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Abstract

:

Traditional eddy current technology identifies metal information with information of single frequency of limited frequency spectrum. To solve existing problems, this paper proposes a discrete wavelet transform-based metal material analysis model by using a constant phase angle pulse eddy current (CPA-PEC) sensor which collects and depicts metal feature information from multiple dimensions; then, the quantification calculation model of metal material by CPA-PEC feature is presented; finally, an experimental platform is built to collect the CPA-PEC features of various metal samples and verify recognition accuracy of the proposed metal material analysis model. In the investigation, 1000 eddy current signals from four standard metals (Cu, Fe, Al, St) and three types of metallic irons (Fe-K162, Fe-K163, Fe-K240) are measured and the features are identified by discrete wavelet transform. The feature correlation and significance are determined by regression analysis. Finally, the calculation model of feature evaluation index is present. The experimental analysis indicates that the stability of the quantitative evaluation index of eddy current features reaches 97.1%, the comprehensive accuracy error is less than 0.32% and the average measurement speed is about 50 ms for 1000 random sampling tests on standard metals.
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1. Introduction


Materials are an important support for industrial development; metallic materials are particularly important. The consistency of metallic materials seriously affects the development of high-end industries. In order to test the consistency of metallic materials, titrimetric [1] and spectroscopic methods [2] are usually presented to detect the elemental composition of samples and thus determine the material properties. However, these methods are complex in operation process, destructive, costly in instrument and inconvenient for applications in the material production site, which greatly constrains the rapid identification of metallic materials.



The eddy current technique is one of the nondestructive testing methods that is widely applied in metal material inspection, such as material integrity testing and material characterization [3,4,5,6,7,8]. The single-frequency eddy current technique is suitable for classifying metals because different metals are made of materials with different electrical conductivity and magnetic permeability; thus, their absorptions of eddy currents are different. Consequently, eddy current detection for metals can replace the expensive spectral scanning method, since it reduces the detection time and improves the detection efficiency [9]. However, compared with the pulsed eddy current technique, single-frequency eddy current signals cannot express frequency domain information. The pulsed eddy current technique has a wide frequency spectrum, and the time domain signal can be filtered for multiple estimation of the electromagnetic parameters of the material from different frequency characteristics during the measurement. Yu et al. put forward the method of quantitative calculation of metal defects by using eddy current nondestructive testing to establish a finite element model, semi-analytical method, etc. [10,11,12,13]; Chen et al. developed a model of the time domain induced voltage and the electromagnetic parameters of the material based on the pulsed signal. They demonstrated the effectiveness of the multi-frequency method in detecting the electromagnetic parameters of the material [14,15]. Wang et al. investigated the phase log-based of conductivity measurements. The results showed that the relationship between the logarithm of the phase and the variation of the conductivity was linear [16]. Lu et al. proposed a model to reconstruct the magnetic permeability, conductivity, and thickness of the sample. The reconstruction error was 5% [17].



When using the eddy current technique to detect the electromagnetic properties of metallic materials, lift-off is one of the important factors affecting the accuracy of the measurement [18,19,20]. As such, eliminating the effect of lift-off is of great importance for metallic material identification. By varying the relative spatial positions of the receiving and transmitting coils, Jin et al. achieved accurate measurements of the sample conductivity within a few millimeters, with a maximum error of 2.68% [21]. Ivan Rep et al. proposed a stochastic inversion method with multi-frequency excitation to simultaneously determine the magnitude of lift-off as well as the conductivity and permeability of the sample; the inversion of these data resulted in a significant reduction in the a priori uncertainty of all model parameters [22]. Lu et al. found that the dual-frequency signal was linearly related to lift-off. By applying different frequencies through the calculation, it was possible to reconstruct the variation of the lift-off of the signal and to reconstruct the electromagnetic properties of the material with an error of 1.4% within 12 mm [23].



