature, tool-fabric friction or the defects resulted from the mechanical properties 
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of the fibres themselves [9] [18] [19] and hence, more accurate FEA-based models need 

to be adopted.  

 

 

Figure 2.6: The deformation mechanism during and after draping of woven fabric [17] 

 

2.3.2. Evaluation of the Drapeability (Testing Methods) 

The draping property is evaluated indirectly by means of different testing methods, the 

most common of which are presented later in this section. Since the draping property is 

rather qualitative and highly dependent on the testing conditions where a small change 

in one of the parameters leads to a significant change in the results, it is hard to 

establish a valid comparability between results obtained in different researches [15].  

Automated drape tester 

Very recently, a new testing machine, called DRAPETEST, is being made available (by 

TeXtechno) where the draping results are quantified and the outcome is numerical 

numbers that classify the drapeability of the tested fabric. Figure 2.7 shows an image of 

the machine (left) and the testing technique (right). The machine provides results on 

different scales through a number of attached devices and the data are extracted to 

associated computer software for processing. When the fabric is mounted to the 

machine with the help of metallic ring and bolts, a piston-driven calotte is pushed from 

below the sample and the force needed to displace it into various levels is recorded. On 



 
13 

the fibre scale, the gaps between the tows and the fibre dislocations and misalignment 

are captured by means of a high resolution camera. Another medium-resolution camera 

placed over the head in the machine provides images of the sample before and after 

being draped in order to gather information about the retraction behaviour of the 

fabric. In both cameras, the resulted images are in two dimensions only. However, a 

triangulation laser sensor scans the sample during the test on different deforming 

elevations while the sample is being rotated and a three dimensional image is composed 

from which the surface topology is registered and large scale defects (e.g. wrinkles) are 

detected. For more details on the functioning of the machine and the form of the 

obtained results the reader is referred to reference [15]. 

 

 

Figure 2.7: Automatic drape tester; the two cameras and the triangulation sensor are shown 
and the calotte shaping the fabric at different levels is demonstrated  

 

Bias extension and picture frame testing methods 

In these two tests, the intraply shear deformation of the material is determined, more 

specifically the shear angle and shear forces. Figure 2.8 shows schematics for the 

sample orientation and testing setup of the bias extension and the picture frame test 

methods, respectively.  

As suggested by the name, in the bias extension test, the sample is elongated along the 

direction of 45° angle with respect to the direction of fabric constituents (weft and 

wrap). The sample is tightly gripped between two-part bars on each end equipped with 

fastener-pins on one side and corresponding grooves on the other side; see Figure 2.8 a) 

and b). A sample with a length to width ratio of at least 2:1 is prepared and loaded on a 

a 

b 

c 
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universal tensile machine following the standard testing methods ASTM D1774-93, or 

other available versions for bias extension test of dry fabrics. This dimension ratio 

insures having a pure shear deformed area in the middle of the sample 

In the Picture frame test, a piece of squared fabric is secured inside a four armed frame 

of matching dimensions. The fabric is drilled to facilitate the gripping in the frame by 

means of several pins on each bar (arm) of the frame. A simple tension load is applied 

on opposite corners of the frame pulling them apart while the other corners move freely 

towards each other during the test.  

 

 

Figure 2.8: Schematics showing the bias extension and picture frame samples and setup 
(modified from [20]) 

 

In both methods, the shear angle is calculated through the following equation by 

relating it to the frame angle ( ) which is found from the parameters of the respective 

testing methods as explained below 

          (1) 

where   is the shear angle and   is the frame angle.  

For the bias extension test,   is calculated from the following expression in which 

      are the height and the width of the sample, respectively and   is the end 

displacement while    denotes the initial angle (45°) 
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(   )   

 (   )      
 (2) 

 

However, for the picture frame test the frame angle is found by the expression  

      
√    

  
 (3) 

where   is the arm length and   is the end displacement.  

As for the shear force, it is found through the following expressions from energy method 

using the measured tensile force    as follows 

In bias extension test  

    ( )  
 

(     )     
((
 

 
  ) (   

 

 
    

 

 
)      

 

 
 (
 

 
)) (4) 

In picture frame test  

    ( )  
 

      
 (5) 

It is worth noting that the calculated values in the previous expressions of the shear 

force are normalised to the specimen dimensions to allow comparability.  

Both these methods can have inaccuracies due to the difficulty in achieving 

reproducible results [20]. A major problem for the bias extension test is the difficulty to 

achieve pure shear deformation within the sample except for a small region in the 

centre of the fabric [20]. Such problem should be accounted for by normalising the 

shear forces to the areas on which they are subjected. As for the picture frame testing 

method, the main source of errors is associated with the preloading of the fabric due to 

frame instability. Care should be taken not to apply pre-stress on the fibres and hence, 

the frame is locked with a metallic bar while securing the sample and loading it on the 

tensile machine (see schematic c) in Figure 2.8.  
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2.3.3. Drapeability in Research 

Drapeability has long been studied from different aspects in the research, some of these 

are briefly mentioned in this section.  

Tanaka et al [21] proposed the maximum shear angle, within which there is no defect 

produced, to be the formability index of the tested fabric. Two geometries were used for 

the 3D draping test tools; a hemispherical and a regular tetrahedron tools on a universal 

testing machine and a camera was used to detect the deformation of a pattern drawn on 

the tested fabric. Their results showed the reliability on the maximum shear angle in 

evaluating the draping property of non-crimp fibre. However, it was reported that 

different draping tools produce different deformation mechanisms and that the 

tetrahedron punch resulted in a failure due to local changes rather than the shear 

deformation occurred with the hemispherical tool.  

The effect of the textile type on the drape property was studied by Rozant and co-

workers in [17]. Different types of woven and knitted preforms (weft and wrap knitted) 

were tested by means of tensile and bias extension tests to determine the material 

shearing properties while the draping property was simulated numerically and by 

means of analytical method based on the pin-joint model. They have reported that for 

the studied materials, knitted fibres showed better drapeability than the woven fabric 

since they exhibited the lowest forming energy (see Figure 2.9). 

Lamers et al. [22] studied the drapeability of multi-layered composite materials on 

double dome geometry with a focus on the interplay shear deformation. Different 

configurations of the layup were studied and it was shown that the configuration 

influences the drape behaviour of the material. Quasi-isotropic layup, for example, 

expressed more wrinkling than interlaminar shear deformation if compared to the 

symmetric [0, 90] and [+45, -45] layups.  

Finite element simulation for the drapeability has its own share in the research. 

Different approaches have been considered to simulate this property and the reliability 

varies with the accuracy of these models and computational times. In this direction, 

Sutcliff et al. [23] presented a comparison between different simulation models in terms 

of processing times and accuracy of the results. They have also proposed a model that 
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offers a compromise between the two parameters by using 1D spring to simulate the 

shear stiffness of the fabric.  

 

 

Figure 2.9: The effect of the fabric type on the forming energy [17] 

 

2.4. Methods to Improve Drapeability 

As it has been well established so far that drapeability is an important property for 

automated processes, the techniques used to improve it for the materials used in the 

composite applications are presented in this section. Some of the techniques involve 

local improvement where the material meets edges and contours or in certain points of 

interest, while others address the problem globally by producing new material with 

general improved drapeability. Two major paths have been realized and very well 

reviewed in [24] (and shown in Figure 2.10 inside the dashed rectangle) with which 

attempts to either align short fibres or discontinuation of readily aligned continuous 

fibres are followed to improve drapeability. In this section some of these methods and 

other which are not mentioned in the review are presented and briefly reviewed.   
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Figure 2.10: Paths followed to improve drapeability of fibre reinforced composites [24] 
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2.4.1. Stitched Fabric 

In order to allow for better transformation of the shear stresses from the parts of 

material where buckling and wrinkling start to appear, Molaner and fellow-workers 

[16] introduced stitches on the dry preform. The argument being that sewing the fabric 

would influence the fibre movement of the weft and warp in the cross-over points of the 

sheared zone and that the stitches would help transfer the shear forces to the un-

sheared zones. The effect of the sewing pattern, density and position of the stitches on 

the shear deformation was investigated. It was reported that even though the stitches 

were introduced locally, the effect was observed globally on the material- the dry 

preform being more influenced than the laminates made of the stitched fabric. 

Figure 2.11 shows the optimal stitching pattern that was used in the study and the effect 

of the stitches on the dry preform and on the laminates.  

 

 

Figure 2.11: The stitching pattern (left) and its influence on the wrap-weft angle of a dry and 
impregnated preform (right) (Images source [16]) 
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2.4.2. Local Point Cutting (LPC) 

In 2012, Swerea Sicomp (Piteå, Sweden) carried out a project called local point cutting 

to investigate the effect of introducing cuts to the fibres (using automated cutting 

machine) that would change the drapeability of the standard weaves and allow more 

automated processes in the production line [25]. Similar to the above mentioned 

research, they investigated different patterns and found the symmetrically applied cross 

pattern to have the best effect. The drapeability was evaluated by vacuum bagging the 

cut material on a hemispherical tool and the observation of the resulted wrinkles. Three 

fibre lengths were produced by changing the distance between the cuts and were 

compared to the continuous fibres and to the theoretical prediction using 

micromechanics. As expected, the cuts resulted in almost linear reduction in the 

strength of the material as the fibre length was decreased. However, the stiffness was 

almost unchanged as can be seen in Figure 2.12. 

