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. With the Bergen ellipse a well-defined but non-linearly increasing strain can be applied to a strip of composite material to induce microcracks. In this paper a combined approach is described to measure the critical strain at which the first microcrack occurs. The combined approach consists of 2 elements. First the Euler-Composites Science and Technology 100 (2014) 228-236

Introduction to the Critical Strain and its Relevance for Composite Materials

Most aircraft are covered by a nice furnish to protect their constructive materials. These protective layers have been improved during several decades to withstand environmental influences for longer time. Nowadays, aeroplanes are partly or fully made of composite materials. Even though the composite materials have been thoroughly characterised in terms of mechanical properties, some little, non-fatal damage, such as crazing followed by micro-cracking, may take place and show up on the outer layers of the composites at unexpected low strain levels. The micro-cracks http://www.sciencedirect.com/science/article/pii/S0266353814002000 are typically transverse cracks, i.e. in the thickness direction of the composite. Apart from esthetic degradation, these microcracks may function as notches from which fatigue cracks in the outer layers can start. The strain level at which these crazes and resulting irreversible micro cracks occur in the material is referred to as 'critical strain'.

At the critical strain no significant plastic deformation or breakage occurs. The critical strain is a material parameter that characterizes the onset of micro-cracks in composites, and is not depending on temperature if no phase transition is involved [START_REF] Anemaat | Konstructieleer deel B. Lecture notes[END_REF].

Micro-cracks

Former research has proven that transverse cracksreduce the stiffness, compressive and flexural strength of multidirectional laminates by less than 10% and are therefore not considered to be crucial in their effects on the structural performance [START_REF] Ishai | Nasa technical memorandum[END_REF][START_REF] Ishai | Hygrothermal Effects on the Mechanical Behaviour of Graphite Fibre-Reinforced Epoxy[END_REF]. This holds even at levels of saturated crack density. However, the process of micro-cracking is irreversible and initiated by crazing. The basic mechanism of craze initiation is starting with the formation of very small voids (< 30 [nm]). These voids can then grow and finally become crazes. Crazing has been studied fundamentally by many researchers [e.g. [4][START_REF] Kramer | Environmental Cracking of Polymers, Andrews EH[END_REF][START_REF] Altstädt | The Influence of Molecular Variables on Fatigue Resistance in Stress Cracking Environments[END_REF] and it is a well-known fact that crazes are no real cracks but thin spots in the material, just about to crack due to disentanglement and breakdown of the crazes. These micro-cracks will, if not arrested, propagate to the surface and function as a notch for the top layers which will eventually show visible cracks.

Therefore crazing and micro cracks must be considered as irreversible damage phenomena and a potential source of brittle fracture. They must be avoided in structural integrity critical applications [START_REF] Vegt | Kunststoffen. Lecture notes[END_REF].

http://www.sciencedirect.com/science/article/pii/S0266353814002000

Critical Strain

Critical strain is often mentioned in the literature as "a strain limit for which problems might occur in several applications which were not expected on the basis of the specifications concerning the involved material properties". For example, solvent stress cracking of plastics due to solvent exposure has been a topic to General Motors in the late 1970's [START_REF] Wyzgoski | Stress Cracking of Plastics by Gasoline and Gasoline Components[END_REF]. Normally, critical strain (as defined in this paper) is not an important design parameter (in the classical First Ply Failure detection procedure) because it does not immediately give any information about upcoming fatal failure of a material. However, materials like carbon/epoxy composites in combination with top layers (and their broad variety of applications) show a strong tendency to microcracking at unexpected low strain levels and therefore force us to reconsider critical strain as a meaningful design / damage parameter. The reason for this is that even the smallest craze or crack becomes immediately visible in the coating.