In addition, the signal processing method also determines the accuracy of the eddy current method to identify material properties. Yang et al. presented the wavelet transform method to process the eddy current signal of ferromagnetic metal. The weak defective magnetic field signal inside the ferromagnetic metal plate can be identified because of the interference of magnetic domains [24]. Bolos et al. introduced a new wavelet tool, windowed scale index, that is suitable for studying the aperiodic degree of signal, such as the volatility in crude oil and gold prices [25]. Lepicka et al. applied windowed scale index into tribological behavior analysis of titanium nitride-coated stainless steel, successfully proving that the windowed scale index has a great ability to distinguish different tribological states [26]. Silipigni et al. adopted the pulse compression algorithm to compress other forms of signals into a signal similar to the impulse response. They then processed the corresponding signal of the pulse using the time domain algorithm. Compared to the frequency domain signal, the time domain signal is much smoother and less noisy, facilitating signal analysis [27]. Tamhanne et al. analyzed the degree of corrosion of a 20 mm diameter steel bar by the principal component analysis, allowing the lift-off of 55 mm for corrosion detection [28]. Empirical modal decomposition and a non-smooth signal processing method can efficiently remove the noise from the signal. Liu et al. proposed an improved differential empirical modal decomposition method that can effectively suppress signal aliasing and distortion and significantly improve signal accuracy [29]. Likewise, neural network-based classification has better recognition of signals with low signal-to-noise ratios [30,31,32,33].



However, for the metal material consistency issue, metal alloy classification with similar components is still a problem to be solved. More attention should be paid on metal alloy identification with similar components using multi-frequency or magnetic spectrum information.



This paper proposes a technical method of metal material analysis model based on the discrete wavelet transform of eddy current method. The eddy current characteristic information of the metals is collected and described in multiple dimensions, the quantitative calculation model of metal material eddy current characteristic is proposed, and a standard metal material eddy current feature sample library is established to provide a new method for accurate description of metal material features.




2. Principle and Methods


The material characteristics technology with eddy current method is based on the constant phase angle pulse eddy current (CPA-PEC) sensor. The metal material properties sample is formed by extracting the frequency variation and attenuation characteristics of the eddy current field using a discrete wavelet transform model.



The CPA-PEC sensor is an eddy current sensor with a dual coil probe structure, as shown in Figure 1, in which the excitation coil is fed with a periodic ramp signal with a constant change in current to generate the magnetic field. The receiving coil is placed outside the excitation coil to measure the change in the magnetic field. According to the law of electromagnetic induction, it is known that the voltage across the receiving coil is proportional to the rate of change of the magnetic flux at the coil location. The magnetic flux at the receiving coil is related to the material, thickness, lift-off and shape of the detected metal. Different frequencies of the magnetic field in the metals to be measured attenuate the energy differently, so that the corresponding time domain signal in the receiving coil changes. It can then be extracted from the detection target material, thickness, lift-off, shape and other information through data processing. The working principle is described as follows.



The model is simplified for better analysis: the coils are considered as a clingy excitation-receiving system without volume. The excitation source used in this paper is a ramp signal as shown in Figure 1, i.e.,    I  S E   =  k 1  t  , where    k 1    is constant. Then, the magnetic field at its axial position x from the center is


  B =    N 1   μ 0   I  S E    R 2    2   (  R 2  +  x 2  )   3 / 2      



(1)




where N1 is the turns of the excitation coil,    μ 0    is the vacuum magnetic permeability and R is the coil radius;    I  S E     is the current amplitude of the excitation source.



Then, the voltage across the induction coil    U s    should be


   U s  =    N 2  d ∅   d t   =    N 1   N 2  S  μ 0   R 2   k 2    2   (  R 2  +  x 2  )   3 / 2      



(2)




where Φ is the magnetic flux flows through the coil, S is the induction area of the coil and N2 is the number of turns of the receiving coil.    k 2    is a scale factor of the central magnetic field to the detected magnetic field. From Equation (2), it can be seen that the voltage in the induction coil should be constant when the excitation field is a ramp signal. That is, in free space, the voltage across the induction coil is a constant value.



