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Abstract. Beyond imaging the mass distribution of materials by X-ray absorption 
techniques recent synchrotron and laboratory X-ray refraction techniques provide in-
terface contrast imaging of micro structures. This is of specific relevance to carbon 
fibre composites (CFRP) which constitute advanced aerospace components. Apart 
from merely finding isolated flaws like cracks or pores within the natural high inter-
face density only the quantitative measurement of the differences after defined me-
chanical treatment provides a reliable understanding of the related macroscopic 
properties.  

The contribution of the fibre matrix interface of CFRP laminates to the me-
chanical properties is investigated by relating the mechanical damage to the addi-
tional fibre debonding after impact and fatigue. Composites of industrially sized 
carbon fibres for aerospace applications and of unsized fibres are compared.  

Introduction  

The full exploitation of the excellent properties of carbon fibre epoxy composites (CFRP) 
in aerospace components depends strongly on their man made microstructure which is 
largely determined by the quality of the fibre/matrix interface. Like in all kind of com-
pounds and composites the interfaces have to transfer stress in order to avoid critical local 
stress accumulation. This is the general idea of making composites. The key role of inter-
faces for the mechanical properties of CFRP has been investigated by correlating different 
fibre sizing  (coatings) to stiffness [1, 2], strength [3, 4], die tenacity [4, 5] and fatigue re-
sistance [6-9]. Unfortunately mechanical testing may only give indirect indications about 
the fibre /matrix bonding, so does fracture mechanics by modelling.  
 In the present paper the fibre matrix debonding and matrix crack density of CFRP 
laminates is directly determined by non-destructive X-ray Refraction Topography in order 
to compare the micro structural damage to the mechanical loads applied. Composites made 
of sized and un-sized carbon fibres of identical origin are treated by different dynamic load 
and their additional fibre/matrix debonding is determined by X-ray refraction. 

Although X-ray refraction techniques have been established since two decades [10, 
11] they have not been widely recognized in material science. Therefore the basic princi-
ples are presented and followed by some application. 

X-Ray Refraction 

Refractive X-ray deflection occurs, when X-rays interact with interfaces (cracks, pores, 
particles, phase boundaries) similar to visible light in transparent materials lenses or prisms. 
But the X-ray optical effects can be observed only at small scattering angles of between 
several seconds and a few minutes of arc as the refractive index n of X-rays is nearly unity 
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(n ~ 1 – 10-5). If ε is the real part of the complex index of refraction n, ρ the electron den-
sity and λ the X-ray wavelength then n is  

 ε−= 1n , with   and  for glass at 20 keV radiation 2λρε ⋅≈
610−≅ε (1) 

From this follows, that the incident angle at which X-rays impinge on a surface should be 
small enough (very few degrees) in order to achieve a measurable deflection angle.  
 The refraction phenomenon is demonstrated by parallel beam synchrotron radio-
graphs of a glass plate inclined within + 1 degree (Fig. 1). It represents directly a test on 
Snell’s law for X-rays. The projected intensities reveal clearly the much stronger contribu-
tion of refraction compared to total reflection. The intensity cut-off at the critical angle of 
total reflection reveals directly ε, the real part of the refraction index, which corresponds to 
early values of Compton [12].    
  

 

 
Fig. 1: Synchrotron X-ray deflection by refraction and total reflection at 5 mm glass slide; top: Snell’s law 
and definition of critical angle; left: experimental set-up with beam geometry , detector position, and rele-
vant angles; right: gray levels along horizontal lines correspond to averaged horizontal detector intensity at 
sample tilt angles, dark vertical stripe: sample absorption shadow, bright lines near sample shadow: re-
fracted intensity and totally reflected intensity near zero tilt angle;    
 

 
Generally the interfaces of microstructure of materials are not as well aligned as in Fig. 1. 
Particles and fibres have rather round shapes and in contrast to optics convex lenses cause 
divergence of X-rays as n < 1.  

Fig. 2 demonstrates the effect of small angle scattering by refraction of cylindrical 
“lenses”: A bundle of 15 µm glass fibres (for composites) deflects a pinhole X-rays beam 
within several minutes of arc. In fibres and spherical particles the deflection of X-rays oc-
curs twice, when entering and when leaving the object (see insert Fig. 2). The oriented in-
tensity distribution is collected by an X-ray film or a CCD camera while the straight (pri-
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mary) beam is omitted by a beam stop. The shape of the intensity distribution of such cy-
lindrical objects is a universal function independent of materials, if normalized to the "criti-
cal angle" θC of total reflection (see Fig. 3). defined by the refractive index θ2

C = 2ε. The 
intensity of the deflected X-rays becomes nearly zero at the critical angle (see Fig. 3), with 
a small contribution from total reflection.  
 