Development of Euler-Fresnel Spiral as Valid Test Method for Critical Strains

The determination of critical strain is usually carried out by tensile tests. With this method, the tensile strength is measured with a step-by-step increasing strain until the first damage appears. The strain is measured by strain gage, strain-o-meter, or digital image techniques. This method requires a significant number of samples and is time consuming. In the early 60's, Bergen introduced a method to measure critical strains of polymers using one test strip for the strain range up to 4%. The method consists of a curved rail into which a strip of composite material is pushed. The distance which the strip has travelled along the curved rail is measured constantly, see Fig. 1. For every http://www.sciencedirect.com/science/article/pii/S0266353814002000 location on the curved rail the curvature of the rail and the resulting strain in the strip is known. The Bergen ellipse has mainly been used to measure critical strains for environmental effects, stress cracking and solvent crazing of plastics under certain applied stress levels [START_REF] Bergen Jr | Stress Cracking[END_REF][START_REF] Kessler | Damage detection in composite materials[END_REF]. For composites, the Bergen ellipse is not suited due to the fact that composites will show critical strains far below the level of 4% strain. For the Bergen ellipse, the bending curvature (which is directly coupled to the strain level) is a strongly non-linear function of the contour length which causes its accuracy to be limited; it is over-sensitive to high strains and fairly insensitive tolow strains (for details on these statements we refer here to the next section). On the other hand, the curvature of the proposed Euler-Fresnel-curve is a perfectly linear function of the contour length and shows the same sensitivity to low and high strain levels without losing the advantage of using just one test strip, subjected to various strain levels. The following discussion is devoted to the development and comparison of the Bergen and Euler-Fresnel strain measurement methods.

Curvature description for Bergen-Ellipse and Euler-Fresnel Spiral

Let a two-dimensional curve C be given by:

  01 ( ) ( ), ( ) , xy          C (1) 
The shape of the Bergen ellipse is described by:

  ell ( ) cos , sin AB     C (2) 
where A and B are parameters (units [m]) of the ellipse. With standard goniometric relationships the curvature k (units [m -1 ]) can be calculated as:

ell 2 2 2 2 3/2 () ( os in cs ) AB BA       (3) 
http://www.sciencedirect.com/science/article/pii/S0266353814002000

The Bergen ellipse from [START_REF] Bergen Jr | Stress Cracking[END_REF] is based on A = 0.150 [m] and B = 0.06 [m], as shown in Fig. 1. is far from homogeneous. This strong non-linearity introduces significant measurement errors. At lower strain levels the sensitivity to length measuring inaccuracies is almost zero while at high strain levels the sensitivity to length measuring inaccuracies is too high. To create the same sensitivity and same relative error everywhere on the curve, the curvature should ideally be a linear function of the contour length s:

2as   (4) 
where the parameter a has the dimension of [m -2 ] and the length along the curve s is in [m]. It can be derived that this can be achieved by the following curve C(s):
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where FS and FC are Fresnel integrals, respectively given by   



. The corresponding spiral, presented in the same orientation as the ellipse (with the same length s max ) is depicted in Fig. 1a.

For the Euler-Fresnel curve, the total Bergen ellipse length, s max , is reached by assuming that

2 max a s  
. However, to compare the curvature developments over s, it is convenient that both shapes, the Bergen ellipse and the Euler-Fresnel curve, generate the same maximum curvature  max ; therefore we assume now that max max 2 a s   (Eq. ( 4)). The associated curvature as a function of the contour length (from s = 0 to s = s max ), together with the curvature of the Bergen ellipse, is depicted in fig. 1b.

Strain Formulation for the Euler-Fresnel Curve

In general, according to the classical engineering bending theory, the bending moment due to a curvature is:

M EI   ( 6 
)
where M is the bending moment, E the modulus of elasticity and I the second moment of inertia (

3 1 12 I bt 
). The associated bending stress simply is:

  2 ,0 t Mh ht I      (7) 
http://www.sciencedirect.com/science/article/pii/S0266353814002000

where h is the through-thickness coordinate (bottom side of the strip: h = 0). The bottom side of the strip is exactly following the Euler-Fresnel curve. The top side however is in essence an Euler-Fresnel curve with an offset t (strip thickness, Fig. 2). The corresponding curve thus is:
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where:
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The curvature of that curve is not equal to 2as (Eq. ( 4)) but can be obtained from the curvature definition (general calculus knowledge) of a parametric curve:
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Applying this to Eqs. ( 8) and ( 9) leads finally to:

http://www.sciencedirect.com/science/article/pii/S0266353814002000 For t = 0 we get the original curvature k = 2as.