  

Figure 2.12: Local point cutting results [25] 
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2.4.3. Deformable Fabric (DForm®) 

In order to reduce the time and cost of carbon fibre part production while maintaining 

the high performance, Cytech industry has proposed a new prepreg solution marketed 

by the brand name DForm®. A unidirectional tape of carbon fibre is wet with the resin, 

slit widely in 45° angles and plied in a cross ply form as shown in Figure 2.13. The slits 

allow for higher formability of the laminate and the different resin types available may 

reduce the cycle times significantly. The slits are introduced with different vertical 

spacing producing fibres of lengths 20, 40 and 60 mm. In an assessment study 

presented in [26], a conventional hemisphere tool is used to test the formability of the 

resulting plies. It has been shown that the plies with shorter fibres are more 

conformable and produce better distribution of wrinkles and less structural distortion 

when draped on the hemispherical tool. As an evident to the improved drapeability, a 

chassis has been manufactured with DForm® and showed very good final item. 

However, the slashes introduced to the material affect the mechanical performance and 

result in weaker material; therefore, mechanical characterization has been conducted 

and the stiffness found to be unchanged while the strength was decreased as the fibre 

length was reduced and the material was able to retain 53% of the strength compared 

to the standard uncut prepreg (Figure 2.14). It was also reported that the strength of the 

woven material is higher than that of the cross ply laminate from the cut unidirectional 

plies but the latter is stiffer than the former.  

 

Figure 2.13: DForm® prepreg layup [26] 
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Figure 2.14: Results of DForm® Compared to standard material [27] 

 

2.4.4. Ductile prepregs 

Like in DForm®, the principle of enhancing the drape of the ductile prepreg [28] 

(known commercially as PREFORM) is to reduce the aspect ratio of readily aligned 

continuous fibres in a conventional prepreg. The method involves stretching the 

prepreg between two roles while a laser head introduces micro-sized perforates 

through the resin and the fibres (Figure 2.15). The pattern with which the material is 

perforated is an important parameter in the formability of the prepreg. It can be 

changed by changing different variables such as the distance between perforates in the 

vertical and horizontal direction and the effective diameter of the hole. As in the other 

materials mentioned above, reducing the length of the fibres degraded the strength of 

the material but left the stiffness almost unaffected. It has also a great influence on the 

impact properties of the materials with thermosetting resin. However, the areal density 

of the holes and the stacking of the laminate during manufacturing have a great 

influence on the failure mode that in the unidirectional plates the failure was due to the 

propagation between the perforates in a Zig-Zag pattern. 

Since the material needs to be held under stress during the forming so that the resin is 

being cured, the fibres express high loads and are pre-stressed and the maximum loads 

in service are therefore reduced. Using the ductile prepregs solves this issue by 

lowering the forming stresses extensively and increasing the service loads in returns.  
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Figure 2.15: Ductile prepreg [28] 

 

2.4.5. High Performance Discontinuous Fibres (HiPerDif) 

Unlike the previously mentioned techniques to improve the drapeability of continuous 

or fibre fabrics, H. Yu and others [29] in the university of Bristol proposed a new 

method to align short fibres (of 3 mm long) into tapes from which UD-prepregs are 

produced.  A break through with this technique is that it helped to achieve around 80% 

of the fibres within ±3° from the desired orientation. The technique employs dispersing 

the fibres in a low viscosity liquid medium and changing the momentum of the 

suspension while going through multi-channel orientation head to align the fibres. The 

liquid is then drained and the fibres are dried before impregnating them with resin. A 

schematic in Figure 2.16 shows the simplified steps to produce the prepregs. The 

technique proved to result in highly aligned fibres with mechanical properties near or 

competitive to those of continuous fibres. Composites were manufactured from these 

prepregs, tensile tested and found to have modulus and strength of 115 GPa, 1509 MPa, 

respectively.   
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Perforated 
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Figure 2.16: Steps to Achieve HiPerDif Material [29] 

 

2.4.6. Unidirectionally Arrayed Chopped Strands (UDACS)  

Toray (Toray composites, America) [30] has proposed a method to improve the 

drapeability of the standard prepregs by introducing slits of a certain angle with respect 

to the direction of the fibres that would lower the bending stiffness of the prepreg and 

allow for more flexibility and conformation to the mould geometry. As it is shown 

schematically in Figure 2.17, the slits are introduced mechanically by using tangential 

knife attached to a cutting machine with a distance of 25 mm between the slits. The 

effect of the slitting angle, the slitting depth and width were studied.  

Investigations showed that the composites of these prepregs would retain 75% of the 

strength of the quasi-isotropic un-slit prepreg if the slitting angle was less than 25°. It 

was also reported that there is no dependence of the strength on the slit width but the 

strength does decreases with the increased slit depth.  

 

Figure 2.17: Toray technology [30] 
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2.5. Cutting Methods 

There are several techniques for material cutting but the appropriate technique 

depends on several factors like the material to be cut or the type of cutting to be 

performed. The techniques vary in precision, cost, tool ware etc. Composites are 

considered challenging materials for the cutting systems. They can cause quick abrasion 

to the tool and are sensitive to the heat and damage arises during cutting [31]. In this 

section, few types of cutting techniques are presented with some of their specifications 

highlighted.   

 

2.5.1. Mechanical Cutting 

Mechanical cutting is performed by rotated blades as in the cutting wheels in Struers 

machines or by vertically oscillated blades as the ones used by Gerber technology for 

instance. In either case, the cutting is computerized through associated software to 

maximize precision and minimize user interference.   

The technique can be used for 2D or 3D cutting- for flatly stacked textiles or formed 

preforms and consolidated parts, respectively [32]. The major disadvantage of this 

technique is the direct contact between the machine and the cut material that results in 

changing the structure of the material at the cut edges especially when cutting textiles. 

Complex clamping systems are used to fix the material in place while cutting and the 

quality of the resulted surface decreases with the ware of the tool (normally quick ware 

occurs and frequent change of the tool parts is needed).  

 

2.5.2. Ultrasonic Cutting 

This method is rather similar to the mechanical cutting except for the driving force is 

the vibration of the knife in very high speed (20000-40000 moves per second) [33] that 

leads to more accurate and faster cutting. The vertical movement can be adjusted to 

produce half cuts through multi-layered material. One more important advantage of this 

technique (has been proven in other applications than composites) is that the friction 

between the material and the tool is reduced drastically [34]. One of the main 
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disadvantages of this process is the lack of information in the literature about the 

parameters of the cutting and their effect on the cutting force and the quality of the cut 

material [33]. Of the suppliers for this type of cutting technology for aerospace 

application are PAR4 systems and American GFM5.  

 

2.5.3. Laser Cutting 

The method involves directing a laser beam focused on a very small area that can 

machine away the material. The cutting is controlled through a program that leads the 

beam over the material according to previously specified information. It results in a 

clean cut and the cut surface of material does not need to be further treated. Hence, the 

method is suitable for the in-line processes. Even though the method is accompanied 

with elevation in the temperature of the cut surface, the heat affected zone (HAZ) is 

rather small [35] compared to other processes, e.g. the mechanical cutting. Nonetheless, 

the fibre-matrix interface in this region is affected and delamination when cutting 

laminates is expected [36]. Different types of laser are available, such as the CO2 lasers 

and the ND: YAG lasers which differ in the type of laser delivery- mirror and fibre 

delivery for the respective two mentioned types [35]. 

The speed and precision of the laser cutting method are trade-off to the high cost and 

the consumption of energy. Moreover, the toxic fumes associated with this technique 

when cutting certain materials like composites and polymers is considered a main 

disadvantage [35]. 

 

2.5.4. Water Jet Cutting 

As indicated by the name, this technique uses the stream of water coming out of a very 

thin nozzle to machine away the material. The water exits with a very high pressure and 

velocity which makes it effective for material machining. The technology has long been 

available but mainly used for cleaning purposes and only recently, it is being employed 

in the industry beyond this purpose [37]. Garnet can be added that makes the water 

                                                        
4 PAR systems  
 
5 America GFM 

http://www.par.com/aerospace/cutting-and-trimming/
http://www.agfm.com/new/Cutting/Intro.html
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abrasive to speed up the process and to enable cutting larger variety of hard materials 

like titanium. The technology offers over and below water cutting possibilities with 

almost no heat or stress generation on the cut material during the cutting. Thin-walled 

materials (as thin as 0.25 mm) as well as very thick materials reaching up to 10 cm can 

be cut using this technology. However, the speed of the cutting is reduced as the 

thickness is increased. Another advantage of this technique is the narrow kerf produced 

during cutting where the loss in the material is approximated to be as narrow as 0.5 mm 

[38]. The disadvantages, though, is that the technique is not suitable for materials 

sensitive to water even though the wet edge is small [39]. OMax6 offers a waterjet 

technology that is capable of producing parts smaller than 3 mm of advanced 

composites as reported on their website.  

