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Surface Characterisation of CFRP Composites

3.1
Introduction

The visual appearance of an aesthetic surface within the automotive industry has always been given close attention because it is often experienced as a first expression of the quality of the product towards the end-user. The visual appearance is defined as a Class A surface, there are several perceptions of what this is, for example, it can be characterised by a perfectly polished, high lustre surface, free from porosity and scratches of any kind [53]. Alternatively, Feraboli et al. [54] states a Class A surface means that it has to meet certain criteria for inclusions, voids, roughness and tolerances. The definition of a Class A surface has not been determined as yet using measuring equipment, however each automotive manufacture has its own internal standards of what constitutes a Class A surface. 

Carbon automotive panel technology has been available for many years and many solutions have been developed to expand their use into a broader market. Although occasionally used on OEM (Original Equipment Manufacturer) programs they remain restricted to mainly the most niche super cars. The concentration of this research is the characterisation of defects on the unpainted surface or the substrate material. The substrate material that is the key area of this research is prepreg carbon called CBS 95 manufactured by Gurit UK. 

3.2
Car Body Sheet (CBS) 95

CBS 95 is a composite material that has been designed by Gurit UK for the automotive industry. It is made from CBS 86 and SF95 (Surface Film 95). CBS 86 is a form of SPRINT( technology that was also developed by Gurit UK. 

SPRINT® materials consist of a layer of fibre reinforcement either side of a precast, precatalysed resin film (Figure 3.1), with a light tack film on one face. Unlike conventional prepregs, SPRINT® fibres remain dry and unimpregnated by the resin until the curing process. This gives SPRINT® materials breath-ability, and it has been reported to achieve autoclave quality laminates from vacuum bag processing [2].
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Figure 3.1 – SPRINT® (Courtesy of Gurit UK)

The SPRINT® CBS 86 is a multi-layered moulding material using epoxy resin and continuous fibre reinforcement containing an integral syntactic core (Figure 3.2).
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Figure 3.2 – SPRINT® CBS (Courtesy of Gurit UK)
This is placed with a surface film (Figure 3.3) to form CBS 95. SF 95 surfacing material is a sandable epoxy film that has been designed to enhance the surface finish of moulded composite components (Appendix 5.20 contains the product information).
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Figure 3.3 – SF95 Surface Film (Courtesy of Gurit UK)
The CBS 95 is the subject of this research; it is a material that has been developed for the automotive aesthetic body panel market. To be a competitive product it has to be able to achieve a Class A surface that requires very little preparation prior to the painting process. Carbon fibre prepreg materials that have been used traditionally in the Formula 1 market and on some super cars have been known to have poor A Class surface properties and require rework prior to painting. The objectives of this research are to characterise the defects found on the Class A surface from components manufactured in a production environment. The characterisation will include the degradation of quality on the Class A surface, the models and theories of formation and prevention of future occurrences. Additionally, the effects of exposure to harsh environments will be studied. 
3.3
Defects in a Class A Surface

As stated above the Class A surface is an essential criterion for the final customer and definitely a competitive advantage for the manufacturer. The presence of defects on the Class A surface is detrimental, to fulfil the perception that the quality of the car is assessed by its aesthetic body panels on first impression. Areas of the car that are not defined as a Class A surface are known as Class B surface. The manufacturer determines the definition for a Class B surface. 

The common defects that can determine the difference between a substandard component and a Class A component that is manufactured from traditional prepreg carbon are listed below:

· Porosity

· Fibre bridging

· Print through 

· Long wave defects

· Short wave defects

· Worm tracks


These defects were found to be unique to the 

· Teddy bears ears

material studied and are defined in the Glossary.

Each one of these defects will be addressed in the following sections. 

3.3.1
Porosity within a Carbon Prepreg Substrate

Surface porosity is a widely reported problem, especially when processing at moderate pressures (<30 bar). Porosity can originate from the substrate material, and can also be known as voids. This porosity has two main mechanisms of initiation. Firstly, the entrapment of gases (most often wet air), and secondly, volatiles arising from the resin itself. The trapped air originates from the different stages of the manufacturing process, (1) from the initial manufacturing stage, due to either air bubbles being trapped in the viscous resin or between the fibres and (2), voids may be formed by volatile components or contamination, which vaporise during the high temperature part of the cure cycle. Hence the voids are areas within the composite where there are no matrix or fibres present. 

