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ABSTRACT
This paper presents progress on the characterization of discontinuities in multilayer fastener sites using bolt hole eddy current techniques with model-based inversion. Recent improvements have been made to the model calibration, liftoff compensation and inversion steps, now addressing crack sizing in titanium, aluminum, and steel for a range of hole diameters and at multiple frequencies.  Results are presented from a comprehensive crack sizing evaluation study for a wide range of varying test conditions. 
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INTRODUCTION
There is a need for innovative methods not simply to detect fatigue cracks at fastener sites in metallic aircraft structures, but also to provide accurate sizing information to better guide maintenance actions and support life prediction [1].  This paper presents progress on the characterization of discontinuities in multilayer fastener sites using bolt hole eddy current (BHEC) techniques.  An inversion process was developed that leverages fast surrogate models built using VIC-3D® simulations [2].  A comprehensive approach has been presented to perform model-based inversion of cracks and electrical discharge machining (EDM) notches using eddy current techniques with an automated BHEC system [3].  While prior work demonstrated adequate performance for sizing discontinuities, some model discrepancy remained, resulting in greater inversion error for smaller corner discontinuities [4].  As well, sensitivity to probe liftoff and to the calibration process was also observed during experimental testing, indicating the need to compensate for the varying probe state and the adjacent material conditions [4].

MODEL-BASED INVERSION APPROACH 
A model-based inversion approach was developed for sizing cracks in fastener sites using BHEC techniques.  An example BHEC indexed hole scan from the UniWest EVi system of a 1.98 x 2.34 mm corner crack in aluminum is shown in Figure 1.  The model for the split-D differential BHEC probe was implemented in VIC-3D® [3]. A two-step inversion process was designed [4] that first evaluates the material layer type and thickness and classifies the crack type, in order to select the appropriate VIC-3D® surrogate model for crack sizing. Automated routines were implemented to extract all indications from the scan and identify each indication location in terms of layer and position (near corner, far corner, mid-bore, or through-crack). The final step in the inversion process evaluates crack depth, length, and width using the eddy current indication. Feature vectors in the circumferential and depth directions, shown in  Figure 1(e) and  Figure 1(f) respectively, were used as inputs for inversion. Additional details on the forward model and inversion process can be found in [3-4]. 
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Figure 1: Diagram of (a) circumferential () and (b) depth (z) BHEC scan of near-surface corner crack. (c) Differential (vertical) coil and (d) absolute coil (amplitude) C-scan responses from the UniWest EVi system for a 1.98 x 2.34 mm corner crack in an aluminum layer. Differential response feature vectors: (e) at peak circumferential and (f) z-dir. profile (depth) curves [vertical (RED) and horizontal (BLACK) components].

ADDRESSING SOURCES OF VARIABILITY AND LIFTOFF IN BHEC INSPECTIONS 
Recent progress has addressed some outstanding issues with model discrepancy, and work was performed to improve inversion accuracy over a wider range of test conditions.  A better representation of the probe geometry and increased mesh resolution were found to provide improvements in model agreement.  Some additional VIC-3D® model discrepancy was observed for moderate to larger cracks in aluminum.  To address this issue, special model calibration was applied over this larger flaw range.  Another discovery was that the presence of high and low pass filters typically used in rotating bolt-hole eddy current NDE were found to greatly distort the circumferential response relative to the base BHEC model.  A process was implemented to use calibration data to optimize the model fit through both gain and filter parameter adjustments.  As well, by controlling the phase of the data in the model fit to ensure both measurement components are above the background noise level, the model calibration and inversion processes were found to be more consistent.  Lastly, an iterative alignment of the crack indication with the model improved inversion accuracy.  

Repeated BHEC inspections caused tape wear, which led to varying probe liftoff, and sensitivity to tape wear emerged as another key factor to address.  A comprehensive series of experimental studies were performed including many repeated scans with corner EDM notches oriented in varying stack-ups and near- and far-side positions, and with repeated scans of a calibration panel.  A proposed liftoff metric was found to be well correlated with the changes in signal response for the calibration notches due to tape wear, and a compensation scheme based on this metric was shown to provide the best inversion performance for outlier cases.  Recent progress was made to develop liftoff evaluation and compensation methods for a range of different materials under test (aluminum, titanium, and steel), four frequencies (200 kHz, 500 kHz, 1 MHz, and 2 MHz) and three different flaw types (corner, through and mid-bore discontinuities). Some special cases of adjacent material, in particular adjacent aluminum (high conductivity) and adjacent steel (high permeability) were also built.  To generate all of these model libraries, the total model build time was nearly a year of computational time on a dual Xeon PC.
SIZING EVALUATION STUDY AND RESULTS  
Progress has been made on the transition of this model-based inversion sizing capability to practical application.  The original model-based inversion demonstration code developed in Matlab has been transitioned to Python, and it can now be run on a UniWest EVi system immediately after acquisition of BHEC data. 