 

  

                                                        
6 OMAX Abrasive Technology (USA) 

https://www.omax.com/
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3. Experimental Work 

3.1. Materials 

The fabric used in this project is TeXtreme® STF from Oxeon AB. The fabric is a plain 

weave with 100 gsm areal weight of fibres of which 50 gsm in each 0° and 90° 

directions.  The tape width is 20 mm and the fibres are bonded with a NM688 binder 

that is compatible with epoxy resin. The tape used in the weaving process is TR50S 15K 

JJ. The fibres are Torayca® T300D with density of 1.76 g/cm3, diameter of 7 µ and a 

modulus and strength of 230 GPa and 3530 MPa, respectively. 

A two-part epoxy resin (Araldite®LY 1568/Aradur® 3492) from Huntsman was used to 

impregnate the fabric. The weight mixing ratio is 100/28 for part 1 to part 2, 

respectively. The resin is suitable for Resin Transfer Moulding, filament winding and 

Vacuum Infusion processes.  

Copies of the important information from the technical datasheets of the material from 

the suppliers are provided in Appendix A1 

3.2. Methods 

Significant part of the work in this project concerns developing a procedure and 

optimizing the parameters involved in the sequential steps of the work. The main parts 

of the work are to create a cutting pattern, apply it on the fabric and test the resulted 

material for drapeability and mechanical performance. 

 

3.2.1. Cutting Procedure and cutting patterns 

The original idea was to use a small knife that produces cuts with a maximum length of 

3.5 mm. It was not possible to get this size of the knife for the model of cutting machine 

available at SICOMP. A manual grinding of the standard knife resulted in a brittle knife 

with non-uniform width. Therefore, it was decided to use the standard knife first and 

only use the smaller knife to obtain results for comparison purposes mainly (this time 

the knife is machined to a uniform width in a workshop), see Figure 3.1. The standard 
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knife is 6.35 mm wide and produces cuts of 7.2 mm length, as measured under the 

microscope. This length is an important parameter in the design of the cutting pattern.  

 

 

Figure 3.1: Cutting knives used during the work; top: standard knife (6.35 mm), bottom: small 
machined knife (2.5 mm) 

 

The effective length over which the load is transferred in the fibre level can be 

calculated using the micromechanics and force balance through expression (6) where   

is the diameter of the fibril,    is the interfacial shear strength and     is the ultimate 

strength of the fibres. Similarly, the concept can be used to determine the effective 

length in the tow level. The cross section of the tow is the thickness of the material ( ) 

times the width of the cut ( ) and the perimeter, along which the interfacial shear stress 

is applied, is represented by the perimeter of a rectangle. Hence, the critical length of 

the tow (  ) is calculated using the modified expression in (7), where     is the strength 

of the tow. The schematic in Figure 3.2 shows an illustration of the dimensions in the 

two mentioned levels.  

 

 
  
 
 
   

   
 (6) 

    
   

   
 
   
  

 

(7) 
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Figure 3.2: Schematic drawing for the critical length in the fibre and tow level 

 

As a brittle material, carbon fibre bundle has no single value for the strength and 

therefore, the mean strength is determined statistically by Weibull distribution. Since it 

is not possible to mount an extensometer on the bundle for accurate measurement of 

the strain, it is calculated through the displacement ( ) and the compliance ( ) of the 

machine through expression (8) in which   is the force and    is the gage length of the 

tested bundles. Since the strength of the bundle is length dependant, several bundle 

lengths were tested from which the compliance was determined. The bundles were 

glued between tabs made of glass fibres laminate in order to facilitate their gripping in 

the universal testing machine. Detailed tabbing procedure is explained in Appendix A2.  

 

   
    

  
 (8) 

The critical length is calculated so that it is the minimum allowed distance between two 

parallel cuts (the resulted fibre length). However, it was found that this value is so small 

and the material cut to such short fibre lengths easily disintegrates and becomes very 

difficult to handle (See Figure 3.3 (left)). Hence, the minimum allowed fibre length was 

chosen to be the width of the tape to make sure that there is a cross over within the 

length of the fibre (between two cuts) that keeps them in place as illustrated in the 

sketch below.  

 

a 
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Figure 3.3: Optimization of the cutting length; right: cut slightly longer than the critical length, 
left; adjusted to the size of the tape 

 

The cutting patterns were created using AutoCAD software where they were introduced 

in a form of lines separated by certain distances and with different number of 

repeatable units depending on the desired cutting area. The files are then reformatted 

so that they can be read with the software associated to Gerber GTxL cutting machine 

(the machine is shown in Figure 3.4).  

 

 

Figure 3.4: Gerber GTxL Cutting machine 
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In order to increase the precision of the cutting machine and prevent the unnecessary 

oscillation of the knife that leads to larger cuts than intended, some parameters in the 

control settings were adjusted. The overcut distance, advance distance, corner 

advance distance, corner cut distance, M17 and M19 were set to zero while the feed 

rate was set to 5%. The protecting plastic backings, that accompanied the fabric, 

facilitate more flexible handling of the material during the cutting and when removing 

the material from the cutting table in a way that it prevented the fibres from sticking in 

the cutting holes. Some of the trialled patterns are presented in Table 3-1 with the 

respective parameters. Not all of these patterns were further investigated and tested.  

 

Table 3-1: Patterns trialled during the project, the two last patterns are further investigated 

 

 

3.2.2. Manufacturing 

In an ambient temperature of 20° C and a relative humidity of 19%, the plates were 

manufactured by typical vacuum infusion process (a detailed description of the process 

is presented in appendix A3). Four pieces of the cut fabric were stacked in an 
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alternating sequence with respect to the cutting direction as shown in the schematic 

presentation in Figure 3.5. Since the used resin has quite high viscosity (see datasheet in 

appendix A1), a flow layer was used to accelerate the impregnation time. In order to 

provide a proper flow track for the resin over the fabric, the flow layer was cut smaller 

than the size of the laminae and placed away from the edges so that the resin flows over 

the fabric quickly and penetrates through the thickness gradually.  Simultaneously, four 

layers of reference, intact, material (non-cut material) were also infused. However, since 

TeXtreme® fabric is highly packed and the fibres are densely compacted, a pin roller 

(shown in Figure 3.5 c) was used to give the material better permeability to the resin. 

The plates are then left to cure in an oven at 80° C for 8 hours.  

It is worth noting that in the second manufacturing sequence, the cut material was 

press-rolled (see Figure 3.5 d) in order to reduce the out of plane misalignment of the 

fibres and to close back the cuts to avoid forming resin pools in the plates. The effect of 

this step on the thickness of the laminate was studied.  

 

 

Figure 3.5: a: Schematic illustration of the stacking sequence, b: Vacuum infusion setup 
showing the flow layer, c: The pin roller, d: Press-rolling the cut fabric  

 

3.2.3. Draping 

A half spherical geometry with a diameter of 250 mm (Figure 3.6 a) is used as a draping 

tool. The tool is placed on a table equipped with a rubber bag seal and attached to a 

vacuum pump. A wooden frame with a certain height was placed around the tool so that 

the draping starts at the highest point of the tool (See Figure 3.6 b). The point at which 

the draping starts plays an important role in achieving symmetry in the development of 
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the process. If the draping starts from a point other than the centre of the dome, the 

shear lock angle would have different values at the points of symmetrical positions on 

the sphere [18]. 

 

 

Figure 3.6: Draping tool and setup 

 

When vacuum is applied, the rubber bag draws the fabric towards the tool to form it. 

The stretch-ability of the rubber bag helps avoiding the formation of the wrinkles due to 

the vacuum bagging and reduces the friction between the fabric and the tool so as to 

facilitate the study of the drapeability of the material only. To avoid the spring back 

effect on the material after removing the vacuum and to keep the fabric in the draped 

form, the whole setup is heated in the oven for 15 minutes at a temperature of 50° C7. 

Through this step, the binder is softened and acts as glue preserving the draped form of 

the fabric. When cooled down, the vacuum could be removed and the bag could be 

opened while the fabric stays in place. Different techniques were tried to keep the 

material in place like the use of water soluble glue and the use of instant drying glue but 

none of them worked as good as the binder, therefore it was eventually adopted despite 

its downsides. It was noticed that when the binder gets softened in the oven, the fabric 

conformation towards the tool is improved. Nevertheless, the effect was observed but 

not taken into consideration in the drapeability assessment. The drapeability is 

evaluated by image analysis of 3D scanning technique using ATOS compact scan 5MP 

shown in Figure 3.7. To study the softening effect and the possible spring-back effect, 

the scan was performed before and after heating the material and with as well as 

without the rubber bag.  

                                                        
7 To ensure quick de-moulding of the fabric after the scanning is performed, the tool was wiped with a 
release agent (Zyvax Flex-Z) 

a b c 
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ATOS (Advanced TopOmetric Sensor) is a triangulation-principle working system that 

uses two cameras and a sensor to capture 3D object measurements. It is being 

increasingly used in the industry to obtain high resolution scans in significantly short 

times. The accuracy of the scans can be increased depending on the number of images 

captured for the scanned object and the measured area capacity depends on the type of 

the sensor and the lenses used. In the case of ATOS 5MP, a single measurement creates 

5 million 3D points and the measured volume can reach up to 600*400*400 mm3. In 

order for the associated software to identify the spatial points and be able to combine 

them in a global coordinating system, marker points are used on the scanned object or 

on an area around it so that they make a guiding pattern to be followed [40][41]. The 

technique allows measuring the displacement with respect to a reference surface- in 

this case the draping tool surface. Taking into account the thickness of the fabric, 

wrinkles and other defects occur as elevated displacements that can easily be detected 

and analysed. Considering the reflective nature of the shiny carbon fibres, the fabric was 

sprayed with white powder manually to allow for better scanning quality.   