Understandably, voids significantly affect the mechanical properties of the component and have been widely researched [55-60], irrespective whether it is a structural component or an aesthetic body panel. Additionally, they are the cause of a significant amount of rework if present in an aesthetic body panel. 
Pinholes originate from air or volatiles in the laminate also, however their effect is different. They actually create a hole in the Class A surface of the laminate. This is due to the location of the void immediately underneath the Class A surface. Much of the literature concentrates on the formation of pinholes during the painting process. A pinhole is formed due to a discontinuity in wet or dry film, resulting from the failure of liquid film former to wet a pinpoint area [61].  Additionally, pin holing can be caused by stoving during paint curing [62]. Figure 3.4 shows a pinhole in carbon fibre prepreg substrate.
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Figure 3.4 – Image of a pinhole in the surface of 2x2 twill weave carbon fabric and epoxy resin [63].

3.3.2
Print Through (Fibre Strike through)

When carbon fibre composites are manufactured to form automotive body components, especially processing polymers as liquids, melt or semi-solids makes them particularly susceptible to mould surface effects and fibre print through. Commonly the carbon prepreg fabrics used (Figure 3.1 and 3.5) are woven twill and have fibres running in the warp and weft directions. Fibre print through has been well documented by researchers [62, 64-67] and is due to the volumetric shrinkage in the matrix due to polymerisation. 
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d Diameter of each fiber
Nf Number of fibers in a yarn calculated from the ratio of the
yarn denier to the fiber denier.
w ‘Width of the yarn
h Thickness of the yarn
g Horizontal spacing between the yarns
hg Vertical spacing between the yarns
s Length of the unit cell
6 Angle between warp and weft yarns
h+hg/2 Half the thickness of the unit cell
UL Undulated length of the yarn

2.1 Initial values of yarn parameters (typical values from McBride and Chen [8])

Width of yarn wo = 0.8 mm

Length of Unit cell so =3.33 mm
Vertical gap between yarns ~ hg = 0.05 mm
Fiber diameter d=0.008 mm

3. FABRIC DESCRIPTION

The material under consideration is a fabric containing yarns of co-mingled glass and
polypropylene fibers. The yarns are woven into a twill weave as shown in Figure 1. The
horizontal yarns are called the warp yarns and the vertical yarns are called the weft yarns. The
angle 6 between the warp and weft yarns is known as the yarn orientation and is a measure of
yarn rotation. The yarn crossover points are where the warp and weft yarns intersect. The yarns
alternate with two warp yarns going above and then below two weft yarns.

f—+w Warp
yarn

Weft
yarn
Figure 1. Example of a twill woven fabric (Weft yarns are shaded gray)




Figure 3.5 Example of woven twill [23]

When a composite is cured volumetric changes occur, known as cure shrinkage, and are observed as a result of thermal expansion and chemical shrinkage (Figure 3.6). Thermal expansion is an intrinsic, reversible material property that is dependent on the lattice and the lattice forces. It is measured by means of a coefficient of thermal expansion (CTE) that may be linear (LCTE, () or volumetric (VCTE, ():
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Equation 3.1
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Equation 3.2
When a material is heated the intermolecular bond lengths increase as a result of the extra energy and so the material expands. This expansion is influenced by the strength of these bonds [68]; in polymers the anisotropic binding structure and large free volume between the weakly bonded chains also have an effect. In a composite, the CTE is strongly affected by the fibre orientation. Knowledge of the CTE’s of the materials is necessary as they are to be used in structural applications. A mismatch of CTE’s may mean residual stresses and strains develop upon heating which can affect the mechanical and transport properties [69] in addition to causing structural failure and delamination [70]. Thermal expansion is also important when designing small components and hot machine parts where dimensional stability is crucial. 


