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Abstract. Advanced structures (aircraft, wind turbine blades, automotive) made of 
composite materials have to endure high mechanical and environmental loading. 
Therefore the durability and reliability depends much more on the micro mechanical 
properties than on the global strength. Non-destructive testing methods based on X-ray 
radiation are powerful tools for the characterization of materials. Applied to fibre 
composites the method gives information about the fibre orientation, the fibre matrix 
debonding and the micro cracking due to mechanical loading.  
In the last 10 years several investigations were done at BAM to characterize composite 
materials from small scale as standard specimens up to complex components. The 
following examples will be presented and discussed: 
To quantitatively determine the transverse and shear strength in a complex laminate the 
new X-Ray Refraction Technique was applied on-line during the tensile load of the 
specimens. To determine fibre orientation an adapted WAXS technique was applied to 
CFRP-laminates. A production quality assessment of a 9m long wing of a lightweight 
aircraft made from GFRP was performed by X-Ray Computed Tomography. 
 

1 Introduction 

Fibre Reinforced Plastics (FRP) produced as complex textile composites are increasingly 
employed for weight and cost reasons in transportation systems (aircraft, wind turbine blades, 
railway, automotive). With the rapid development of modern manufacturing methods, there is 
a need for new measuring methods and realistic theoretical approaches for design and 
modelling. 
The determination of the inter fibre fracture at a single layer for a layer wise strength analysis 
[1] of a complex laminate is state of the art. Unfortunately the influence of the neighbouring 
layers is ignored. Very often this causes major differences between theory and reality. 
Additionally, the problem occurs that for many semi-finished materials with complex textile 
reinforcement, i.e. fabrics, nettings or knitting fabrics, no single layer strength can be stated. 
Thus, the indication of material parameters (inter-fibre-failure-strength), essential for the 
construction, is not possible and an understanding of the failure processes in complex layer 
composites is impractical. 
A new method for a quantitative determination of transverse and shear strength in a complex 
laminate solves these problems. For this purpose the X-ray refraction technique [2] is applied 
on-line at a specimen under tensile load. The combination of mechanical loading and non-
destructive testing by the X-ray refraction technique yields a fundamentally new 
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understanding of the micro mechanical properties of FRP. Additionally applicable design 
values are gained. 

High stiffness CFRP structures like satellite reflectors request high precision fibre 
orientation and homogeneity in order to prevent their deformation under thermal load. But 
adequate non-destructive techniques have not been available up to now. The new Wide Angle 
X-Ray Rotation Topography (WAXROT) has overcome this technological gap. The scanning 
method measures the mean fibre direction and the orientation distribution function of CFRP 
laminate or sandwich with an angular accuracy of up to ±0.05° and 1mm spatial resolution. 
Orientation parameters and the mass distribution of selected layer directions are imaged by 
Experimental 

1.1  X-Ray-Refraction and grey scale value analysis 

This approach uses the increase of micro-cracks in GFRP as an indication of the start of 
material degradation as a result of inter-laminar fatigue [3] and can be investigated with two 
different optical methods: X-ray-refraction [2,4] and grey scale value analysis. In the 
following these two methods are briefly presented. 

 
1.1.1  X-Ray-Refraction  

X-ray refraction topography [2,4] is caused by the effect of refraction at the interface of 
materials with different refractive indices, well known from visible light passing through a 
glass lenses. In the case of X-rays the refraction angle is below half a degree and in opposite 
direction due to the dispersion function of isolators. In the experimental setup (see Fig. 3) a 
collimated X-ray beam passes the sample. At a fixed angle the refracted signal is measured 
and additionally a signal proportional to the material absorption. A characteristic refraction 
value C is determined, which is proportional to the surface per unit volume. It can be 
calculated from the scattered IR and transmitted intensities IA and the thickness d of the 
sample in relation to the zero values: 

C =
IR IR 0

IA IA 0
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The intensity of the refracted beam will increase if the difference of the refractive 
index rises at the observed interfaces. Therefore the intensity will be higher for materials with 
de-bonded fibres or pores than without. By calibration the absolute as well as the relative 
inner surfaces are measured. In most cases the relative increase is sufficient and used in the 
further investigations. Scanning the whole area of the sample gives a topographic map of 
inner surfaces [5]. It is practical to normalize Eq. (1) to ln(IA/IA0) resulting in the relative 
specific surface C/µ, independent from variation of the number of fibre filaments/sample 
thickness due to non-perfect production [3]. In the following investigations only the average 
value over the whole sample area was regarded. The short wavelength of the X-ray (Mo-
radiation – 0.07nm) enables detection of defects in the range of 100 nm (1/100 of the fibre 
diameter). 