 

 

Figure 3.7: ATOS scanning technique 

 

3.2.4. Mechanical Testing 

Carbon fibre composites are linearly elastic materials that follow Hook’s law (Equation 

9) in their mechanical performance. The tensile modulus and ultimate stress (the 

strength) of the material can be calculated from stress-strain data obtained from tensile 

testing and using Equation 9.  

       (9) 



 
36 

where   is the stress,   is the strain and   is Young’s modulus in tension.  

Since no standardized method exists for testing materials with such amount of cuts, 

guidance was sought from the ASTM D5766/D566M [42] for the open-hole samples in 

customizing the sample size, and from the ASTM 3039 [43] for the tensile testing 

procedure. Due to the presence of the cuts, an optimization of the sample size to achieve 

a Representative Volume Element (RVE) is essential. This RVE that carries the 

properties of the material should be wide enough to overcome the stress concentrations 

induced by the cuts yet in a suitable size to be accommodated between the grips of the 

tensile machine. The procedure followed in this work in the characterization of the 

specimen size can be found in the appendix A4. However, more investigations need to 

be conducted to further study the effect of the cutting pattern on the size of the 

specimen and its mechanical properties in order to achieve more accurate RVE of the 

tested sample [44].  

The test is curried out on an Instron 3366 universal testing machine (Instron, America) 

equipped with a load cell of 10 KN and pneumatic grips. An Instron extensometer with a 

gage length of 50 mm was used to measure the tensile strain in the sample and was 

mounted on the sample using rubber bands (Figure 3.8 left). In order to avoid the 

sliding of the extensometer during the test, pieces of rough sand paper were glued on 

the surface of the sample on which the extensometer rests. However, since the samples 

are quite wide and it was difficult to firmly attach the extensometer against them, jumps 

in the extensometer could not be avoided, though, they were accounted for by shifting 

the curves manually when processing the data (see Appendix A6 for an example of the 

curves before and after adjustments). Four specimens of each sample category were 

tested and a minimum of 3 specimens were used in calculating the average strength. For 

those samples that did not fail under the maximum load of 10 KN, an Instron 8501 servo 

hydraulic machine equipped with a loading cell of 100 KN was used.  

A multi-step testing method was performed as can be seen in the illustrational sketch in 

Figure 3.8 (right). The sample was loaded to a relative strain of 0.25% with a cross head 

displacement rate of 2 mm/min and unloaded with the same loading rate to 15 N load 

so that the tensile modulus can be calculated from this step since the material is still in 



 
37 

the linear elastic region. Another step is followed where the sample is loaded to the 

maximum load until failure so that the strength of the material is determined. 

 

 

Figure 3.8: Tensile setup and testing method. Left: tested sample until failure. Right: testing 
steps 

 

It is worth mentioning that the samples were cut using a diamond wheel and the edges 

were grinded with 600 grit size SiC paper to remove the defects on the edges that might 

have been introduced during the cutting process to avoid premature failure. For the 

first batch of the manufactured plates, the specimens were cut in a way that they 

accommodate two complete tows within the sample width. However, for the second 

batch this detail was skipped for more realistic handling of the material.  

 

3.2.5. Optical Microscopy 

Nikon ECLIPSE MA200 optical microscope was used to conduct a variety of examination 

on the dry fabric as well as on the manufactured composite. A study of the cut length 

and shape, the direction of the fibres after the cuts and estimation for the volume 

fraction of the fibres are examples of the work performed with the microscope. The 

observations and results are discussed thoroughly in the results section.  

 

F=0-5 N 

𝜀     5% 

F=15 N 

Relative ramp Absolute ramp Absolute ramp 



 
38 

3.2.6. Compliance Test 

In order to achieve quantitative comparison between the different cutting patterns 

introduced, a setup was constructed to measure the compliance of the material. It is 

believed that the cuts introduced to the material make it more compliant and easier to 

be deformed. The force required to shape the material on a spherical mould could be 

measured and compared for different patterns and different fibre lengths of the same 

pattern. Since no standard machine or test available for this purpose, a fixture was 

created to be installed on an Instron 4411 universal machine. Two plastic round lamp-

covers each of a diameter of 150 mm were used to create the fixture shown in 

Figure 3.9. The first was cut into a half and used as the female part of the mould and 

glued to a metallic base while the other was glued to a plate attached to a screw that fits 

the load cell of the machine. The sharp edges of the cut mould were levelled out and a 

plastic tube was glued around it to allow for smooth and free movement of the fabric 

during the test.  

The test was performed in room temperature (20° C) and a relative humidity of 25%. A 

compression method was utilized to apply the force on a 220*220 mm2 dry fabric using 

a load cell of 500 N with a displacement rate of 5 mm/min and the test was stopped 

when the upper part of the mould had travelled 20 mm extension inside the bottom 

mould. Further extension could result in misleading data since the friction between the 

fabric and the mould starts to dominate.  

 

 

Figure 3.9: Compliance test fixture and setup 
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3.2.7. Burn off the matrix 

Due to the use of the peel ply and the flow layer in the manufacturing process (see 

Appendix A3 and section 3.2.2), an extra uneven layer of resin was left on top of the 

plates which adds to the thickness but does not actually contribute to the mechanical 

properties. This effect is more pronounced in the thin plates since the layer accounts for 

around 20% of the total thickness of the composite. Moreover, it gives misleading 

values of the thickness of the sample. The top part of Figure 3.10 shows an exaggerated 

illustration of the possible error in measuring the thickness of the sample while the 

bottom part shows a micrograph for an edge section of the sample. 

 

 

Figure 3.10: OM image for the extra resin layer. Values of different peaks can be seen 

 

In order to determine the volume fraction of fibres contributing to the mechanical 

properties of the material, a matrix burn off method was used. A similar protocol to 

 

Extra resin layer 
Caliper blades laminate 

Extra resin layer thicknesses 
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what SICOMP has used before on the same material was followed. A back calculation 

from the achieved volume fraction can lead to the true thickness of the sample. An 

average of the measured thickness of the resin layer can then be subtracted and more 

comprehensive values of the mechanical properties can be achieved.  

Pieces from each laminate were cut and the dimensions were recorded. The weight of 

the pieces was recorded on a digital scale (AG245, Mettler-Toledo international Inc.). 

The pieces were placed in pre-weighed Pyrex glass plates and inserted to the furnace. 

The furnace was set to heat up to 450° C in one hour and then kept in that temperature 

for 4 hours to insure complete burn off the matrix. Additional piece of dry fabric was 

also subjected to the same heating cycles to investigate whether the carbon fibres would 

oxidize and a loss in weight could be noticed. The left fibres were re-weighed and the 

weight fractions of the constituents were calculated assuming voids-free composite. 

Since the density of the neat cured matrix was not provided in the datasheet, it was 

determined experimentally by liquid volume displacement procedure and found to be 

1.13 g/cm3. Using the now-known densities of the constituents, the volume fraction of 

the fibres was calculated using the following expressions.  

 

 
   

 

  
  
 
  
  

 
(10) 

    
     
     

 (11) 
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4. Results and discussion 

4.1. Evaluation of the cutting procedure and cutting pattern 

Figure 4.1 shows micrographs for the cut and the fabric in the vicinity of the cut 

produced by the standard knife of the cutting machine. Comparing the shape of the cut 

in the two sides of the fabric (images a and b in Figure 4.1), a clear difference could be 

noticed. For the side of the fabric where the knife width is parallel to the fibre direction, 

the cut has a triangle-like shape (Figure 4.1 a) due to the edge profile of the knife 

thickness. This results in fibres with shorter length than intended in the pattern. 

Moreover, it can be seen that the knife causes the fibres to change the direction with 

respect to their original alignment. When the knife makes its way through the fibres it 

does not only cut them but also moves them aside by the dynamic effect of the machine. 

The change in direction of the fibres is non-avoidable and could be observed in some 

micrographs to reach up to 12° as can be seen in Figure 4.1 c. This value, however, 

corresponds to the local misalignment of fibres around the cut and does not refer to a 

change in the global direction of the fibres making this problem less significant if 

compared to the damage introduced by the cut itself. Nevertheless, it might be possible 

to avoid these problems or restrict them by adjusting the vertical distance to which the 

knife travels through the fabric or by increasing the vacuum level on the cutting table. 

Another possibility is to use different blade that is completely flat or using different 

cutting technique. If the small knife is used to produce longer cuts, the disturbance of 

the fabric might also be reduced.   

Cutting with both the standard and the machined knives resulted in loss of the fibres 

within the cut. During infiltration, this area would be filled with resin and result in weak 

points distributed all over the material that might be fracture starters. The size of these 

areas varies with the knife size and with the direction of the cut. The small knife 

produces loss area of around 1 mm2/cut (Figure 4.1 d) while it is almost the double of 

that value for the standard knife. This problem is less pronounced in the straight cuts 

when only one layer of the fabric resists the knife while the fibres in the other layer are 

more pushed aside rather being cut. In the angled cuts, the knife cuts through the two 

layers therefore the resistance, and consequently the damage, is bigger. It is important 
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to stress that these numbers are observed for few cuts and it is quite difficult to achieve 

a representative number for the whole material since it means a large area of fabric to 

be investigated under the microscope.  