Assuming an infinite plane current magnetic field source with a magnetic field    H  0 z    , the solution for the magnetic field in the conductor located at x is


   H z  =  H  0 z    e  −   1 + j    2      ω μ σ   x    



(3)




where    H z    is the z-directional component of the magnetic field in the metal, x is the location of    H z    in the conductor,  ω  is the angular frequency,  μ  is the magnetic permeability and  σ  is the electrical conductivity.



It is clear that the current inside the conductor is related to the magnetic field frequency  ω  and the conductor’s electromagnetic properties  μ ,  σ . The intensity of eddy currents in the conductor increases with frequency within a certain range, but the eddy currents become more and more concentrated in the center of the magnetic field with increasing frequency. Since the magnitude of the magnetic field is proportional to the product of the induced current and its loop area, the magnetic field decreases with increasing frequency within a certain range. It means that there is an optimal magnetic field frequency in detection. The optimal frequency point is dependent of the conductor properties  μ ,  σ  in Equation (1).



The wavelet decomposition of the ramp signal shows that the ramp signal corresponds to different spectra at different times in the time domain. The frequency spectrum of the induced voltage of the coil is different at different moments. By combining Equations (1)–(3), the optimal magnetic field frequency for detecting different metals is different, meaning that the time domain signal intensity of the induced voltage at both ends of the coils should be different at different time points when detecting different metals. By analyzing the time domain characteristics of the induction signal of the coil, the material type of the metal can be identified.



The constant parameters used in this paper are shown in Table 1.




3. Experiment and Results


3.1. Experimental Setup


In this section, a system with CPA-PEC is built and shown in Figure 2. The eddy current metal material analysis experimental platform mainly consists of the CPA-PEC probe, the signal generation module, the signal amplification module, the signal receiving module, the 2D scanning platform, the computer and the analysis software of the upper computer.



The signal generation module is used to control the excitation coil to send out the ramp excitation signal. A microcontroller-controlled gate circuit is used for generating a periodic square wave. Then, the CPA-PEC voltage signal is generated by charging and discharging to a capacitor. After that, the voltage on the capacitor is converted to a current signal which is connected to the excitation coil. The receiving coil is used to collect the characteristic signal of metal induced eddy current field when the probe is close to the samples. The signal is fed into a signal amplification and filtering system and then converted into a digital signal by a 10-bit AD.



A discrete wavelet transform model is used to transform the signal. The eddy current characteristic index is calculated by the discrete signal characteristic analysis model, which can quickly identify the metal to be measured. The experimental data are based on 100 replicate measurement sampling with the CPA-PEC probe. The detection results of metal samples Cu, Fe, Al, St, Fe-K162, Fe-K163 and Fe-K240 were analyzed by feature extraction of the data. The proportion of the elements in metallic alloys Fe-K162, Fe-K163 and Fe-K240 are listed in Table 2.



The amplitude of the ramp signal is 825 mV, the width of the signal is 20 us and the repeat frequency is 1 kHz.




3.2. Discrete Wavelet Transform—Based Metal Material Analysis Model


The identification method and steps of the metal material analysis model are shown in Figure 3.



In this paper, the characteristics of the signal in the time domain and frequency domain are analyzed, different eddy current characteristics are extracted from time and frequency domain, and the calculation model of the characteristic evaluation index is constructed to calculate the eddy current characteristic index. The consistency between the measured metal and the known metal materials is judged by comparing the metal eddy current characteristic database.



Wavelet transform is an algorithm suitable for non-smooth signal analysis. It can decompose a given time-domain signal into several sets of wavelets carrying different frequency information. That means that the wavelet transform analysis method can be used to control the frequency components in the signal very well. It should be noticed that, when the wavelet reconstruction is performed, the reconstruction coefficients should be optimized for the specific length of the data. If too much low-frequency information is retained in the reconstructed signal, the jitter from signal acquisition cannot be removed. If the reconstructed signal retains too much high-frequency information, the effect of high frequency noise on the signal cannot be removed. However, if too little high-frequency or low-frequency information is retained, the signal will be severely distorted, affecting the feature extraction of the signal.



