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Abstract 

Fibre reinforced materials are inspected with thermal waves. We show how orientation fields of 
carbon fibres can be probed both along the surface and in depth at low modulation frequencies and in 
short time. This technique is applicable for remote analysis and prediction of material properties. 

1. Introduction 

Fibre reinforced polymers have a high specific strength along fibre direction. To obtain 
materials whose strength is orthotropic in a given plane one uses laminates which consist of 
unidirectional layers with alternating directions. 

Nondestructive testing methods to be integrated into a quality management system 
should therefore be capable to detect delaminated areas and to monitor fibre orientation. In 
both cases one is interested in local information (to be presented finally as an image) with . 
lateral and in-depth resolution. 

Aindow et al [1] describe how thermography can be used to monitor fibre-induced local 
thermal anisotropy. As a pOint source they use the fine tip of a soldering iron. A theoretical 
description of this problem was given by Krapez [2 - 4]. Also it has been shown that remote 
deposition of modulated heat results in phase information revealing local fibre orientation [5]. 
In this photothermal analysis [6] of thermal wave propagation there is a depth range limitation 
given by modulation frequency [7]. This is an advantage in terms of depth profiling, but it 
makes the method slow if application-relevant depth range is required because a phase image 
is recorded point by point with this technique. Pulsed methods [8] using a thermography 

.camera provide information in a short time, but the concentrated energy deposition results in 
thermal load which may not be suited for sensitive materials. Also it is evident that a short 
pulse generates a broad spectrum of thermal waves where only the low frequency 
components are used to look deep into the material while in that case the high frequency part 
of the spectrum just heats the sample surface. 

It has been described previously how the advantage of low frequency thermal waves can 
be combined with thermography to provide multiplex thermal wave ("Iockin-thermography") 
information in a short time [9 -11]. This paper describes the application of the technique to 
monitor fibre orientation and also its depth dependence. 

2. Experimental arrangement 

The basic idea of lockin-thermography as compared to conventional photothermal 
detection is shown in fig. 1. The conventional technique generates a point-like temperature 
modulation on a sample pixel which is monitored by a focused infrared detector. The signal is 
fed into a lockin-amplifier measuring the phase and magnitude of local response to modulated 
thermal input. Imaging is made by analysing pixel after pixel. 
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Fig. 1. - Conventional and multiplex photothermal imaging 
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It is quite obvious that it would be attractive to look at all pixels at the same time. In 

that case one generates the thermal wave at sevelal points on the sample, and a 

thermography camera acts as an array of infrared detectors. However, to perform 

multiplex analysis based on photothermal detection each detector should be connected to 
its own lockin amplifier. With about 105 pixels of a camera there is no hardware solution. 
It has been shown previously that for periodical thermal excitation which is coherent with 

the camera frequency one can reconstruct the thermal wave for each pixel and hence 

magnitude and phase [91. If modulation frequency is one fourth of the camera frequency, 

one obtains for each cycle four thermographic "raw images" Sl to S4 from which the 

image of magnitude A and of phase q> is obtained according to 

and 

From these equations it is obvious that A is insensitive to superposition of unmodulated 

radiation, e.g. caused by reflection effects. As q> contains only the ratio of differences its 

value is additionally independent of local power density or thermal emission coefficient. 

Therefore it is also independent of sample topography since the slope of contours affects 

only the noise of signal phase. This is true as long as edge-effects related to three 

dimensional heat flow can be ignored [1 2 - 131. 

Compute�-System 

Fig. 2 - Multipoint excitation for fibre orientation imaging with lockin thermography 
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The experimental setup used for multiplexed phase sensitive thermal wave ellipsometry 
is shown in fig. 2 where the beam of an Ar + -laser is split into an array of focal points. An 
acousto-optical modulator controlled by the synchronising computer provides sinusoidal 
modulation of illumination. Average power at each spot is typically 5 mW. Around each 
spot we find a modulated temperature field which depends on fibre orientation. 

3. Results 

3.1. Laminates 

To investigate the applicability of the method for orientation depth profiling a laminate 
sample was produced with two orientations 0/90 where the thickness changed stepwise 
in such a way that the influence of the lower layer decreased from one edge of the sample 
to the other (fig. 3). The result obtained on this sample at 0.03 Hz with the arrangement 
of fig. 2 is also shown in fig. 3. Total time to obtain this image was 3 minutes including 
the evaluation of about 512 thermographic images. The elliptic shapes and the change of 
their excentricity is evident. It should be pointed out that the central spot corresponding to 
the zero order of grating diffraction looks different though it should not. The reason is that 
the higher power (30 mW) causes a higher temperature (800C) and therefore thermal 
diffusivity went up locally. This picture shows that overheating is a critical point for 
photothermal inspection of polymers. 

t _fIB. 
0.11 mm 

Fig. 3 - Multipoint lockin thermography: CFRP sample (top) and phase angle image (bottom) 
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To investigate the change of elliptic patterns with more accuracy across the sample we 
performed also single spot measurements with a He-Ne laser beam of 1 5 mW. It is 
evident that the inner part of the elliptical pattern responds more to the upper layer and 
the outer part to the lower layer. If one plots the ellipticity alb of the constant phase lines 
versus the average distance (a + b)/2 of these lines from the laser spot one finds curves 
which characterise the thickness of the upper layer (fig. 4). 
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Fig. 4 - Ellipticity curves obtained from phase images (0.03 Hz) taken at positions a. b and c. 

3.2. Injection moulded polymers 

The advantage of phase angle imaging as compared to magnitude imaging or to 
conventional thermography is displayed in fig. 5 where part of· the sample had been 
painted, this edge of paint was perpendicular to the fibres, and the laser spot was located 
near the edge. In fig. 5 the dark uncoated part is on the upper side resulting in higher 
infrared emissions. This way the elliptical shape is distorted for the left and middle 
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Fig. 5 - Comparison of thermal ellipsometry (left) and phase sensitive thermal ellipsometry 
(magnitude: middle; phase: right) on a unidirectional CFRP sample partially covered with paint 

images. An evaluation of them would provide wrong results. The phase image (right) 

displays the symmetrical pattern because the influence of the paint is suppressed. 
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Fig. 6 - Phase angle ellipsometry of injection moulded sample at locations M1 to M3 

To produce components with complicated geometry one uses the injection moulding 

process. In that case fibre reinforcement can be achieved only with rather short fibres 

(typically 0.2 mm length). Due to the process with its flow gradients there is some torque 

acting on the fibres which results in a non-statistical distribution of orientation depending 

on the local flow characteristics. This partial alignment is of practical interest since it 

affects thermal extension and strength. Therefore we were interested to see how well 

thermal wave lockin ellipsometry is applicable to characterise fibre orientation in an 
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injection moulded CFRP sample. The sample (fig. 6) has a hole in it. When the mould is 
injected from the left side it is split at the hole and meets in the seam area indicated by 
M2. Hence flow is oriented at Ml and M3 towards the seam. For these three

' 
focal point 

positions we could find phase fields (fig. 61 similar to the temperature fields induced in a 
contacting way some time ago [11. In our case the increase of temperature generated 
remotely was about 55 DC. The observed orientation field is well consistent with results 
obtained with microwaves on glass fibre reinforced material [14]. 

4. Conclusion 

We have shown that lockin thermal wave ellipsometry provides information on fibre 
orientation and on depth dependence of this orientation. The technique provides a fast 
nondestructive method to detect areas of local weakness and to eliminate faulty !Darts. 
This can. significantly improve quality assurance of fibre reinforced polymers. 
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