The maximum relative error of  offset (Eq. ( 11)) as compared to  (Eq. ( 4) is depicted in Fig. 3: Returning to the derivation of strain, it can be said that the strain on the top side of the strip must be based on the offset curvature, Eq. [START_REF] Maeva | Acoustical methods for the investigation of adhesively bonded structures: A review[END_REF]. With E    and Eq. ( 7) it can be immediately be derived that:
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)
The strain is thus linear to h and practically linear to s (since t<<s). The maximum tensile strain takes place at s a   (at 180°, Fig. 1a: the lower end of the Euler-Fresnel curve). From Eq. ( 12) and the condition ht  we obtain:

http://www.sciencedirect.com/science/article/pii/S0266353814002000 max 1 2 a a t      (13) 
To achieve a prescribed maximum strain value,  max , the curve parameter, a req , should satisfy the condition:

  2 max req 2 2 max 12 a t     (14) 
The corresponding curve length then becomes (Eqs. ( 13) and ( 14)):

max req req max 12 st a          (15) 
For ε max = 2 % and t = 2 [mm] the shape parameter a req becomes equal to 34.538810 -6

[mm -2 ] and the curve length s req attains the maximum value of 301.6 [mm].

The derived equations are based on the curvature of the outer (exposed) side of the strip (Fig. 2), so the measured strain is the real one for the tensile side. This is the critical side. With the given parameters, the maximum (compressive) strain occurs at the inner side of the strip that contacts the pure Euler-Fresnel curve; all equations do still apply but with t = 0. However, the difference with the (tensile) strain at the outer side of the strip is max 4% at s max in the worst case scenario (t = 4 [mm] over the jig with the characteristics given in Fig. 3).

Ideally, the Euler-Fresnel curve should go through the midline of the tested strip. This distributes the error evenly over the tensile and compressive side and is also easier to manufacture by CNC (no complicated tool offset programming). However, as this is the http://www.sciencedirect.com/science/article/pii/S0266353814002000

first prototype, the researchers did not pay sufficient attention to this issue since the strain measurement errors associated with the offset curve are negligibly small.

To conclude, if a strip is designed in such a way that its centerline coincides with the Euler-Fresnel curve while the thickness of the strip specimen is below 5 [mm], no special measures need to be taken for the correction of the measured strain values.

The relative error will remain below 5% over the measured strain which typically will lie in the range [0, 0.4%]

Acoustic Emission Measurement Method to Assess Crack Positions

Detection of Micro-cracks

The post-mortem detection of cracks can be carried out in many different ways like the use of sonic acoustic waves [START_REF] Kessler | Damage detection in composite materials[END_REF], ultrasonic acoustic waves [START_REF] Maeva | Acoustical methods for the investigation of adhesively bonded structures: A review[END_REF], and the detection by means of the penetrant method [12]. The initiation of cracks can be measured by means of acoustic emission techniques [START_REF] Kaiser | Results and Conclusions from Measurements of Sound in Metallic Materials under Tensile Stress[END_REF][START_REF] Kim | Crack initiation in unidirectional brittle-matrix composites[END_REF], including the determination of the spatial origin of the cracks by acoustic emission when multiple sensors [START_REF] Prosser | Advanced wave-form-based acoustic-emission detection[END_REF][START_REF] Surgeon | One sensor linear location of acoustic emission events using plate wave theories[END_REF] are employed. Only recently it was recognized in literature that the effect of the dispersive behavior of acoustic waves travelling in a plate-like structure should be accounted for to accurately determine the spatial origin of the cracks [START_REF] Aggelis | Effect of plate wave dispersion on the acoustic emission parameters in metals[END_REF].

Though the detection of micro-cracks, as opposed to normal cracks, is rather difficult to perform by means of classical methods, it can be done with the acoustic emission technique, however with special care.

http://www.sciencedirect.com/science/article/pii/S0266353814002000

In the next section, the acoustic emission approach that is used in this paper is briefly given, followed by a section about the removal of dispersion effects from the measurement data.