The dbN wavelet has a better regularity: that is, the smooth error introduced by this wavelet is not easily detected as a sparse basis, making the signal reconstruction process relatively smooth. The characteristic of the dbN wavelet is that the order of vanishing moment increases with the increase of order (sequence N). The higher the vanishing moment, the better the smoothness, the stronger the localization ability of frequency domain, and the better the division effect of the frequency band [34]. In this paper, the wavelet base adopted in the experiment is db4; the approximate coefficient in level six is used for signal reconstruction with better signal-to-noise ratio (SNR). All the parameters used in the following analysis are based on the approximate coefficient at level six in db4. A comparison chart of the raw signal measured in air and the signal after wavelet transformed is show in Figure 4. It can be seen that high frequency noise has been filtered; this will affect classification accuracy.



In this paper, the signals are evaluated in terms of peak frequency, peak time, zero crossing time, time of decay, main peak area and amplitude of attenuation, respectively. In selecting the characteristic parameters, 1000 independent measurements of the metal under test were performed in a random scan to obtain eddy current characteristic samples for the four standard metals (Cu, Fe, Al and St) and three standard metals of Fe (Fe-K162, Fe-K163 and Fe-K240) studied in this paper.



Six extracted parameters of Fe samples are shown in Figure 5. It can be seen that Fe-K162, Fe-K163 and Fe-K240 can be well classified with parameters of zero crossing time, time of decay and main peak area. However, Fe-K162, Fe-K163 and Fe-K240 have a light overlap in the feature of zero crossing time and time of decay. It is seen that, for each extracted feature, the tendency of the feature values varies with the material is different. This may be affected by the content of the elements in metallic alloys. From Table 1, it is seen that the iron element proportions of Fe-K162, Fe-K163 and Fe-K240 are 93.97%, 93.994% and 94.326%, respectively. The average values of the time of delay feature corresponding with iron element proportions are 318, 324 and 335, respectively; these have the same monotonicity compared to iron element proportions. The average values of the main peak area feature corresponding with iron element proportions are 803, 770 and 730, respectively; these have an opposite monotonicity compared to iron element proportions. It seems that the features of time of decay and main peak area are highly related with the iron element proportions and have high sensitivity to small content changes in ferroalloys.



Similar experiments have been applied to Cu, Fe, Al and St, as shown in Figure 6. It can be seen that the features of peak frequency and peak time are meaningless for metal recognition combined with the results of Figure 4. Different from Figure 4, the feature of amplitude of attenuation has contribution in Cu, Fe, Al and St identification. It should be noticed that Cu and Al are easily distinguished by the zero crossing time feature; Fe and St are also easily distinguished by the zero crossing time feature. However, the results in the time of decay feature are the opposite; the feature value is far less distinguishable than the feature of zero crossing time. However, the feature of main peak area is perfect for metal classification: there is no need to make a joint judgment with other features. That is because the four metals differ greatly in electrical and magnetic permeability.



A fast logistic regression analysis was performed using 50 independent data samples to calculate feature correlations and significance to verify the accuracy of eddy current feature parameter selection. A binary regression analysis of eddy current signal feature correlation was established to validate the data samples using 50 groups of Fe-K162 gray cast iron metal samples against 50 groups of non-Fe-K162 metal samples, and the results of the regression analysis are shown in Figure 7.



The classification map and the Hosmer–Lemeshaw goodness of fit were performed according to the six features mentioned previously. The number of iterations was set to 20; the predicted value probability, group membership, influence factor and leverage values were turned on; and the residuals of the criteria are analyzed. Then, the Statistical Product Service Solutions (SPSS) correlation and significance of metal signal characteristics can be analyzed.



This paper adopts the binary logistic regression model of the IBM SPSS software and takes the characteristic data of Fe-K162 eddy current signal as an example to identify the correlation and significance of the characteristic parameters of the above samples.



According to the significance analysis setting, if the significant p value of variable X shows significance, it means that X has an influential relationship on Y. If it is not significant, the variable should be excluded. From the results of the grouped experimental data, it can be seen that there are four explanatory variables in the model with significance analysis p-values less than 0.001 for Fe-K162 recognition rate, indicating that all X factors have a significant influence relationship on Y.