Figure 3.6 – Schematic of Length Change versus Temperature During Cure
Chemical shrinkage is the permanent volume change of a material due to polymerisation being the reaction of monomers to form polymer chains or networks. When this occurs the Van der Waals bonds between the molecules become permanent covalent bonds and the inter-atomic spacing dramatically decreases. Previous work [71] has determined that for every mole of C=C ( C-C there is a chemical shrinkage of 23cm3, so that even in a highly cross-linked polymer, which is always less than 100% converted, volume decreases are substantial [72]. Figure 3.7 shows an example of print through in a carbon fibre prepreg after painting.
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Figure 3.7 Example of print through on a composite painted surface of an automotive component

3.3.3
Long and Short Term Waviness

Waviness is described as a surface characteristic that is primarily associated with highly polished or high gloss surfaces and arises from scattering light or dark patterns reflected from a surface when viewed under a light source (Figure 3.8) and is extensively used in the paint industry to characterise surface quality [63]. The inspection of waviness is very important in automotive manufacturing since even small defects should be inspected in outer panels such as hood, trunk, roof, and fender, to produce excellent surface finish. 
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Figure 3.8 – Schematic representation of the reflected light patterns seen from an undulating surface (Courtesy of BYK Gardner)

This disruption in the surface can be separated into two categories: long term and short term waviness. Long-term waviness is generalised as wavelengths (() that are greater than 10mm, and that can be seen by the human eye from approximately 3m away from the source (for example: teddy bears ears – Section 3.7.5) [73]. Short-term waviness is formed from surface anomalies (i.e. porosity/print through etc.), with wavelengths between 1 and 3mm in length and commonly below 1mm in amplitude. To be able to identify these surface irregularities the surface has to be observed by the human eye from no more than 40cm from the source. These surface defects can be considered as undulations in the surface, which cause distortions of reflected visual images.

The long and short-term waviness can be further divided into five wavelength segments, identified by Wa-e. These span the visible spectrum (Figure 3.9) and are used to define the spectrum in which both long and short-term waviness lie. Shown in Figure 3.9 is an illustration to show that each is associated with wavelengths approximately between 3 to 30mm and 0.3 to 1.2mm respectively. There is also an additional non-visible wavelength (dullness) to the visible spectrum and this is used to quantify the sharpness of the given image. The image sharpness (clarity) is produced by a reduction in the contrast due to light scattering by surface anomalies below 0.1mm wavelength. Most surface analysis methods use this combination of the six spectra (Wa-e, dullness) to produce hybrid wavelength characteristics used for assessing the surface make up. These techniques are discussed in subsequent sections of this report. 
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Figure 3.9 - The spectra of wavelengths associated with long and short-term waviness. The use of dullness, Wa and Wb to form the DOI (Distinction of Image) is illustrated [63].

3.4
Methods for Assessing Surface Quality

One of the most important considerations in carbon fibre for automotive exterior body panels is the surface quality of the moulded parts. Surface characteristics have been discussed in previous sections, however there has to be a method of quantifying the defects that are present on a Class A surface for analytical comparisons. There is little literature that discusses the parameters that influence the surface quality of carbon fibre panels excluding process parameters (painted surface [74] and moulding temperatures [75]). One of the objectives of this report is to concentrate on characterising the substrate surface of a newly developed carbon fibre automotive material using traditional techniques and also current techniques that are on the market today. Hence, this newly developed carbon fibre material will be analysed using surface techniques, modern and traditional.

The methods that have been utilised in this study concentrate on the use of stylus or lasers to quantify the surface quality. 

All surfaces exhibit some degree of roughness and a typical surface profile graph is shown in Figure 3.10. The profile can be divided into three main characteristics: 1. primary texture or surface “roughness” due to the production process; 2. secondary texture or “waviness”, due to machine/tool defects (short term waviness); and 3. errors of form, which are gross deviations from a ‘flat’ surface (long term waviness). 
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Figure 3.10 - Resultant profile broken down into the three main elements: roughness, short-term waviness, and long-term waviness [63].

3.4.1
Surface roughness

Surface roughness can take many forms. Surface roughness is becoming of increasing importance for applications in many fields, because the morphology of the surface of a solid plays an important role for many physical properties [76]. The causes of surface roughness are small deviations less than 0.8mm on the surface of the component (for example, porosity, inclusions and print through). 

The roughness of a component is the most common parameter that is used to quantify the quality of the surface. Passing a stylus tip or laser can quantify this measurement over the surface. The resulting roughness profile is derived from a primary profile by suppressing the long wave component using a profile filter [76, 77]. 