 

 
Fig. 2: Effect of oriented small angle scatter-
ing by refraction of glass fibres; n index of 
refraction, ε real part of n, λ wavelength 

Fig. 3: The normalized shape of the angular intensity 
distribution of cylindrical objects; P: polypropylene 

 
Applying a Kratky type high resolution small angle scattering camera with slit collimation 
a cross section of 10-3 of the fibre diameter contributes to the detectable intensity above 
typically 2 minutes of arc. Total reflection of X-rays occurs as well but only 10-6 of the cyl-
inder diameter is involved and therefore negligible, but planar surfaces may scatter all the 
primary intensity if well aligned. Based on Snell’s Law the angular intensity distribution of 
cylinders has been modelled and fitted to measurements on most different fibres, as illus-
trated by Fig. 3. The refracted intensity I*

R of a cylinder (without absorption effects) can be 
expressed by [10]: 
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J0 is the irradiation density of the incident X-rays, R is the cylinder radius and 2θ’=θ  is the 
scattering angle. In case of spherical particles or pores I*

R becomes 
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The conventional understanding of "continuous" small angle X-ray scattering (SAXS) is 
governed by the interpretation of diffraction effects. Both the well known Guinier's theory 
[13] for separated particles and Porod’s theory [14] of densely packed colloids are based on 
diffraction of Raleigh scattering. Nevertheless Porod approximates the same angular inten-
sity decay as in Eq. (3). However both diffraction approaches are about scattering objects 
two orders of magnitude smaller. 
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Refraction techniques applying X-ray tubes 
 
The SAXS instrumentation with X-ray fine structure tube and Kratky camera is relatively 
straight forward. The camera needs an additional scattering foil for the primary beam at-
tenuation measurement and a micro manipulation device for the sample (Fig. 4). For practi-
cal measurements the refraction detector remains at a fixed scattering angle 2θ´, so that the 
relative surface density C of the specimen can be measured according to [15]: 
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Intensities IR and IR0 refer to the refraction detector with and without sample respectively, IA 
an IA0 to the absorption detector and d is the wall thickness of the sample. Apart from the 
choice of materials the relative surface density C depends merely on the scattering angle 
and the radiation wavelength. Absolute “inner surface density” (specific surface, surface 
per unit volume) is determined by comparison with a known calibration standard at retained 
boundary conditions (wavelength and scattering angle).  
 
 

 

Fig. 4: Scheme of a SAXS instrumentation with collimated X-ray beam, sample manipulator, a refraction 
detector for refracted intensity IR with sample or IR0 without sample and an absorption detector for the 
attenuation intensity IA or IA0  of the  primary beam 

IR 

IA

 
Not only the inner surface of pores and particles can be determined, but interfaces and 
cracks like fibre debonding in composites as well. A model composite has been made in 
order to demonstrate the refraction behaviour of a bonded and a debonded 140 µm sapphire 
fibre in a polymer matrix (Fig. 5, left). Fig. 5, middle shows the resulting intensity distribu-
tion of a two-dimensional refraction scan of the model composite. The upper ray crosses 
the bonded fibre-matrix interface causing a small amount of deflected intensity. At the de-
bonded fibre and at the matrix surfaces (lower ray) much more X-rays are deflected, as of 
the larger difference of the refractive index against air. The polymer channel is clearly 
separated from the fibre surface.  

For comparison a mapping of IA yields the transmission topograph containing only 
the absorption information of the projected densities like in conventional radiography (Fig. 
5, right). In case of a real composite the much thinner fibres are not spatially resolved, but 
the integral refraction signal of de-bonded fibres is higher than that of bonded fibres, which 
provides a direct measure for the percentage of de-bonded fibres after normalising by refer-
ence samples [11].  
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Fig. 5: X-ray scanning topography; left: model composite of polymer matrix and embedded bonded (top) 
and de-bonded (bottom) 140 µm sapphire fibre; middle: X-ray refraction topograph of C-values resolving 
debonding spatially, an interface image, free from absorption effects; right: absorption projection  

Relevant damage micro structures  

Typical damage structures of CFRP laminates are delamination and single fibre debonding, 
which is accompanied by matrix cracks as well. They develop under different load condi-
tions such as impact, fatigue due to periodic strain or aging by high temperatures or chemi-
cal attack. A schematic view of the typical damage structures is given by Fig. 6. with the 
impact position marked by the arrow.  

 

 

Fig. 6: schematic view of damage structures in 0°/90° cross ply CFRP laminate;;  left: delaminations between 
plys (black) after impact (arrow); right: fibre debonding and matrix cracks (white) due to impact or fatigue  
 

 
It is not difficult to assume that the amount of micro damage structures depends as well on 
the strength of loads as on the quality of the fibre/matrix interface. Both aspects are investi-
gated with respect to fibre debonding. As the planar ply delaminations can be detected eas-
ily by ultrasonic testing, only fibre debonding is regarded here, which is much more de-
manding to detect because the crack width is in the nanometer range. Electron microscopy 
would be an alternative, but it is not very reliable as polishing of the most brittle material is 
a source of cracks as well. Also a large number of  micrograms would be required to be 
statistically representative. The effect of the interface quality on micro damage is investi-
gated by selecting laminates made from fibres with and without sizing.        