The impact of the correlation of X–Y was compared based on the regression analysis scores. From the regression analysis scores, the four explanatory variables in the model, such as zero crossing time, main peak area, amplitude of attenuation and time of decay, had scores of 88.101, 47.304, 96.037 and 89.974, respectively, indicating that all variables showed significant positive influence relationships on the Fe-K162 recognition rate.



In summary, combining the feature screening results and correlation verification conclusions, it is determined that the main feature parameters such as main peak area, time of decay and zero crossing time are selected. The amplitude of attenuation is selected as an auxiliary feature parameter to establish a functional mapping relationship with the metal eddy current signal. Multiple groups of feature parameters can be combined for simultaneous discrimination, which can improve the metal identification accuracy and expand the identification range.



In order to analyze the effectiveness of the described method more intuitively, an evaluation index is proposed and its stability and accuracy are analyzed based on experiments. The evaluation index is defined as


  E V  A  m e t a l   =   ∑  k = 1  j   (  1 m    ∑  n = 1  m  (   c k  × P C A ( D W T (  S n  , d b 4 ) , c h a r a c t e  r k  ) ) )    



(4)




where characterk is the extracted parameter defined from peak frequency, peak time, zero crossing time, time of decay, main peak area and amplitude of attenuation; Sn is the signal amplitude in time domain; m is the number of times the experiment was repeated; and ck is a balanced value for each extracted parameter, which is positively correlated with the score in Figure 7.



The model and calculation equation are tested by 1000 independent sampling, from which 100 random samples are used in the accuracy verification. The results are shown in Table 3. It is clear that the eight chosen kinds of metal are all well categorized. The EVA value for each metal is extremely stable, except the first value for air condition. It can be seen that the EVA values of Fe-K162, Fe-K163, Fe-K240 and Fe are very close, which means that iron-based metal materials are more difficult to classify. When using the EVA value in air as the standard, it can be seen that the EVA values of metals with magnetism are bigger than the EVA value of air. The EVA values of metals without magnetism are smaller than the EVA value of air.



The sensor, model and calculation equations were tested by 1000 independent samples, among which 100 random samples were selected to verify the identification rate, stability and accuracy. The results are shown in Table 4. It can be seen that the identification rates for all the metals are 100%. The stability of the sensor for all metals classification are greater than 97.10%. The metal material with the least stability during measurement is Fe, and the metal material with the greatest stability during measurement is Fe-K240. The confidence interval has a mean value of ± 0.33‰. According to the statistics without anomalies, the relative error of the EVA value is less than 0.32%. The minimum relative error is only 0.03%.



Based on the experimental data validation results, when the excitation parameters are fixed, four kinds of standard metal materials and three kinds of gray cast iron materials of the same type are measured, respectively, and the evaluation indexes of metal eddy current characteristics are calculated. The results can be distinguished one by one. Through 1000 repeated experiments, the recognition rate of the sensor reaches 100%, the stability of the calculation model is more than 97.1%, the comprehensive accuracy error is less than 0.32%, and the average measurement speed is about 50 ms.





4. Conclusions


To deal with the issue of metal alloys classification with similar components, a discrete wavelet transform-based metal material analysis model by CPA-PEC method is proposed in this paper, and performances are verified by a series of experiments.



The CPA-PEC sensor is excited by a constant phase angle pulse eddy current, and the eddy current signal is analyzed by the discrete wavelet transform. Compared with conventional sine wave excitation, constant phase angle pulse eddy current has a wider spectrum, which may have benefit for spectrum measurement of different metals. Therefore, the proposed method has fast discrimination capability for various metal materials and has good discrimination capability for comprehensive evaluation and quantitative analysis of the subtle differences in metal composition through the discrete signal feature analysis model.