 

 

Figure 4.1: Optical microscope images for the cut fabric (average fibre diameter is 7 µm) 

 

Observations of the composite manufactured from the cut material revealed that the out 

of plane misalignment of the fibres resulted due to the cutting procedure can reach to 

up to 17º as can be seen in Figure 4.2. More importantly, it was observed that even 

though care was taken to stack the layers in an alternating sequence, it was not possible 

to completely avoid having overlapped cuts in the composite (see Figure 4.3). Such 

a b c 

d 

𝜃=12° 
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problems could result in a premature failure when the sample is subjected to a 

compression loading.  

 

 

Figure 4.2: Out of plane misalignment of fibres due to the punch of the knife during cutting 
(average fibre diameter is 7 µm) 

 

 

Figure 4.3: Overlapping cuts (average fibre diameter is 7 µm) 

 

It is worth mentioning that at some point during the cutting process, the knife tip was 

not as sharp as it should be and resulted in disintegration of the fibres as can be seen in 
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Figure 4.4. However, this problem can be exploited if the disintegrated fibres can act as 

out of plane reinforcement when cutting through several layers of fabric at a time. 

The mentioned problems are associated with the method used to introduce the cuts 

(mechanical cutting). However, even if more advanced techniques are used to avoid 

these problems, they might introduce problems of different types. In [28], it has been 

reported that a swelling in the fibres occurs due to thermal effects induced by the laser 

beam used to introduce the cuts (see Figure 4.5).  

As for the cutting patterns, it was noticed that there is a slight misalignment problem 

when producing them. It was so noticeable during the cutting process that the knife cuts 

through several cuts and rearranges its direction for some other ones even though they 

have the same angle. The lines created in the software were all parallel, aligned and 

perfectly angled. It is believed that the reason behind this behaviour is due to some 

problems in arraying the cuts in the software to cover the desired cut area.  

 

 

Figure 4.4: Disintegrated fibres due to 
dull knife  

 Figure 4.5: Swelled fibres due to the 
thermal effect of cutting with laser [28] 

4.2. Draping Results 

Using the optical scanning in determination of the drapeability of the fabric has newly 

been adopted at SICOMP. The method still needs more improvements and refining to 

minimize the number of variables and ensure the repeatability of the test results. In the 

following, Figures 4.6-4.9 show the draping results from the ATOS scanning technique. 
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The results are presented on a coloured scale where the blue colour refers to negative 

displacement and the red colour resembles a positive displacement. The reference point 

(the tool surface) has a value of zero and is presented by a green colour. Even though it 

was possible to detect the presence and the size of wrinkles and defects in the fabric 

using this technique, it was difficult to measure the change in the fibre direction without 

the use of in-situ high resolution camera which was out of the scope of the work.  

Figure 4.6 shows the effect of heating the material in the oven after draping it. The blue 

colour shows the distance to which the material has compacted towards the tool after 

the binder was softened. This effect, nevertheless, was only investigated and has not 

been taken into considerations in the analysis of following results. The scans are for all 

the fabrics compared to the surface of the tool when they were removed from the oven, 

the vacuum had been released and the bag seal had been opened. In the sequel, only 

some of the results of the scanning are presented and the rest could be found in 

Appendix A5 at the end of the report with the related comments and discussion.  

 

 

Figure 4.6: ATOS scanning image showing the oven effect on the drapeability of the fabric 
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The scanning results of the reference fabric are shown in Figure 4.7. It is clear that the 

fabric has a poor drapeability to the tool that the wrinkles formed in a wide, continuous 

ring around the edge of the tool where the curvature starts. The flags marked on the 

scan indicate the values of the displacement at these points. Following these values, it 

could be seen that the largest defect has a displacement of more than 4 mm.  The centre 

of the dome area is quite even and defect-free as could be seen from the colours and the 

values of the flags.  

 

Figure 4.7: Scanning results of the reference material (tool diameter is 250 mm) 

 

The scan in Figure 4.8 are for the materials cut to pattern P1 (the angular cuts) for the 

two used knives. A clear improvement can be noticed in the drapeability of both fabrics 

if compared to the reference material. For both samples, the amount and intensity of the 

red spots are reduced significantly. The defects are smaller, discontinuous and 

distributed evenly around the edge of the dome. Moreover, the values of the 

displacements in the inspected points are lower; recording 1.6 mm and 0.4 mm for the 

sample of the standard knife and the machined knife, respectively. Furthermore, new 

elevated spots have occurred on the centre of the dome region due to the ends of the cut 

fibres sticking in the out of plain direction. It can be seen that there are some points 
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where the information could not be detected. This has happened due to the little 

amount of the sprayed powder on these areas and the light-reflective nature of the 

shiny carbon fibres that prevented the acquisition of the data. 

 

 

Figure 4.8: Comparison of the drapeability between the material cut with the standard 
knife(left) and the material cut with the small, machined knife (right) 

 

Another comparison could be established between the scans of two samples cut to the 

same pattern with different fibre lengths. Figure 4.9 shows the scans of fabric cut 

according to the second pattern, P2, (straight cuts in the 0° and 90° directions) for the 

fibre length 100 mm and 29 mm. In comparison to the reference material, the 

drapeability has been improved and the number of defects has been reduced. It seems 

like the drapeability of the fabric is improved with the decreased fibre length. The scan 

of the sample with 29 mm fibre length has very few red spots and the maximum value of 

the inspected defects reaches only 0.49 mm if the point far from the curvature is 

neglected (0.66 mm). Interestingly, even though this material is also cut and the pattern 

could be seen on the dome region, there is no significant elevation as was notice before 

in Figure 4.8, meaning that the fibres are less sticking out of the fabric. It is worth 

mentioning that the scanning results could have been changed if the material was press-

rolled after the cutting so that the sticking fibres ends are pressed back to their place as 

was done for the manufacturing process.  

P1_40 mm SK_40 mm 
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Figure 4.9: ATOS scanning results for the fabric cut to a fibre length of 100 mm (left) and 29 
mm (right) of the cutting pattern P2 

 

In order to simplify the interpretation of the draping results and in an attempt to 

quantify them, three regions on the tool were investigated separately; namely the edge 

region, the next-to-edge region and the centre of the dome region as shown in 

Figure 4.10. On a plain surface, set of points have been selected on each region and the 

values of the displacements at these points in all the samples were extracted to an excel 

sheet to be processed and compared.  

 

Figure 4.10: The areas over which the drapeability is investigated 

 

 

Centre Area Next-to-Edge Area Edge Area 

P2_100 mm P2_29 mm 
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Figure 4.11 shows the values of the displacements at the selected points at the edge 

area for all the samples of the two studied patterns. The results of the other areas are 

presented in the appendix A5. As was observed in the scanning coloured maps, the 

values of the displacements of the reference material are almost always higher than the 

other samples, if the few odd peaks were neglected. On the other hand, the sample of 

the small knife in the first pattern shows quite evenly distributed peaks that have lower 

values than the other samples most of the times. 

 

 

Figure 4.11: The values of the displacements at the edge area for the two studied patterns 

 

As for the second pattern, the sample with 43 mm fibre length shows lower values of 

the displacements while the sample with 29 mm fibre length shows an odd behaviour. It 

was expected for the 29 mm fibre length sample to have the lowest values but this is not 

the case of the results in the graph. The discrepancy in the scanning results can be 
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explained by the fact that at the points where the powder was poorly spread and the 

data was not appropriately collected, the associated software extrapolated the values of 

these points from adjacent points and did not extract the real values. On the other hand, 

the number of the selected points is not enough to generate a representative trend for 

the samples. It would be more accurate if the values of all the detected points during the 

scan were extracted and treated similarly.  

For further simplification, and because the previous graphs make it difficult to 

recognize a clear trend for the investigated samples, the least squared error method 

was implemented to obtain a single value that represents each sample category. 

However, the same problems could have affected the accuracy of the results and more 

improvement to this method is needed before it can be fully adopted.  

The summation of the least squared errors, Equation (12), provides a comparison of the 

drapeability behaviour between all the samples with respect to the reference material. 

 𝑁   ∑(              )
 

 

   

 (12) 

where    Edge, Next-to-Edge, and Centre areas,   is the value of the displacement at 

point   on the reference and the corresponding point on the sample. 

Figure 4.12 shows the results of the least squared errors for all the regions plotted on 

the same bar chart. Due to the relatively large range of values included in the plot, the 

values of the second two regions were plotted on the secondary vertical axis in order for 

them to be readable. As discussed earlier, these results do not cover all the points in the 

scan and can be misleading in the way they are but better conclusions could be drawn 

when the method is applied on the 5 million points obtained from the scan rather than 

the few points selected manually. Avoiding the extrapolated values of the missing data 

points can also improve the reliability of the method and consequently the obtained 

results. However, it can be noticed that the 43 mm fibre length sample from pattern P2 

and the small knife samples are the two samples showing the highest values, if the odd 

values that are clearly not representative to the material are neglected. This result is in 

agreement with the visual judgment based on the coloured scanning maps.  
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Figure 4.12: The least squared error values for all the studied samples on the three separated 
regions of the draping tool 

 

4.3. Mechanical Properties  

The results of the tensile test for the two studied patterns are presented in Figure 4.13 

and Figure 4.14. Data from a minimum of 4 samples for the calculation of the stiffness 

and 3 samples for the calculation of the strength were used and the average values are 

displayed. The stress-strain curves have been corrected for the jumps of the 

extensometer before generating the results. Because of the wide samples, it was difficult 

to attach the extensometer firmly against them which caused it to move in large 

displacements as a response to the dynamic effect of the crack initiations at high loads. 

