AFRL-RX-WP-JA-2016-0327

EFFECTS OF ANGULAR VARIATION ON SPLIT D
DIFFERENTIAL EDDY CURRENT PROBE RESPONSE
(POSTPRINT)

Ryan D. Mooers

AFRL/RX

John C. Aldrin

Computational Tool

22 October 2015
Interim Report

Distribution Statement A.
Approved for public release: distribution unlimited.

© 2016 AIP PUBLISHING LLC
(STINFO COPY)

AIR FORCE RESEARCH LABORATORY
MATERIALS AND MANUFACTURING DIRECTORATE
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750
AIR FORCE MATERIEL COMMAND
UNITED STATES AIR FORCE



REPORT DOCUMENTATION PAGE o Ao e

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YY) 2. REPORT TYPE 3. DATES COVERED (From - To)
22 October 2015 Interim 3 March 2014 - 22 September 2015
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
EFFECTS OF ANGULAR VARIATION ON SPLIT D IN-HOUSE
DIFFERENTIAL EDDY CURRENT PROBE RESPONSE 5b. GRANT NUMBER

(POSTPRINT) 5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
1) Ryan D. Mooers — 2) John C. Aldrin -
AFRL/RX Computational Tool 5e. TASK NUMBER
5f. WORK UNIT NUMBER
XO0UK
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT NUMBER
1) AFRL/RX 2) Computational Tool

Wright-Patterson Air Force Base, 4275 Chatham Ave, Gurnee,

OH 45433 IL 60031
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING AGENCY

ACRONYM(S)

Air Force Research Laboratory AFRL/RXCA

Materials and Manufacturing Directorate

Wright-Patterson Air Force Base, OH 45433-7750 11. SPONSORINGIMONITORING AGENCY

REPORT NUMBER(S)

Air Force Materiel Command AFRL-RX-WP-JA-2016-0327

United States Air Force

12.

DISTRIBUTION/AVAILABILITY STATEMENT
Distribution Statement A. Approved for public release: distribution unlimited.

13.

SUPPLEMENTARY NOTES

PA Case Number: 88ABW-2015-5117, Clearance Date: 22 Oct 2015. This document contains color. Journal article published
in AIP Conference Proceedings, Vol. 1706, 10 Feb 2016. © 2016 AIP Publishing LLC. The U.S. Government is joint author
of the work and has the right to use, modify, reproduce, release, perform, display, or disclose the work.

The final publication is available at doi: 10.1063/1.4940559

14.

ABSTRACT (Maximum 200 words)

The complexity of the models used in validation studies over the last few years has increased. Complexity has been included in
the probe operation, the core/coil shape, the inclusion of ferrite cores, and the inclusion of dimension and orientation variation.
An issue with these validation studies is there is no quantitative understanding of how a small change in a parameter affects the
probe response. This study will look at the variation of probe response over a range of variations in multiple orientations. In
addition, a sensitivity study will be performed to determine which orientations produce the greatest variations in response and if
there are parameter levels where the response is more affected by the variation.

15. SUBJECT TERMS
core/coil shape; ferrite cores
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON (Monitor)
a. REPORT | b. ABSTRACT | c. THIS PAGE OF ABSTRACT: OF PAGES Eric Lindgren
Unclassified | Unclassified | Unclassified SAR 11 19b. TELEPHONE NUMBER (Include Area Code)
(937) 255-9806

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18




Effects of Angular Variation on Split D Differential Eddy
Current Probe Response

Ryan D. Mooers"® and John C. Aldrin?

"United States Air Force Research Labs, Materials and Manufacturing Directorate, Structural Materials Division,
Materials State Awareness and Supportability Branch, 2230 10" Street Bldg. 655 Rm. 165, Wright Patterson AFB,
OH, 45433
2Computational Tool, 4275 Chatham Av.

Gurnee, IL 60031

3Corresponding author: Ryan.Mooers.1@us.af.mil

Abstract. The complexity of the models used in validation studies over the last few years has increased. Complexity has
been included in the probe operation, the core/coil shape, the inclusion of ferrite cores, and the inclusion of dimension and
orientation variation. An issue with these validation studies is there is no quantitative understanding of how a small change
in a parameter affects the probe response. This study will look at the variation of probe response over a range of variations
in multiple orientations. In addition, a sensitivity study will be performed to determine which orientations produce the
greatest variations in response and if there are parameter levels where the response is more affected by the variation.

INTRODUCTION

Model validation studies [1-8] over the last few years have seen increased levels of complexity added to push the
state-of-the-art modeling software used in eddy current NDE today. The added complexity has allowed for the
creation and validation of more realistic probe models. However, this is only the first milestone toward much larger
goals. With increasing use of inversion algorithms for sizing of flaw indications, there is a need to improve the
characterization of the probe models and inputs that go into these algorithms. The asymmetries and orientation
variations included in previous validation studies [7-8] must be included in inversion routines to get the most accurate
results for the desired inverted flaw size parameters. However incorporating these variations in a conventional sense,
running large numbers of models with slightly varied parameters, is too time consuming and computationally
expensive. If the effect these variations have on probe response can be quantified, then they can be incorporated into
the inversion routine directly. This should reduce the time and computational expense of addressing such variations.
To incorporate all possible effects, a number of sensitivity studies must be performed to determine the response change
with respect to various parameter variations. This paper will present a study of the effect of angular variations on
probe response. The details of the model construction and implementation of the angular variation will be discussed.
The model results and data analysis performed to determine the sensitivity will be presented in detail. In addition,
conclusions about the nature of the simulations including any remaining challenges will be given.