The determination of the inter-fibre fracture of a single layer is employed to estimate 
the layer-wise strength of a complex laminate. The influence of the adjacent layers is ignored. 
Apart from partially large deviations between theory and reality the problem remains that for 
any semi-finished materials with textile reinforcement, no single layer strength can be stated. 
Thus the indication of material parameters (inter-fibre-fracture-strength), essential for 
construction, is not possible and an understanding of failure pro- cesses in complex layer 
composites is impossible. To solve this problems X-ray refraction was applied during tensile 
loading [3]. An electro-mechanical loading facility (MINIMAT) was integrated into the X-ray 
refraction machine and fixed on a manipulator (see Fig. 1) enabling the loaded sample to be 
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scanned and the refraction values measured. The load was applied in steps until failure of the 
sample. At each load step a refraction scan was per- formed. 0°/90°-GFRP-laminates made 
from woven glass fibre fabrics of linen style (285g/m2) were investigated as a typical semi 
finished product for lightweight aircraft. This laminate is suited for applications with 
intralaminar transverse loading and micro cracking due to inter-fibre failure effects are well 
known [5]. 

 
Fig. 1: Experimental setup of X-Ray-Refraction under tensile load. 

 
In Fig. 2 the results from the experiment on the 0°/90°-GFRP- sample are presented. 

The stress and the relative increase of the refraction values due to micro cracking caused by 
inter-fibre fracture processes were plotted versus the strain. Two similar tests were performed. 
The strain was measured with strain gauges on the samples. Only the 90°-layers and at 90° 
oriented transverse cracks generate the refraction effect. The increase of micro-cracking in a 
saturated state is in good correlation with the change from non-linear to linear mechanical 
behaviour [3]. In the 0°/90°-laminate a simple inter-fibre transverse loading occurs and the 
statistically appearance of micro cracking could be approximated with a Weibull-distribution 
(see Fig. 2): 

F =1− e −α β( )α

 and f =
dF
dσ

 ;   with the parameter α=2.5 and β=140 (2) 

The experimentally derived ΔC100%/µ=0.42 of the saturated state is multiplicative embedded 
in the approximation. 

 
Fig. 2: Comparison of X-ray-refraction and grey scale value. 

 
1.1.2  Grey scale value analysis 

In GFRP-specimens with adequate quality under conditions of high static or cyclic loading 
opaque discolouration of the composite occurs [5]. This discolouration is based on the same 
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refraction effect as the X-ray-refraction however the resolution in the grey scale value 
analysis is determined by the wavelength of the light which is 5000 to 10000 times higher 
than the X-ray-radiation (visible spectrum from 300nm to 700nm) and hence the crack 
opening have to be higher to deploy the refraction effect. Further more the grey scale value is 
an absorption proportional value. Hence with the crack opening the absorbed intensity of light 
increases meanwhile the inner surface proportional X-ray-refraction keeps in a saturated state. 
However an increasing grey scale parameter indicates micro cracking. 

On account of the increase of the micro crack density the measured light intensity 
changes. The grey scale value parameter G is defined as 

G =1−
I
I0

          (3) 

I0 designates the intensity of an illuminated background screen and I the intensity through the 
sample. By normalization each grey scale measurement to the background value the 
parameter is independent from variations of the environment light. The grey scale value 
analysis was performed with a customary digital camera, which allows a manual exposure 
setting and an external control. The grey scale values of the region of interest (ROI) can be 
determined by self-developed software based on MATLAB. 

 
Fig. 3: Comparison of stress/strain curves and X-ray-refraction. 

 
The grey scale value analysis was applied to a conventional servo-hydraulic tensile 

testing machine (INSTRON 8800) which enables the measurement of the increase of micro 
cracking online static and cyclic loading. The same 0°/90°-GFRP-specimens of small size 
(cross-section 1x4mm2) were tensile tested in this testing machine while simultaneously 
measuring grey scale values similar to the X-ray-refraction online-experiment. The 
stress/strain curves are compared in Fig. 3. As estimated the grey scale value analysis 
indicates the increase of micro cracking at increased stress levels. As expected due to crack 
closure the grey scale value decreases when the sample fails. However remaining micro-
cracks are still visible (see Fig. 2). In contrast to the X-ray-refraction method grey scale value 
analysis can be easily adapted to a conventional tensile testing machine and is therefore an 
interesting approach. Consequently grey scale value analysis was adapted to component test 
for indicating intralaminar fatigue effects due to micro cracking. 