Therefore, the curves have been shifted back to account for this error. The raw data and 

the detailed results for all the samples are tabulated in the appendix A6. It can be seen 

from Figure 4.13 that the mechanical performance of the material cut to the first pattern 

is degraded gradually as the fibre length is reduced. The minimum value of the strength 

is obtained for the samples with 25 mm fibre length and it reached down to 360 MPa 

compared to the uncut reference material that has a value around 900 MPa. As for the 

modulus, the same trend is observed with a maximum value for the reference material 

that reached up to 54 GPa while it was only around 41 GPa for the material with 

minimum fibre length. On the other hand, the material cut to the second pattern showed 

a completely different behaviour where the mechanical performance decreased 

suddenly to around 50% of the reference value regardless the length of the fibres. 
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However, if compared to the first pattern, the minimum value in the second pattern is 

still higher than that of its counterpart in the first pattern.  

 

Figure 4.13: Mechanical properties of the material cut to the first pattern P1 

 

Figure 4.14: Mechanical properties of the material cut to the second pattern P2 

 

38

43

48

53

58

63

68

0

100

200

300

400

500

600

700

800

900

ref p1-100 p1-60 p1-40 p1-25

M
o

d
u

lu
s 

G
P

a 

St
re

n
gt

h
 M

P
a 

Pattern 1 

Strength

Modulus

45

50

55

60

65

70

0

100

200

300

400

500

600

700

800

900

ref p2-100 p2-65 p2-43 p2-29

M
o

d
u

lu
s 

G
P

a 

St
re

n
gt

h
 M

P
a 

Pattern 2 

Strength

Modulus



 
53 

It is also of importance to compare the results of the reference material to the results 

from the datasheet from the supplier. Doing so, both the strength and the modulus of 

the reference material are lower than those provided in the datasheets. This was 

attributed to two factors. It was observed during the microscopic investigation that the 

volume fraction of the fibres in the composite is quite low. At some micrographs Vf was 

found to be as low as 35% while at others it was ranging between 40-50% and never 

found to reach 60% which was the goal. Figure 4.15 shows micrographs for the low Vf.  

 

 

Figure 4.15: Micrographs showing the low Vf in the manufactured plates 

 

The reason for this very low Vf is believed to be the result of using a resin with high 

viscosity that it was not possible to remove the excess amount of resin during the 

infusion and before the gel time passes leading to entrapping the resin in the plate. The 

infusion was performed at room temperature indicated between 19-22°C at which the 

resin viscosity is estimated in the datasheet to be around 600 mPa.s (see Appendix A1). 

The recommendation of the resin viscosity to be used with TeXtreme® fabric material 

is said to be “as low as possible” [45] (ranges between 200-300 mPa.s or lower).  

The other observation to which the low mechanical performance was attributed is the 

additional layer of resin on top of the plates that has resulted due to the use of the peel 

ply and the flow layer (revisit Figure 3.10). This layer has an un-even thickness and 

contributes to the cross sectional area of the samples leading to lower values of the 

stresses. It is also due to the un-even nature of this layer that the thickness of the 
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samples measured by the digital calliper or the micrometre is actually the distance 

measured from the edge of the sample to the tip of the resin’s highest peak in the range 

covered by the measuring device as shown in Figure 4.16. Since the plates are very thin, 

this layer, despite its small thickness, accounts for a great deal (around 20%) of the total 

thickness of the plate and needs to be accounted for.  

This problem was treated by the attempt to calculate the average thickness of the resin 

extra layer and subtract it from the thickness of each sample. With the available data, 

the only way realized to estimate the thickness of this layer is to back calculate it from 

the densities and the volume fractions of the fibres in the plates. The volume fractions of 

the individual plates were obtained from the burn off matrix test for pieces taken from 

these plates. Based on the sketch in Figure 4.16, an assumption was made that the 

average thickness of this extra layer (Tavg) equals to the middle distance between the 

highest peak in the resin layer (Tmax) and the surface of the laminate where no extra 

resin layer is present (Tmin) i.e. (Tavg=(Tmax+Tmin)/2). Simultaneously, the thickness of 

the sample calculated from the determined volume fractions (Tcalc.) represents the 

thickness of the sample with an even extra layer on top as shown in the dashed line in 

Figure 4.16.  

 

 

Figure 4.16: A sketch showing the error in calculating the thickness of the sample due to the 
presence of the extra resin layer 
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Then the net thickness of the resin layer is calculated by the difference between the 

measured thickness (Tmeas) and the thickness of the sample calculated from the volume 

fraction of the fibres (Tcalc.) i.e.  

 

                   (13) 

 

The values of the thickness found for each piece of the plate was subtracted from the 

thickness of each sample corresponds to that plate and the results are presented in 

Table 4-1.  

 

Table 4-1: Volume fractions and thickness of the extra resin layer for all the studied materials 

 
ref P1 P2 

Small 
knife 

Fiber 
length  

25 mm 40 mm 60 mm 
100 
mm 

29 mm 43 mm 65 mm 
100 
mm 

40 mm 

Vf 0.485 0.405 0.431 0.444 0.483 0.438 0.519 0.506 0.483 0.455 

Tavg 0.058 0.078 0.090 0.073 0.055 0.058 0.149 0.097 0.054 0.059 

 

It can be seen from the values of the resulted thickness that the reliability of this 

method to determine the thickness of the resin layer is questionable. However, it was 

the only way available to overcome the problem. This would not be an issue when 

thicker plates are manufactured since the thickness of this extra layer would be trivial 

compared to the thickness of the composite.  

Eventually, in order to be able to investigate the pure effect of the introduced cuts on 

the mechanical performance, the results were normalised to 60% volume fraction of 

fibres and to the reference material. The normalized data is presented in Figure 4.17 for 

all the samples of both studied cutting patterns. Obviously, the same trend discussed 

earlier can be seen here but the reduction in the properties could easily be observed. A 
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maximum reduction of the first pattern reaches up to 53% for the minimum fibre length 

(sample P1_25) while it reaches only 40% for the second cutting pattern. As for the 

tensile modulus, the reduction is negligible and is limited to 10% only for both patterns.  

 

 

Figure 4.17: Normalised data with respect to 60% Vf and to the reference material 

 

A comparison between the results of the material cut with the standard knife and the 

small knife are also normalised and presented in Figure 4.18. It could be seen that the 

reduction in the properties of the samples from the small knife is lower than that of the 

samples from the standard knife. It is believed that the small knife introduces more 

localized damage even though the density of the cuts is higher. This effect could even be 

further reduced if the small knife is used to introduce cuts larger than its width so that 

the damage at the ends of the cuts is further supressed.  
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Figure 4.18: Comparison of the mechanical properties for samples cut with the standard and 
the small knives 

 

4.4. Compliance Test Results 

The results of the compliance test are presented in Figure 4.19 (a) and (b) for the first 

and second patterns respectively. It could be seen that the force required to compress 

the fabric to the same displacement varies with the variation of the fibre length. Except 

for the sample with 100 mm fibre length, the compliance of the material increases with 

the decreased fibre length. As for pattern P2, the samples are not following the same 

trend observed in the first pattern. Moreover, repeating the test for the same piece of 

fabric led to different trend and different behaviour as could be seen in Figure 4.20. This 

can be due to the positioning of the fabric on the fixture that might have an effect on the 

response of the material. This discrepancy in the results is attributed to the fact that this 

test is still not standardized and more refinement is needed before the results could be 

approved.  

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Modulus Strength

N
o

rm
al

iz
e

d
 p

ro
p

e
rt

ie
s 

Normalized to 60% Vf & Ref 

Standard knife

Small Knife



 
58 

 

Figure 4.19: Results of the compliance test for all the samples of the two cutting patterns 

 

 

Figure 4.20: Results of a test (blue) and the re-testing (red) of the same piece of fabric 
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5. Conclusions and Recommendations 

The drapeability of carbon fibre fabric was improved by means of introducing cuts to 

the fabric using a mechanical cutting machine. A new implementation of the optical 

scanning technique was to evaluate the drapeability of the fabric by measuring the 

displacements with respect to a reference surface. This method together with the 

compliance test method can be of great interest to the industrial sector since they give 

direct indication of the formation of the defects and the energy required during the 

processing of the material. However, these techniques need more developments in 

order to achieve reliable and reproducible results.    

The microscopic analysis on the fabric and the composite showed some unavoidable 

damage due to the cutting process that there was some misalignment of the fibres in the 

in-plane and out of plane directions. These could have weakened the material and 

resulted in a premature failure. The effect of out of plane misalignment could be of more 

significance during the compression test since these points could easily buckle and fail. 

However, if the cuts would have been introduced through several layers, this out of 

plane deformation could have served as reinforcement in that direction.  