To validate this capability, a comprehensive study was designed to evaluate the crack-sizing performance.  A wide diversity of corner cracks was grown in three different materials with depths of 0.10 mm to 3.0 mm and lengths of 0.18 mm to 5.9 mm. This study included a wide range of aspect ratios (length to depth ratios) varying from 0.8 to 4.0 with the average aspect ratio of 1.6 length-to-depth.  Cracks were grown in specimens which contained six holes, with two of the holes typically including starter notches that were eventually removed once the crack was initiated and grew in the material bulk.  Microscopy was used to measure both the bore length and surface depth of each crack.  Some holes were found to have two cracks and a script was written to automate the matching of the correct size metadata with each indication.  A study was performed with a range of crack sizes for three hole diameters (3.96 mm, 6.35 mm and 12.7 mm) and in three different materials, an aluminum alloy (Al 2024-T351), stainless steel alloy (SS 17-7PH, heat treated to a TH1050 condition) and a titanium alloy (Ti 6-4, heat-treated).  The study was performed for the same sample set, acquiring data at both low (200 kHz, 500 kHz, and 1 MHz, for aluminum, steel, and titanium respectively) and high frequencies (500 kHz, 1 MHz, and 2 MHz) with three repeated trials for each case.  
 
Results from the first phase of the study, evaluating results from isolated corner cracks (i.e. no adjacent panels), are presented in Table 1.  The depth and length estimates were found to provide a much better metric of crack size relative to using the amplitude signal alone.  One challenge is finding a specific metric that works well over all flaw sizes.  Considering error on a percent basis, some very large percent errors were observed, skewing the overall average error results to higher-than-expected values.  Larger percent errors were frequently associated with (1) very small flaw sizes (smaller than the probe (outer coil) diameter, making them difficult to invert precisely) and (2) very large flaw sizes, due to a reduced sensitivity to depth with limits for eddy current depth of penetration.  From a maintenance-action perspective, sizing accuracy in dimensions (mm or mils) is more practical, over a small to moderate range of crack depths, where it is feasible to ream out the holes up to a prescribed limit of re-sizing based on the hole diameter.  Error on a dimension basis is also presented in Table 1 for depth, length, and a combined metric, the square root of the estimated area. The square root of the area was shown to have the lowest error overall, relative to the depth and length estimates.  This strong correlation of the eddy current response to cross-sectional area has been seen in the past studies [2,4].  To successfully distinguish length and depth repeatedly a combination of amplitude and unique shape features with respect to the depth profile curve in the eddy current response is needed.  To achieve such features, the crack length realistically needs to extend beyond the diameter of the probe, > 1 mm.  A good example of this is shown in Figure 1, with both amplitude and shape features associated with the 1.98 x 2.34 mm (depth x length) corner crack.  

Some interesting trends were observed in the study.  While there was not a great difference between the repeated trials, crack sizing results appeared to improve somewhat as the study progressed over time, possibly associated with greater inspector experience. The lower frequency results appeared to produce better sizing performance overall relative to the higher frequency results.  Given the large range of flaw sizes included in the study, the lower frequency likely provides improved sensitivity for larger crack depths.  Overall, on a length basis, inversion results for titanium appeared to be better than steel and aluminum.  Trends with varying hole diameter were not linear, but the 6.35 mm diameter was associated with the best inversion results.  Work is ongoing to study the effect of adjacent material on the inversion results.

CONCLUSIONS  
Progress has been made to transition and validate the capability to characterize fatigue cracks in multilayer fastener sites using bolt hole eddy current techniques with model-based inversion. Recent improvements have been made to the model calibration, liftoff compensation and inversion steps, now addressing crack sizing in titanium, aluminum, and steel at multiple frequencies.  Results are presented from a comprehensive crack sizing evaluation study for a wide range of varying test conditions, highlighting improved sizing performance over using peak amplitude alone.  Work is ongoing to study the effect of adjacent material on the inversion results.

Table 1: Trends in corner crack sizing performance for several error metrics considering varying material (Mat), frequency, hole diameter and repeated trial.
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image5.emf
Category Level

depth, estimate 

error (%)

length, estimate 

error (%)

depth, estimate 

error (mm)

length, estimate 

error (mm)

sqrt(area), estimate 

error  (mm)

Trial 1 62.4 27.3 0.49 0.54 0.34

Trial 2 59.0 25.8 0.47 0.44 0.32

Trial 3 56.1 25.4 0.43 0.47 0.29

Freq 1 55.6 25.0 0.43 0.47 0.29

Freq 2 62.8 27.4 0.50 0.49 0.34

Mat AL 67.6 34.2 0.52 0.41 0.37

Mat SS 36.9 22.6 0.46 0.65 0.39

Mat TI 73.4 22.4 0.42 0.38 0.20

Mat*Frq AL1 54.7 34.6 0.46 0.40 0.34

Mat*Frq AL2 80.5 33.7 0.58 0.41 0.41

Mat*Frq SS1 36.2 22.4 0.42 0.68 0.36

Mat*Frq SS2 37.5 22.9 0.50 0.63 0.41

Mat*Frq TI1 75.3 18.8 0.41 0.32 0.18

Mat*Frq TI2 71.4 26.0 0.44 0.44 0.21

Diameter 3.96 mm 68.7 28.8 0.41 0.79 0.34

Diameter 6.35 mm 54.7 23.5 0.46 0.30 0.28

Diameter 12.7 mm 52.7 25.8 0.53 0.31 0.33

Average 59.2 26.2 0.46 0.48 0.32
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