Experimental investigations show that the CPA-PEC sensor with metal eddy current feature library and metal material feature identification algorithm can effectively improve the capability of eddy current sensor to identify metal material consistency in application environments such as qualitative determination of special metal material components and dynamic monitoring of metal consistency. The proposed evaluation index can accurately discriminate metals. The identification rates are 100% for all the metals, the stability is greater than 97.10% for all metals, and the relative errors are less than 0.32% for all metals.



Compared with other metal identification techniques, such as spectral analysis, the CPA-PEC technique can quickly determine the metal material characteristic index by a simple detection device and achieve higher accuracy and a wider range of metal identification by continuously expanding the eddy current characteristic library. This has higher practicality and a wide application value in the application scenario of rapid nondestructive testing of metal material composition. However, an obvious limitation exists: the CPA-PEC technique is more suitable for qualitative analysis of alloy components, such as measurement of the change in the content of a component in the production of an alloy. In the future, the influence of different components on the electromagnetic properties of the alloy should be fully analyzed, more data should be expanded to the metal eddy current feature library by collecting the experimental signals from more types of the samples, and the performance of the proposed metal material feature identification algorithm should be verified by the different metal categories.
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Figure 1. The structure of CPA-PEC sensor. 
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Figure 2. Photograph of the experimental setup. 
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Figure 3. Identification method and steps of the eddy current method metal material analysis model. 
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Figure 4. Comparison of the signals before and after wavelet transformed. 
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Figure 5. Signal characteristic distribution of Fe-K162, Fe-K163 and Fe-K240. 
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Figure 6. Signal characteristic distribution of air, Cu, Fe, Al and St. 
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Figure 7. IBM Statistical Product Service Solutions Software statistics binary logistic regression analysis results. 
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Table 1. The constant parameters used in this paper.
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	Constant Parameter
	Value





	k1 (A/us)
	~0.09



	μ0 (N/A2)
	4π × 10−7



	N1
	36



	N2
	360



	e
	~2.718
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Table 2. Proportion of the elements in metallic alloys.
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	Fe-K162
	Fe-K163
	Fe-K240





	Fe
	93.97%
	93.994%
	94.326%



	C
	3.21%
	3.30%
	3.81%



	Si
	1.28%
	1.25%
	1.23%



	Mn
	1.05%
	1.16%
	0.319%



	P
	0.075%
	0.065%
	0.044%



	S
	0.045%
	0.055%
	0.026%



	Cr
	0.24%
	0.1%
	0.037%



	Ni
	0.09%
	0.036%
	0.009%



	Mo
	0.001%
	0.002%
	0.026%



	V
	0.012%
	0.011%
	0.017%



	Cu
	0.014%
	0.012%
	0.142%



	Ti
	0.013%
	0.015%
	0.014%
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Table 3. The quantization index of the model was verified repeatedly with 100 random samples per group.
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	Repeat 1
	Repeat 2
	Repeat 3
	Repeat 4
	Repeat 5





	K162
	2966
	2966
	2965
	2965
	2966



	K163
	2956
	2956
	2955
	2956
	2955



	K240
	2946
	2946
	2945
	2945
	2946



	Fe
	2951
	2951
	2951
	2951
	2951



	Air
	3080
	3090
	3090
	3090
	3090



	Cu
	3210
	3210
	3211
	3211
	3210



	Al
	3221
	3221
	3221
	3225
	3221



	St
	3125
	3125
	3125
	3126
	3125
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Table 4. The identification rate of the sensor, the stability of the calculation model and the accuracy of the evaluation index.
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	Identification Rate *
	Stability *
	Relative Error *





	K162
	100%
	98.80%
	0.03%



	K163
	100%
	98.90%
	0.03%



	K240
	100%
	99.12%
	0.03%



	Fe
	100%
	97.10%
	0.31%



	Air
	100%
	97.45%
	0.32%



	Cu
	100%
	98.11%
	0.03%



	Al
	100%
	98.10%
	0.12%



	St
	100%
	97.45%
	0.03%







* Identification rate = (identified samples/total samples) × 100%. * Stability is the samples that were within the confidence interval. * Relative error = (|    EVA   metal     − mean(    EVA   metal    )|/max(    EVA   metal    )) × 100%.
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