The mechanical performance of the cut materials has been evaluated and compared 

against the reference, uncut material. It has been found that there is a strong 

dependency of the mechanical properties on the cutting pattern. The maximum 

reduction in the strength of the material reached to 50% with respect to the reference 

material while the change in modulus was negligible and reached barely to 10%. The 

independence of the strength in the second cutting pattern on the fibre length and the 

lower reduction in strength compared to the first pattern can be of great interest that 

random cuts could be introduced to the fabric and result in the same reduction in the 

strength and improved drapeability.  

The comparison between the properties of the material cut with the small knife and 

those cut with the standard knife showed better performance for the former than the 

latter both in terms of strength and drapeability. This is an interesting finding in the 

project and can be further investigated in a future work.  
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The small knife seemed to induce less and more localized damage and it could be 

further used to cut the material to the other pattern. It could be interesting as well to cut 

larger cuts with the small knife that might result in even less damaged material. In order 

to reduce the perturbed areas around the cuts, the distance to which the knife travels 

through the fabric could be adjusted so that only the tip can pierce in and the triangular 

shape of the cut could be avoided.     

The first steps towards the achievement of the ultimate goal have been taken and the 

challenges have been realised. Many recommendations to the future could be suggested 

to overcome some problems or restrict them. Deeper understanding and more 

comprehensive information could be gathered from further characterization tests like 

the compression, impact, and shear response tests and so on. The stress distribution in 

the material and in the vicinity of the cuts could be investigated by numerical analysis. 

Answers about the interaction of the cuts and the effect of the different cutting patterns 

on the mechanical properties could be achieved via simulation as well. It is also of 

importance to study in more details the effect of the size and the way the sample is to be 

cut in order to obtain a more accurate RVE.  
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Appendix  

A1. Specifications of the used materials 

Resin Datasheet 
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Fabric datasheet 
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A2. Tabbing procedure 

Glass fibre laminates of thickness 1.5 mm are used as the tabbing material. The 

laminates are cut into dimensions so that they are ca. 0.5 cm wider than the samples 

and 5 cm long so that they are the size of the machine-grips length. Rough sand paper is 

used to scratch the inner sides of the tabs that would face the sample in order to create 

better surface for the glue and the load transfer. The edge in the outer sides of the tabs 

that are pointing towards the middle of the sample are grinded in an angle so that the 

load is transferred gradually and smoothly from the grips towards the sample as can be 

seen in Figure A2.1 

 

Figure A2.1: A set of tabs ready to be attached to the sample end 

 

On an even surface, a non-shrinking film is used over which guiding lines are drawn to 

help aligning the samples on the tabs. Two tabs, separated from each other by the length 

of the samples are fixed on the film with the aid of a double sided scotch tape, the 

scratched sides facing upwards. Pre-mixed glue is spread over the tabs in a thin layer 

and the samples are then placed over the glue. The second sides of the tabs, with the 

glue spread on, are then placed over the sample and fixed in place using normal scotch 

in order to prevent any movement that would result in a misalignment of the tabs and 

the samples. In order to make sure that the tabs are firmly attached to the samples and 

no gabs or air bubbles are trapped inside the glue, heavy plates and weights are placed 

over the samples and the setup is left overnight so as for the glue to completely dry. 

Figure A2.2 and Figure A2.3 show photos taken during the tabbing of the bundles for 

the strength test. The same procedure was used for all the tested samples throughout 

the course of the master work.  

Inner face Outer face 

Angularly grinded edge 
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It is worth mentioning that the glue used is a two-part epoxy adhesive (Araldite 2011/A, 

2011/B) with a mixing ratio of 50:40 g. The glue is mixed thoroughly for 2 minutes 

inside a fume hood and safety precautions should be taken while handling the glue 

(gloves and breathing protection mask).  

 

Figure A2.2: Illustration for the steps of tabbing process- attaching the tabs 

 

 

Figure A2.3: Illustration for the steps of tabbing process- curing 
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A3. Vacuum Infusion Process 

On a metallic plate, wiped with a release agent, the preforms are laid according to the 

desired stacking sequence. Inlet injection pipes of 8 mm diameter and distribution 

channels (from Metal Work Pneumatic) are attached to the plate with a tacky tape. The 

outlet pipes (10 mm in diameter) that are attached to a vacuum pump are placed on the 

side edges of the plate and covered with breathing film to prevent blocking the vacuum 

outlet. Release film (peel ply) is then spread over the preforms followed by a plastic bag 

that act as a flexible mould part. The bag (from Aerovac) is sealed around the plate 

carefully with the tacky tape to ensure good vacuum and leakage-free mould. The points 

at which the inlet and outlet pipes are placed on the table should be also sealed with 

more care. This step is of great importance since any leakage might lead to the 

formation of voids and result in bad quality manufactured plates. After setting up the 

mould, vacuum is applied and the wrinkles in the bag are adjusted so that they are 

formed in a way so that they do not disturb the surface of the plates. The inlet of the 

resin is opened and the infusion starts at a pressure of 80-120 mbar. The distance for 

which the resin has travelled in each preform is marked to allow the study of the 

permeability of the fabrics during the process. After the resin has infused all the 

preforms, the inlet is closed and the vacuum is kept running so that the excess resin is 

sucked out before increasing the pressure to 400 mbar to start the cure. The mould is 

then inserted to the oven and curing cycle of 8 hours in 80  is applied. Figure A3.1 and 

Figure A3.2 show photos taken during the different manufacturing steps. 
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Figure A3.1: Set up of Vacuum Infusion Process 

 

 

Figure A3.2: The VI Process 
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A4. Characterization of specimens dimensions 

In order to decide on the size of the specimen that can be representative to the material 

properties, the plates were cut in different sizes and manners. Samples of 4 categories 

with respect to number of tapes (unit cells in the terminology of textile engineering) 

included in the specimen width were investigated; two complete unites, one and a half 

unite, and three units. Two specimens of each sample were tested. The fourth category 

was to cut the two-unit samples into halves. Some of these samples accommodated 

complete units and other were cut randomly so that they might include parts of units in 

their width. Figure A4.1 shows these categories in a schematic way.  

 

 

Figure A4.1: Sample dimensions of different units 

 

The samples were tested in tension on an Instron 3366 universal testing machine with 

tabs attached to the ends of the specimens. The stiffness results for the reference 

material are presented in Figure A4.2 where A and B in the sample names represent the 

complete and shifted units, respectively and the first numbers refer to the number of 

units while the second numbers are the sample numbers. It is clear from the graph that 

there was no significant effect on the stiffness of the reference material with respect to 

the number of units included in the width of the sample.   
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Figure A4.2: Test results for the reference material in different sample sizes- A represents 
complete units and B represents shifted units 

 

However, when the cut material was tested it was noticed that the stiffness is affected if 

the cutting was shifted by half unit as can be seen in Figure A4.3 and Figure A4.4. The 

stiffness of samples of one and two units is identical; both in the 25 and the 40 mm 

specimens while it differs in the 1.5 unit sample. It is interesting to observe that the odd 

behaviour of the shifted sample does not follow a trend in both tested categories, i.e. it 

was stiffer in the sample of 40 mm but less stiff in the sample of 25 mm which needs to 

be further investigated. Table A4-1 and Table A4-2 contain the numerical results of the 

above mentioned test along with the estimated results at 60% Vf. 

Since it was not possible to investigate thoroughly the dependence of the stiffness on 

the way the samples are cut and on the number of units in the sample width and it was 

difficult to conclude depending on the very few number of samples the samples were 

chosen to be 40 mm wide to ensure wide enough samples but yet reasonable size to be 

accommodated in the machine. However, the mentioned effect is recommended to be 

studied in more details in the future.   
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Figure A4.3: Stiffness of the cut material with respect to the different number of units 

 

 

Table A4-1: The stiffness of the tested samples of 25 mm and the estimated values at 60% Vf 

Sample E Vf E@60%  

25,1,1 42.5 39.3 64.9 

25,1.5,1 34.9 37.3 56.5 

25,2,1 42.7 40.1 63.9 
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Figure A4.4: The stiffness of the cut material to 40 mm with respect to the number of units in 
the width of the sample 

 

 

Table A4-2: The stiffness of the tested samples of 40 mm and the estimated values at 60% Vf 

Sample E Vf E@60%  

40,1,1 44.5 37 72 

40,1.5,1 49.2 40.1 73.6 

40,2,1 41.7 38.9 64.3 
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A5. Results of the ATOS Scanning for the Tested Samples 

The scan of the reference material is also presented here to facilitate comparison of the 

other samples. The following set of scans shown in Figure A5.2 through Figure A5.6 is 

for the samples cut to the first pattern (P1, the angular cuts). As could be seen below, 

the scan of sample with 25 mm fibre length show so many empty spots to which the 

scanner failed to collect information due to the missing powder on these areas. 