The stylus tip or laser passes over the component and sends the ‘raw’ profile to the software. The software contains filters, which are applied, and they normalise the primary profile within set boundary conditions. This eliminates the waviness component of the profile taken. The software then processes the data for the manipulation of the amplitude and spacing for each individual point recorded to generate numerous surface characterisations [78]. 

The surface roughness can be evaluated by three parameters:


Amplitude:
vertical measurements of the surface deviations with respect to 




the mean line

Spacing:
horizontal measurements of the surface deviations with respect to the mean line


Hybrid:
amalgamation of the amplitude and spacing characteristics

The roughness can be characterised by ‘R’, which is the average height of the surface deviations [79]. The characteristic ‘R’ can be broken down into seven individual roughness parameters as shown in Table 3.1 although, not all of these parameters apply to the evaluation of a Class A composite surface due to the localised representation or hybrid spacing analysis [63]. 

	‘R’ Parameters
	Definition

	Ra
	The arithmetic mean of the departures from the roughness profile line

	Rz
	The average height difference between the five highest peaks and five lowest valleys

	Rt
	The sum of the height between the highest peak and lowest valley from the mean line

	Peak Count (Pc)
	The number of peak and valley pair cycles per centimetre along the profile length

	Peak Height (Rp)
	The maximum value of the profile deviations from the mean line

	Skewness (Rsk)
	The degree of bias either in the positive or negative direction from the mean line

	Kurtosis (Rku)
	The degree of concentration around the mean line of a roughness profile


Table 3.1 – Definitions of Surface Characteristics

The most appropriate parameter for characterising the surface of a composite sample is Ra. Ra is defined as the arithmetic mean of the departure of the profile from a mean line and is expressed mathematically as:
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Equation 3.3
where L is the trace assessment length in the calculation and y is the peak height or depth from the mean line at any point. 

3.4.2
Commercial Industry Standards

The Combined Ford measurement uses the six spectra (Wa-e, dullness) to produce hybrid wavelength characteristics of the painted surface. The Combined Ford measurement is highly recognised within the industry, the acceptable levels of surface waviness depend on the manufacturer, the proposed market and then this in turn influences the price of the vehicle. Table 3.2 shows the parameters of the Combined Ford readings. 

	Vehicle Type
	Paint Type
	Combined Ford Reading Horizontal (pts)
	Combined Ford Reading 

Vertical (pts)

	Commercial
	Light Metallic
	>53
	>44

	
	Dark Metallic
	>58
	>49

	
	Light Solid
	>58
	>49

	
	Dark Solid
	>60
	>50

	Passenger
	Light Metallic
	>58
	>49

	
	Dark Metallic
	>63
	>53

	
	Light Solid
	>63
	>53

	
	Dark Solid
	>65
	>55

	Prestige
	General
	>65
	>65


Table 3.2 – Acceptable Combined Ford (CF) readings for different vehicles, paint types and positions (Courtesy of Aston Martin).

From Table 3.2, it can be determined that it is not just the type of vehicle and its intended market, but also paint type and the location it is on the panel (Figure 3.11) influence the quality expected. Additionally, vertical surfaces are less likely to reflect the light at a low angle to the observer and are allowed approximately 10% increase in the CF value as opposed to a horizontal surface that is highly reflective. 
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Figure 3.11 – Measurement positions for a standard automotive paint analysis. Arrows indicate the scan direction (Courtesy of Aston Martin).

3.5
Environmental Characterisation

Carbon fibre epoxy composites are becoming more common in areas of industry such as aeronautics and automotive. These areas of the industry are subjecting materials to severe working conditions, which can have a negative affect on their properties in service. It is well known that the suitability of these materials under solar radiation and within harsh environments causes degradation of their properties. 

When exposed to temperature change, ultra-violet and humid environments, polymer matrix composites undergo dimensional and stress state changes due to moisture induced swelling and thermal expansion. Moisture absorption may induce mechanical and physical-chemical changes in the polymeric matrix and deteriorate the matrix-fibre interface, by interface debonding or micro cracking [79]. Ultraviolet radiation absorption causes polymers to undergo photolytic, photo-oxidative, and thermo-oxidative reactions that result in the degradation of the material [80-82]. The degradation suffered by these materials can range from mere surface discolouration (yellowing in epoxy resins) affecting the aesthetic appeal of a product to extensive loss of mechanical properties, which severely limits their performance. 