Impact 

As demonstrated by Fig, 7 a series of CFRP test plates which suffered different impact en-
ergies is investigated by ultrasonic C-scans (pulse echo, left) and by X-ray Refraction To-
pography (middle, with energy levels). The typical butterfly patterns of the ultrasound 
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scans reveal the area of ply debonding, which usually taken as a measure for the damage to 
the laminate. No indications exist about the fibre debonding, which are clearly imaged in 
the refraction topographs of Fig. 7, middle. Visually the damage area is much smaller than 
in the C-scans, but the integral total surface in the volume can be larger than the flat surface 
of delaminations. A systematic correlation between the (separately measured) absorbed 
energy per CFRP layer and the fibre debonding (matrix cracks inclusive) is plotted in Fig.7,  
right.       

Fig. 7: CFRP test plates (5 cm x 5 cm) after different impact loads; left: ultrasonic C-scans (pulse echo); mid-
dle: X-ray Refraction Topographs with energy levels; right: fibre debonding/crack surface over impact energy

 
The influence of the fibre sizing on impact behaviour is investigated by both mechanical 
testing and non-destructive X-ray refraction as shown in Fig. 8 [16]. On the left the me-
chanical damping which is the relevant damage parameter is plotted over absorbed impact 
energy as determined from the impact experiment. Clearly the unsized fibre composites are 
of advantage, but in contrast their fibre debonding (Fig. 8, right)  is much higher at all 
damping values. This seems paradox as it proves that the higher crack density is accompa-
nied by a better mechanical performance. This puzzle is left to fracture mechanics.    
  

Fig. 8: Influence of fibre sizing on impact behaviour; left: lowerer mechanical damping of unsized fibre com-
posite indicating lower damage; right: higher fibre debonding of unsized fibre system 

Fatigue 

Long term dynamic loads characterise the fatigue behaviour of materials which is related to 
the residual strength and Fig. 9 demonstrates this correlation [17]. Standard aerospace 
CFRP + 45° cross ply laminates after up to 2 x 106 loads have been scanned for getting X-
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ray refraction topographs as shown in Fig. 9, left. The very heterogeneous spatial distribu-
tion of the fibre debonding (bright) expands along the fibre directions. The averaged addi-
tional relative refraction values ΔC of each sample, which are a measure for the additional 
inner surface density by fibre debonding is then plotted over the residual strength (Fig. 9, 
right). The correlation is essential as over 20 % loss in mechanical performance can be re-
lated to fibre debonding and can be determined non-destructively.  Thus the tolerable ser-
vice time of aerospace composites is predictable by X-ray refraction. 
   
 

Fig. 9: Influence of fibre sizing on impact behaviour; left: lowerer mechanical damping of unsized fibre 
composite indicating lower damage; right: higher fibre debonding of unsized fibre system 

 
For further understanding of the role of the fibre interface in the mechanical behaviour fa-
tigue investigations are performed at different strains, load directions and cycles on CFRP 
composites made from sized and unsized carbon fibres [16]. For the fatigue at 500.000 cy-
cles at two strains of a cross ply laminate the additional debonding of fibres in load direc-
tion (0°) and perpendicular (90°) as well as the mechanical damage parameters (relative 
stiffness decay) are presented (Fig. 10, left). Detailed informations about the interdepend-
encies of the parameters are revealed and as a general correlation the additional fibre 
debonding shows a monotonous dependence from the damage parameter (Fig. 10, right). 
The sized system performs at least the double  debonding which is opposite to the impact 
behaviour. 
   
 

Fig. 10: Fatigue at two strains of a cross ply laminate with additional debonding of fibres in load direction 
(0°) and perpendicular (90°) and damage parameters D; left: selection for 500.000 load cycles; right: addi-
tional debonding correlated to damage parameter, including samples of 1000.000 cycles, sized and unsized  
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Conclusion 

The quantitative determination of relevant micro damage structures of aerospace CFRP 
materials can be performed successfully by X-ray refraction techniques for two purposes, 
for imaging heterogeneous spatial distribution of interfaces after or without prior mechani-
cal treatment and for basic research into correlations between mechanical properties and 
statistically averaged values of the specific surface or interface. Advantage can also be 
taken from the selectivity of refractive X-ray scattering for the orientation of interfaces or 
inner surfaces. In this respect the scattering sensitivity for small cracks is not limited by the 
crack opening, as at the refraction effect is based on the interaction with the projection of 
the individual surfaces which have a much larger cross section than the width of a crack. 
The short wavelength of X-rays is always smaller than an atom and therefore smaller than 
any kind of crack. Limitations for micro and nano crack detection arise only for single 
cracks of small surface, of which the projection at below 3 degree inclination is much 
smaller than the X-ray primary beam of about 20 µm. However this problem can be solved 
in most cases in applying Synchrotron sources of much higher intensity and better align-
ment.    
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