However, at the points where the information is available it could be seen that the red 

spots are small and well distributed. Nonetheless, a positive displacement of 1.57 could 

be noticed near at a point at the edge area. Compared to this, the sample of 40 mm fibre 

lengths shows worse behaviour even though the flags did not hit the points where the 

wrinkles have formed. Even though the wrinkles in this sample are distributed but the 

colour of the red spots is more intense which indicates higher displacements and worse 

drapeability. As for the samples of the following fibre lengths, they show strangely 

better behaviour than expected (according to the available parts of the scan) which 

leads to the conclusion that the drapeability might not only be better with the shorter 

fibre lengths but also with the better stability of the fabric on the tool (e.g. less sticking 

fibre ends). Finally, the results of the sample cut with the small knife have been 

discussed earlier in the Results section of the report.  
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Figure A5.1: ATOS scanning for the reference material 

 

Figure A5.2: ATOS scanning for sample P1_25 mm 
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Figure A5.3: ATOS scanning for sample P1_40 mm 

 

Figure A5.4: ATOS scanning for sample P1_60 mm 
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Figure A5.5: ATOS scanning for sample P1_100 mm 

 

Figure A5.6: ATOS scanning for sample SK_40 mm cut with the small knife 
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The following set of scans (Figure A5.7 through Figure A5.10) is for the samples cut 

to the cutting pattern P2. It is difficult to draw a concrete conclusion the drapeability 

improvement is following a certain trend due to the missing data at some of the 

scans. However, it has definitely been improved and sample P2_43 mm seems to 

have the fewest red spots with the best distribution. Even though sample P2_100 

mm shows the worst results among the other samples in this pattern, it still shows a 

great improvement if compared to the reference material in Figure A5.1.  

 

 

Figure A5.7: ATOS scanning for sample P2_29 mm 
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Figure A5.8: ATOS scanning for sample P2_43 mm 

 

Figure A5.9: ATOS scanning for sample P2_65 mm 
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Figure A5.10: ATOS scanning for sample P2_100 mm 

 

The values of the displacements at the selected points on the draping tool for the 

edge area were presented and discussed in the results section. Figure A5.11 and 

Figure A5.12 show the values for the other studied areas of the tool. It is quite 

complicated to study the drapeability with this type of graphs which is why the least 

square method was used as explained and discussed in Draping Results section.  
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Figure A5.11: Values of the displacements at the selected points for the next to edge area- top) 
for all samples of pattern P1; bottom) for all samples of pattern P2 
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Figure A5.12: The displacement values of the selected points for the centre area of the draping 
tool- top) all samples for pattern P1; bottom) all samples for pattern P2 
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A6. Detailed Results of the Tests 

The thicknesses presented in  

Table A6-1 are those after subtracting the determined thickness of the extra resin layer. 
On the other hand,  

 

Table A6-2 presents the values of the thicknesses before the subtraction. It could be 

noticed that the pressing of the fabric after cutting has resulted in smaller thicknesses 

and less variation between the different samples (reference material and the three first 

samples of pattern P1 were not press-rolled). It is interesting to notice the general effect 

of the cutting on the thickness of the samples with comparison to the reference 

material- almost all the cut materials have thicker samples than the uncut material due 

to the effect of sticking fibre ends.  

Note that some values are missing in the tables and others are highlighted; those are the 

values that have been excluded in the calculations due to testing errors or big 

deviations.  
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Table A6-1: Detailed numerical values of the material properties 

 

 

 

Table A6-2: The average thickness of the different samples as measured by the micrometre 

 
REF P1 P2 

SMALL 
KNIFE 

  
25 

mm 
40 

mm 
60 

mm 
100 
mm 

29 
mm 

43 
mm 

65 
mm 

100 
mm 

40 mm 

AVERAGE 
MEASURED 
THICKNESS 

0.545 0.667 0.638 0.601 0.546 0.585 0.587 0.563 0.539 0.577 

 

Sample ref p1-25 p1-40 p1-60 p1-100 p2-29 p2-43 p2-65 p2-100 small knife

1 0.48 0.59 0.54 0.53 0.48 0.52 0.42 0.46 0.48 0.53

2 0.49 0.57 0.56 0.51 0.50 0.55 0.44 0.47 0.48 0.54

3 0.48 0.60 0.55 0.53 0.49 0.53 0.45 0.47 0.50 0.50

4 0.49 0.60 0.58 0.54 0.50 0.51 0.44 0.47 0.49 0.50

avr. 0.49 0.59 0.56 0.53 0.49 0.53 0.44 0.47 0.49 0.52

std 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02

Sample ref p1-25 p1-40 p1-60 p1-100 p2-29 p2-43 p2-65 p2-100 small knife

1 53.90 42.32 47.63 46.70 50.45 50.75 63.20 58.77 49.81 46.56

2 55.38 42.80 41.67 49.45 51.86 46.30 55.48 55.80 51.08 47.52

3 57.75 41.48 49.50 53.34 54.25 43.80 55.61 55.31 50.92 51.67

4 49.17 39.28 43.31 49.17 54.83 46.72 54.90 51.62 52.49 53.00

avr. 54.05 41.47 45.53 49.66 52.85 46.89 55.33 55.38 51.07 49.69

std 3.14 1.35 3.16 2.38 1.77 2.49 0.31 2.54 0.95 2.71

Vf 0.48 0.40 0.43 0.44 0.48 0.44 0.52 0.51 0.48 0.45

Sample ref p1-25 p1-40 p1-60 p1-100 p2-29 p2-43 p2-65 p2-100 small knife

1 824.61 310.46 487.02 637.66 566.66 587.34 472.30 569.25

2 879.21 410.82 462.62 591.85 663.56 427.70 499.71 539.88 496.33 621.55

3 898.91 369.20 460.12 552.79 691.11 484.99 453.89 580.78 507.81 595.91

4 940.23 351.13 469.96 452.51 618.50 473.44 529.10 535.03 542.32 584.72

avr. 885.74 360.40 464.24 521.04 652.71 462.04 512.34 560.76 504.69 592.86

std 41.60 36.05 4.18 54.49 27.34 24.74 41.25 23.48 25.22 19.08

Thickness

Modulus

Strength
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Figure A6.1: Example of the jumps due to the extensometer sliding (top) and the correction of 
these jumps by shifting the curve (bottom) 

 

A7. Additional Information: CT Scanning Test and Results 

A small piece of tested specimen was scanned in X-ray computer tomography Xradia 

510 Versa (Zeiss) (shown in Figure A7.1) with magnifications of X4 and X20. Two zones 

were scanned; one at the region where the failure occurred and the other on a region 

surrounding a cut far from the failure zone.  
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Figure A7.1: CT equipment 

 

Some of the CT scanning results came as a support to other observations and 

conclusions from the different steps during the work. However, the main purpose of 

conducting the scan was to investigate whether the failure occurs due to the cuts in the 

different layers being at the same position in the laminate. The scan was performed on a 

sample cut to the cutting pattern P1 and tested until failure8.  

The following figures show the scanned sample from different views. They show clearly 

the extra layer of resin on top of the sample. The other side of the sample is smooth 

since it faces the smooth surface of the infusion table.   

The explanation of the figures is mentioned in their corresponding captions to facilitate 

easier comprehension of the images.  

                                                        
8 The efforts of Professor Roberts Joffe for running the scans and providing the videos are highly 
appreciated 
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Figure A7.2: Edge view of the sample scanned at a magnification of X4. The top is showing the 
extra resin layer and a void could be seen in the middle of the sample 

 

 

Figure A7.3: 3D image of the sample showing part of the fracture and the resin layer. Note that 
there is a gap between the sample and the resin layer which is believed to has occurred during 

peeling the peel ply after the sample had been cured 
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Figure A7.4: 3D image of the sample far from the failure zone. Besides the resin layer on top, it 
shows also the missing fibres at the lower corner of the image resulted from the introduced cut 

 

 

Figure A7.5: A vertical view of the sample at magnification of X20. It shows clearly the loose 
compaction of the fibres which is why low volume fraction and poor mechanical performance 

were registered 
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Figure A7.6: 3D image showing the fracture zone of the sample. Note that a delamination 
accompanied the fracture as well 

 

Figure A7.7: Surface view of the sample showing the fracture zone as well as the in-plane 
change in the fibre direction near the cut 
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In the following, sequential shots were taken during the surface slicing of the scans to 

investigate the position of the cuts with respect to each other and to the fracture zone. 

Figure A7.8 shows the first of those images at the fracture zone. The area circulated 

with the oval is showing the 45º cut where the fibres are missing and a clear grey zone 

represents the resin that has filled the cut while the rectangle encloses the area where 

the fracture starts to appear (shown as darker grey colour). The Figure that follows 

(Figure A7.9) shows the next layer of the sample where the cut has a -45º direction at a 

very close position to the first cut which might be the reason why a delamination has 

grown together with the fracture. The disturbance of the fibres near the cuts could also 

be observed in the images.  

 

Figure A7.8: Images during the surface slicing of the sample near the fracture zone 

 

 



 94 

 

Figure A7.9: An image during the surface slicing at the fracture zone 

 

The following figures show the scan of part of the sample away from the fracture zone. 

The chronicle images in Figure A7.11 and Figure A7.12 show similar observations to 

those registered previously in the fracture zone. Two cuts of opposite directions are 

occurring close to each other in the different layers. However, the fracture occurred in 

the weakest point of the sample.  



 95 

 

Figure A7.10: The cut far from the failure zone from two different views. The bright arc on the 
upper image is not part of the material but an ink marker used to determine the scanning zone 
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Figure A7.11: A surface slicing scan for the part of sample far from the failure zone 
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Figure A7.12: A surface slicing scan for the part of the sample far from the fracture zone 
following the previous scanned layer 