Another issue associated with the design of polymer matrix composite structure is delamination. Delamination is caused by high interlaminar stresses on the composite interfaces. The most frequently studied topic on this is the existence and effect of interlaminar stresses near the free edges of laminates under uniaxial loading or pure bending [83]. Delamination has received very much attention due to its significant effect on strength and stiffness [84].

Composite laminates may be manufactured with slightly larger dimensions to allow trimming of the edges to improve the finish. An alternative to machining the edges is to produce the laminates in its exact final shape, in this case, the finishing operation simply consists of removing the excess resin (flash) at the edges with sandpaper. This second alternative produces the moulded edges as opposed to machined edges. The use of moulded edges increases the productivity and reduces the manufacturing cost without penalising the structural weight of the part. Moreover, it should be noticed that in certain applications moulded edges reduce the possibility of moisture absorption and consequently delamination, as it is a sealed component. 

In the automotive industry, majority of the aesthetic body panels that are manufactured from fibre composites are manufactured with a moulded edge. Although the effects of hygrothermal conditions on the fracture behaviour of fibre composites has been studied in the literature [85-97], and the relationship between the mechanical strength of the laminate and exposure time has been well documented, however, there is insufficient literature on the surface affects of fibre composites exposed to common environments, for example: hot and wet, hot and dry and a chemical environment. All these environments are locations where an automobile could be sat for long periods of time, for example: when the owner is at work. 

3.5.1
LAB Colour Change

The tool most widely used to evaluate colour is still the human eye. While sophisticated machines like spectrophotometers are used to determine colour acceptability and repeatability, the final judgment in most industrial colour work is still based on visual analysis. And there is good reason for this. 

To a remarkable degree, the eye-brain combination can be used to compensate for gloss and surface differences. And the eye is an excellent null detector, which is to say that it is capable of discerning very slight differences in colour. The eye of a person with average to above-average colour vision can differentiate between approximately 10 million shades of colour.

The eye has limitations. Just as humans vary in physical characteristics, their colour vision varies as well. It can range from very good to very poor or even colour-blind. Colour-blindness affects approximately 8% of men and 0.5% of women. Tests exist that can be used to evaluate both colour-blindness and visual colour acuity. Because many people who have colour vision issues are unaware that they have these afflictions, and people generally tend to overestimate their own abilities.

Optical fatigue is another factor affecting colour perception, particularly when viewing very bright colours. After viewing a colour for more than about 20 seconds, most people experience this phenomenon, caused by a tiring of the colour-sensing cells of the eye. The remedy is to view colours no longer than about 10 seconds [98].
While it is impossible to perform scientific colour analysis without instrumentation, even rigorous science has its limitations. The most reliable approach to colour matching is based on the powerful combination of a knowledgeable, properly trained human being and a sophisticated instrument like the spectrophotometer. This is because four major factors affect the viability of instrumental data alone:

1. Metamerism is a phenomenon whereby two samples appear to match visually under one light source (natural daylight, for example) but not another (incandescent or fluorescent lighting). The ideal is for the samples to be non-metameric, but in practice this is sometimes impossible. Though spectrophotometric data may indicate the occurrence of metamerism, determining the acceptability of colour requires a subjective judgment. It is best to determine at the outset that metamerism exists by
2. Fluorescence is the property in certain samples of absorbing energy in the UV range of the spectrum and converting it to visible light. This visible light is detected by instrumentation, adding error to the data retrieved. A few spectrophotometers can determine the presence or absence of fluorescence by making two tables of data, one with the aid of a special UV filter, and then comparing them. Any disagreement indicates the presence of fluorescence. In the absence of such sophistication, the fluorescence can be determined by placing the sample in a darkened room and illuminating it with black (UV) light. 

3. Directionality of colour occurs with special pigments like metallics and pearlescents and can cause the spectrophotometer to provide different readings based on the orientation of the part being measured. Spectral data generated for samples such as these may be unusable for accurate colour comparisons. A specialized spectrophotometer called a gonio-spectrophotometer can be used to make more accurate colour readings in these circumstances. 