Acoustic Emission to Detect the Spatial Origin of Micro-cracks

It is proposed to measure the initiation of micro-cracks as well as their locations instantaneously by means of acoustic emission, while the strip is being fed through the Euler-Fresnel spiral. The crack induced vibro-acoustic response of the strip is measured by means of two accelerometers mounted on the strip. Under the assumption that the propagation speed c of the waves is known, the position of the cracks can be determined from a difference in arrival time of the acoustic emission waves at the two accelerometers. For instance, when measuring the response of the strip at both strip ends, as illustrated in Fig. 4, the crack position on the strip, x c , can be determined from

2 ) ( 2 1 2 c t t L x c    ( 16 
)
where L is the strip length and t 1 and t 2 are the time stamps of the vibro-acoustic waves arriving at accelerometer 1 and accelerometer 2, respectively and c is the sound propagation speed. However, whereas the principle to assess the crack position is very simple, in practice the signals are disturbed as a result of the dispersive behavior of the flexural waves which causes the energy of the crack pulse to be spread out in space and time as the guided wave propagates though the strip. This spreading prohibits an unambiguous determination of the difference in arrival time of the acoustic emission waves.

Moreover, because of the dispersion phenomena, one cannot speak about a single propagation speed c, as c depends upon the frequency of the wave. It is therefore required to take a different approach in which the dispersion effects are intrinsically taken into account.

Dispersion Compensation

If a guided wave mode is dispersive, a pulse of energy will spread out in space and time as it propagates because components of the signal at higher frequencies travel at a different speed (usually faster) than the components of the signal at lower frequencies. Whilst the initiation of cracks is impulsive in nature, the dispersion effect causes the signal to be distorted from being neatly pulse-shaped, which makes the interpretation of the signals more difficult. To restore the true impulsive behavior of the acoustic signal the dispersion effects are removed by means of data processing.

The approach taken here is after Wilcox [START_REF] Wilcox | A rapid signal processing technique to remove the effect of dispersion from guided wave signals[END_REF], in which a priori knowledge of the frequency dependent dispersion characteristics of a guided wave is used to map signals directly from the time to the distance domains. In the mapping process, dispersed signals are compressed to their original shape. The fundamental dispersion compensation equation for continuous functions is given by [START_REF] Wilcox | A rapid signal processing technique to remove the effect of dispersion from guided wave signals[END_REF][START_REF] Horchens | Imaging of material inhomogeneities with flexural waves[END_REF]:

http://www.sciencedirect.com/science/article/pii/S0266353814002000 () ( ) ( ) ik x g x F e d        (17)
where F(ω) is the Fourier transform of the received time-trace F(t), k(ω) = ω /c(ω) is the frequency dependent wavenumber of the guided wave that describes its dispersive nature, ω is the (angular) frequency and g(x) is referred to as the dispersion compensated distance-trace.

A practical problem is that the numerical integration of Eq. ( 17) is extremely timeconsuming because the integration must be performed for all frequencies and for all points in the dispersion compensated distance-trace. Wilcox [START_REF] Wilcox | A rapid signal processing technique to remove the effect of dispersion from guided wave signals[END_REF] proposed a numerically much faster procedure based upon the inverse FFT algorithm to perform the transformation from the space-time domain to the frequency-wavenumber domain, which is necessary to remove the dispersion effects, in an efficient manner.

Details can be found in [START_REF] Wilcox | A rapid signal processing technique to remove the effect of dispersion from guided wave signals[END_REF]. To perform the dispersion compensation, a priori knowledge of the dispersion characteristics of a guided wave is required. For a homogeneous isotropic plate structure, the wavenumber k B of flexural waves is given by [START_REF] Fahy | Sound and structural vibration: radiation, transmission and response[END_REF]:

22 4 B 2 12 (1 ) v k Et    ( 18 
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where E is the modulus of elasticity,  is the mass density,  is Poisson's ratio, and t the plate thickness. With this information the measured signals can be mapped from the time domain to the distance domain using Eq. ( 17), compensating for dispersion effects. Once the dispersion compensated distance traces are available, the crack position on the strip, x, can be determined from the equation:

http://www.sciencedirect.com/science/article/pii/S0266353814002000 22 Lx x   ( 19 
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where x is 'distance delay' between the two signals. Note that Eq. ( 19) can be obtained from Eq. ( 16) by replacing ct by the dispersion compensated difference between the two signals.