1.2 Wide Angle X-Ray Rotation Topography 

Wide angle X-ray scattering of crystalline materials creates intensity patterns ("reflections") 
due to the periodic arrangement of atoms (Debeye-Scherrer diagrams) [6]. The orientation of 
such reflections reveals the orientation of crystallites. In carbon fibres the crystals are always 
oriented in such a way that the pair of predominant 002-reflections is perpendicular to the 
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fibre axis. A CFRP laminate of three fibre directions creates three pairs of oriented reflections 
as recorded on X-ray film (fig. 4, top). The Epoxy matrix scattering creates merely a weak 
isotropy background. 

 

 

 
Fig. 5: Rotation Profile: Angular intensity distribution 
of a CFRP lay-up of combined 0/90° HT-CFRP/UD 

HM sheet (top) and of the HM fibres separately 
(bottom) 

 
Fig. 4: Principle 0/ X-Ray Rotation Topography 

(XROT) at CFRP laminate 0/HT and HM fibre lay-
up 

Fig. 6: Rotation Topograph of repeated rotation profiles 
along a vertical line across the (nearly perfect) sample 

of fig. 4. The vertical coordinate corresponds to the 
sample position and the horizontal direction to the 

rotation angle: unidirectional sample areas at top and 
bottom, minor shifts are repeated after 180°.

 
The experimental set-up (fig. 4) uses a collimated pencil beam from a conventional X-

ray fine structure tube with a Mo target. The primary beam diameter crossing the laminate is 
1mm2. A rotating sector slit (made of brass) is adjusted between the sample and a large area 
single channel X-ray (scintillation) detector. The rotation axis coincides with the primary X-
ray beam. During rotation of the symmetric double sector slit of 5° opening an angular trace 
of the oriented carbon fibre scattering intensity is created. A 360° rotation reveals the 
(symmetric) polar intensity distribution of the Scherrer pattern. It depends on the direction 
and the amount of fibres. Fig. 5 shows such a Rotation Profile: the angular intensity 
distribution of a lay-up of a combined 0°/90° HT-CFRP/unidirectional HM sheet and the 
unidirectional HM sample separately (HT: high tensile, HM: high modulus). In this way the 
polar intensity information is recorded within about l0 seconds which is about 100 times 
faster than conventional registration by X-ray film. 

The peak positions reveal the average fibre direction inside the scattering area of 
1mm2. The full width at half maximum FWHM depends on the contribution of the single 
fibres and on the degree of fibre orientation: less well aligned fibres create a larger width, 
while a single fibre has the smallest possible spread called "texture angle". As the fibre 

5



alignment of the test sample is nearly perfect, fig. 5 demonstrates the different texture angles 
of HM and HT fibres (which relate to their Young's moduli). 

In addition to the slit rotation at a distinct sample position, a linear or a two-
dimensional scan of the sample can be performed within an acceptable time interval. 
Repeated rotation profiles along a vertical line across the sample of fig. 1 result in the 
Rotation Topograph of fig. 3. The vertical axis corresponds to the sample position and the 
horizontal direction to the rotation angle. The topograph shows the unidirectional sample 
areas at top and bottom and the overlap of both laminates at the centre. 

Two-dimensional imaging of the orientation information can be performed by 
selecting a fixed orientation of the rotation slit and then plotting the intensity changes of a 
sample area. This kind of Fixed Angle X-Ray Topography (FAXTOP) method reveals 
changes in the orientation direction and fibre content. Examples are given below. 

2 Conclusion 

Micro cracks are caused by the applied load level during fatigue investigations and can be 
identified online from X-ray-refraction investigations during tensile loading. However with 
conventional grey scale value analysis in the visible range of light these micro cracks could 
not be reliably detected. From Wide Angle X-Ray Rotation Topography the following micro 
structural characteristics of CFRP can be evaluated: 

• precise orientation of fibre directions 
• the relative fibre content of each fibre direction 
• the type of fibres at different directions 
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