4. Specular gloss, while not technically an aspect of colour itself, can generate error in the analysis produced by a spectrophotometer. As the gloss of any sample approaches 100% (i.e. that of a perfect reflector) a spectrophotometric detector becomes increasingly saturated, interfering with data integration. Resulting data often indicate that samples are lighter than they actually are, even as visual evaluation indicates the reverse. 
Instrumental colour is the most complicated of all the electro-optical measurements. The colour measurements are made by shining a light on the specimen, and collecting the light that is reflected from the specimen. The wavelength spectrum of the reflected light is used to calculate numbers that are then used as shorthand to describe the colour of the measured object. 

Most instrumental colour readings use a form of the L a b colour calculation to define colour. In this system, three numbers are used to describe a colour. Each of the three numbers refers to one of the three colour coordinates:
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Figure 3.12 – L a b Colour Space Scale [99]
L = Lightness Factor. This is the measured objects lightness or darkness and is quantified by the “L” number on the scale of 0 to 100, where 0 = black, 50 = grey, and 100 = white.

a = Red/Green Factor. The objects redness or greenness is quantified by the “a” number. When the “a” value is a positive number, the measured object is a red colour. The higher the number, the more red the object is. When the “a” is a negative number, the measured object is green colour. The larger the negative number, the greener the colour. A value of zero for “a” would be exactly intermediate between red and green. 

b = Blue/Yellow Factor. The objects yellowness or blueness is quantified by the “b” number. When “b” is a positive number, the object is yellow. The larger the number, the yellower the object. When the “b” value is negative number, a blue coloured object is indicated. The larger the number, the bluer the object. A value of zero for “b” would be intermediate between yellow and blue. 

Any colour can be described by its L a b coordinates. For example, a mauve colour could have a L value greater than 50, a positive “a” value (red), and a negative “b” value (blue). A neutral grey would have L = 50, a = 0, b = 0.

Colour change is calculated as the difference in the L a b values before and after exposure. The term “delta” (() is used to denote the difference. Therefore, ( = current measurement – original measurement. The larger the ( number, the larger the colour changes. Thus, (L is the change in the Lightness Factor. (a is the change in red/green and (b is the change in blue/yellow.

(+)(L means there has been a lightening of the colour

(-)(L means there has been a darkening of the colour

(+)(a means more red (or less green)

(-)(a means more green (or less red)

(+)(b means more yellow (or less blue) 

(-)(b means more blue (or less yellow)

A total colour change value of delta E ((E) is calculated as composite of all three factors and is widely used as pass/fail criteria for exposed materials. This is defined as:


[image: image15.wmf]2

2

2

)

(

)

(

)

(

b

a

L

E

D

+

D

+

D

=

D



Equation 3.4
3.5.2 Specular Gloss

The specular gloss of an object is how glossy an object is or how matt an object is. It has been reported that if there is a decrease in the specular gloss of a surface over prolonged exposure this indicates that the sample has experienced environmental degradation mechanisms [100]. However, as mentioned above, specular gloss is not actually an aspect of colour itself, but it can generate error analysis produced by the spectrophotometer. As the gloss of any sample approaches 100% (i.e. that of a perfect reflector, for example a mirror) the spectrometric detector becomes increasingly saturated, this interfering with the data integration and the resulting data can often indicate that the samples are lighter than they actually are, even as visual assessment indicates the opposite. Therefore if it is not required to monitor the specular gloss of a component for aesthetic reasons, it can be quantified to verify the L a b colour change results and to ensure that when the spectrophotometer evaluates the samples the spectrometric detector has not saturated, consequently providing inaccurate data. 

3.6
Summary 

This section has introduced a material that will be used for the manufacture of aesthetic body panels for high performance vehicles. The CBS 95 introduces the concept of a surface film; this provides the Class A surface which is demanded by the car industry. 

The literature in this section has discussed the common surface defects that have been found to be common in prepreg carbon fibre composite components that are being used in the automotive industry for selective components. As the CBS 95 is a new material there is no previous work in this area. Similarly the analytical techniques that can be used to quantify the surface have also been discussed. 

The issue of environmental conditions and external factors that could have an effect on the quality of the body panel have been discussed along with methods of quantifying potential degradation of the surface. However, there is a clear hole in this area of research when it comes to using carbon fibre composites as aesthetic body panels, there is no research recorded on the environmental affects in different environments and exposure levels.
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