Experimental Part

For the measurements we have used a commercially known carbon/epoxy prepreg, here named A and an experimental carbon/epoxy prepreg, here named B.

Validation of Dispersion Compensation Algorithm

To validate the dispersion compensation algorithm, a measurement was carried out on The panel was hanging on two thin wires and it was hit with a small piece of metal at the position of one of the two accelerometers, but at the opposite site of the panel.

The time-traces that were recorded by the accelerometers are shown in Fig 5 .  http://www.sciencedirect.com/science/article/pii/S0266353814002000 

Euler-Fresnel Spiral, Sample Dimensions, Apparatuses and Handling

Employing Equation ( 5) an Euler-Fresnel spiral was designed and manufactured from aluminum (see Fig. 7). and is of essential influence on the material properties; we have worked with a laminate lay-up of (90/0/0/0/0) s with the outer layer transverse to the tensile direction. To determine the critical strain at room temperature and at a low http://www.sciencedirect.com/science/article/pii/S0266353814002000

Observations and Results

In total two strips have been subjected to a test with the Euler-Fresnel spiral. Both strips were made from material A. For strip number 1 the bending process was stopped after about 9 (may be 13) cracks were measured acoustically and the strip was carefully pulled out of the spiral. The measured time-traces are shown in Fig. 9. Next, the cracks were made visible by means of the penetrant method [12], which revealed 8 cracks (see Fig. 10). http://www.sciencedirect.com/science/article/pii/S0266353814002000 bending process was stopped earlier. Both the acoustic emission measurement method and the penetrant method have shown 4 cracks; see Fig. 11 and Fig. 10, respectively. In Fig. 13 the dispersion compensated distance-traces for the four individual crack-events are shown. The 'distance delays' x between the two signals is a measure for the crack position on the strip, according to Eq. [START_REF] Horchens | Imaging of material inhomogeneities with flexural waves[END_REF]. By comparing these predicted crack positions with the actual crack positions as determined by the penetrant method, a reasonable agreement could be observed (see Fig. 12). 

Determination of Strain critical by Acoustical Measurement

According to Eq. ( 12), the distance to the very first crack in the bended strip, even if not completely travelled through the material to the surface, is used as the parameter to calculate the resulting critical strain of the material. The distance to the very first cracks can be determined precisely with acoustical measurements while the determination is not depending on penetration of colored oil such as with the penetrant method. In the case of strip 2 we have measured the first cracks at 64

[mm]; according to Eq.( 12) this measurement gives: strain crit = 0,45%.

Conclusions

In this paper we have introduced the Euler-Fresnel spiral as an improved test method to measure critical strains for composite strips. Contrary to the Bergen ellispse, the Euler-Fresnel spiral generates a linearly increasing strain as a function of the distance that the strip travelled along the Euler-Fresnel spiral, thus causing the accuracy of the measurement of critical strain to be uniform along the Euler-Fresnel spiral. We have successfully demonstrated its applicability.

We have combined the Euler-Fresnel spiral with an acoustic emission technique to assess the crack occurrences. Compensating for dispersion effects, it was shown that the acoustic measurement principle allows the determination of the crack positions on the strip being tested (next to simple length measurements on the jig), albeit that the accuracy could be improved. The advantage is that the 1 st crack is identified unambiguously, even when the 1 st crack does not travel to the outer surface of the composite strip. Overall, it was demonstrated that the combination of the Euler- 

Figure 1 .

 1 Figure 1. a) Euler-Fresnel curve: and Bergen ellipse curve; b) Curvature as function of curve length for Bergen and Euler-Fresnel curve

  1a) is depicted in Fig.1b. The curvature distribution [ min ,  max ] over the length [0, s max ]

Figure 2 .

 2 Figure 2. Bottom side (real Euler-Fresnel curve) and top side (offset curve) for a strip having a thickness of 2.5 [mm]

Figure 3 .

 3 Figure 3. Relative error in % of the top side curvature  offset as compared to the bottom side curvature that exactly follows the Euler-Fresnel curve. a = 2, t = 2 [mm]

Figure 4 .

 4 Figure 4. Schematic illustration to determine position from difference in time arrival

  composite B, with dimensions 404 x 674 x 2 [mm]. The modulus of elasticity of this material in fibre direction was measured to be 88 [GPa]. It's density is 1580 [kg/m 3 ]. Two PCB Piezotronics accelerometers, model #333B30, were mounted on the plate at a distance of 150 [mm], as shown in Fig 3. Data acquisition was performed by means of a Bruel&Kjaer LAN-XI measurement system type 3050-B-040, sampling at 131072 [Hz].

Figure 5 .

 5 Figure 5. Test set-up with two accelerometers mounted on a plate at a distance of 150mm from each other (left) and the measured time-trace (right).

Figure 6 .

 6 Figure 6. Dispersion compensated distance-traces obtained from the time-traces shown in Fig. 5. On the right zoomed in to the beginning of the distance-traces.

Figure. 7 .

 7 Figure. 7. CAD drawing of Euler-Fresnel spiral with opening for the test strip (left) and test jig (right)

Figure 9 .

 9 Figure 9. Measured time-traces for strip 1. On the right zoomed in to the most active part of the timetraces.

Figure 10 .

 10 Figure 10. Cracks in the test strips made visible by means of the penetrant method. Cracks visualized by the penetrant method are indicated by arrows.The fact that more cracks are 'heard' by the accelerometers can possibly point towards

Figure 11 .

 11 Figure 11. Measured time-traces for strip 2. On the right zoomed in to the most active part of the time-traces.

Figure 12 .

 12 Figure 12. Crack positions obtained from penetrant method and dispersion compensated distancetraces , using x=L/2 + x/2, where L=230 [mm] and x is taken from Fig. 11.

  /www.sciencedirect.com/science/article/pii/S0266353814002000

  

Acknowledgements

The authors wish to thank Hexcel composites -UK for kindly providing the test specimen materials. N.B. Roozen acknowledges support of the European Commission, Marie Curie Grant, FP7-PEOPLE-2011-IEF, Grant Agreement Number PIEF-GA-2011-298278, Project acronym PAM, Project title "the Physics of Acoustic Materials".

http://www.sciencedirect.com/science/article/pii/S0266353814002000 temperature such as -55 [°C], we have brought the jig and the strip to the same temperature and slowly pushed the strip into the jig.

The resulting micro-cracks can be detected by the penetrant method [12] when they have travelled through the outer ply to the surface. However, some of the very first micro cracks did not travel through the surface and therefore cannot be detected visually, Fig. 8.

After recognition that the appearing cracks can acoustically be detected we have monitored the strip during the bending process with a vibro-acoustic data acquisition system consisting of a Bruel&Kjaer LAN-XI data acquisition system type 3050-B-040, The inaccuracies of the acoustic emission procedure could possibly be caused by reflections of the flexural waves at the two sides of the strip (in width direction). The signals obtained with the large plate, as discussed in section 4.1, were very clean and the two distance-traces (Fig. 6) looked very similar to each other. For the strip however, the two distance-traces as given in Fig. 13 show significant deviation w.r.t. each other, which causes difficulties in determining the 'distance delays' x in an unambiguous manner.

Another cause could possibly be the clamping of the part of the strip that is being bended by the Euler-Fresnel spiral and the non-clamped part of the strip that is not being bended. This difference in clamping can cause big differences in the frequency content of the signals, again posing problems in the estimation of the 'distance delays' x. Nevertheless, the principle of the measurement approach is shown to be valid.

The acoustic emission measurement method could be improved by taking into account reflections from the edges of the strip, taking into account the orthotropic properties of the composite material (which is now being considered as a isotropic material in the present analysis), the effect of mechanical stress on the propagation speed and by using multiple sensors (i.e. more than 2) to increase the accuracy of the determination of the crack positions from the acoustic emission data (see for instance [START_REF] Prosser | Advanced wave-form-based acoustic-emission detection[END_REF]).

http://www.sciencedirect.com/science/article/pii/S0266353814002000

Fresnel spiral with the acoustic emission technique is very useful for measuring critical strain in composite strips, especially for sub-surface microcracks.