PREVIOUS WORK

As mentioned above a number of previous validation studies have been performed in the past. All of these studies
have provided input into this current effort in some form, but the contributions from two will be discussed in more
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detail in this section. The first was a study [6] performed using a commercial split D differential probe, but was novel
in that actual impedance values were compared to the simulated code outputs. The majority of differential probe
validation studies use commercially available eddy current meters for data comparison. These meters only give a
voltage representation of the impedance change. By using the actual impedance values, the agreement can be truly
quantified without having to perform additional processing on the data. Furthermore, this study created a framework
for running and analyzing data from simulations where multiple parameters were altered. The second study [7] was
a validation where dimension and orientation variations were incorporated into the models to determine how capable
of accurately modeling asymmetries inherent in real world probes. This second study made use of the same novel
connection system as the first enabling true impedance based comparison. These two studies provide a level of
confidence that the modeling software can be used to represent conventional eddy current measurements where various
parameters are changed. In addition, they show that even if there are variations in the coil dimensions and orientation,
the results will still be accurate when compared to experimental impedance data.

PROBLEM DESCRIPTION

The problem being simulated is relatively simple; a split D differential probe is scanned over an electric discharge
machined (EDM) notch in a titanium specimen. The probe is scanned in the direction and orientation shown in Figure
1. The direction was chosen based on the results of previous model validation studies [5-8]. Based on these past
results the chosen direction provided the best agreement with various notch lengths. All scans were 241 points in
length with a step size of 0.05 mm. The probe model is based on a commercially available split D differential probe
with a center frequency of 4 MHz that is well balanced. The notch used for all simulations was representative of a
notch in a Ti EDM standard. The notch is nominally 1.524 mm long with a 2/1 length/depth aspect ratio and 0.127
mm wide.

FIGURE 1. Problem setup showing the scan direction for all simulations

SIMULATION DETAILS

All simulations were run in VIC-3D® which is a volume integral code developed by Victor Technologies [9-10].
VIC-3D® begins with the steady state form of Maxwell’s Equations given below (1, 2). In these, E is the Electric
field intensity, B is the magnetic induction, M is the magnetization, and J is the true electric current density.

VXE= —jwB (1)
VXB=jou,e,E+u,VxM+pu,J 2)
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VIC-3D® solves for the necessary fields (electric and magnetic) by calculating the anomalous fields in the coil,
cores and shields if present. A regular mesh is used when ferrite cores and shields are present with the remainder of
the computational domain being solved with Green’s Functions. The probe mesh for these simulations was 32x32x32
(x, y, and z respectively) while the defect mesh was 32x2x16. The rationale for the very fine probe mesh will be
discussed in the next section. The mesh resolution chosen for the defect is to ensure the volume elements do not
become skewed in one dimension. With the current resolution, all sides of the volume elements are roughly the same
length. The Ti-6Al-4V specimen conductivity was set to an assumed value of 0.58 MS/m [11] and the relative
permeability () of the ferrite cores and coils was set to 3000.

Model Construction

The general construction of the probe model is similar to those constructed in past effort. The 4-coil method of
construction [6] is used to reduce the post processing of the simulated results. In all simulations, dimensional
differences in the cores and coils have been included to increase the realism of the probe model. However, due to the
more complex nature of the problem being simulated, extra care was taken to ensure the mesh created is consistent as
the angles vary and does not introduce extraneous error into the solution. A bounding box was created, with the
properties of air, to surround the entirety of the probe (cores, coils, and shield). The box was set normal to the specimen
surface and parallel to the scan direction. This ensures that no matter what variations occur with the core and coils
the mesh, which is controlled by the largest object in the field, remains constant. The very fine mesh, particularly in
the Z direction, is necessary to ensure sufficient resolution when the cores are angled. As the probe is angled small
portions of the core will begin to move from one voxel to another. If there is not sufficient resolution in the Z direction
these small core components will not be represented correctly and thus the field created by them will be incorrect.
This creates noise and error in the final solution that needs to be avoided

Angular Variations

As mentioned previously, past model validation efforts [7-8] have incorporated orientation variations with
considerable success. However, these previous studies only included variations at one prescribed angle based on the
dimensions of the probe. To perform a sensitivity study more information is needed. Moreover, these previous studies
had variations in only one major plane. This study will investigate angular variation in all three major planes with a

range of values for the angle. The range of values will be from -10°to 10" in steps of 1°. This range encompasses the
extreme values seen for various types of differential probes. However, for the commercial pencil probe design
modeled in this study there are no metrics for the possible extent of variations. The planes that are going to be
investigated are rotations around the three principal axes of the probe. Figure 2 shows diagrams of the three cases and
their orientation compared to the scan direction. Figure 2c¢ shows the orientation that was modeled in previous
validation studies. The scan direction for the YZ tilt, Figure 2b, is in and out of the page and contrary to the position
of the dot in the image would be centered under the probe. In all cases, a level of symmetry should be expected in the
results based on the variation angles, but there will not be perfect symmetry due to the dimensional differences that
have been included in the models.

XY Rotation | YZ Tilt | XZ Tilt
Scan Direction | | | I I |
@ . . “

Scan Direction Scan Direction

(a) (b) ©)

FIGURE 2. Images of the variation in orientation simulated in this effort, a) a rotation about the Z axis of the probe,
b) a rotation around the X axis of the probe, c) a rotation around the Y axis of the probe
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RESULTS AND DISCUSSION

The results will be separated based on the plane in which the variation occurs. Both the change in resistance and
change in reactance data will be shown in separate plots. In all cases, the extreme results (10 degree data) will be
shown with the 0-degree or nominal case. For the XZ tilt case, there will be additional data and analysis presented
due to the large response change. In this case, the sensitivity of the response with respect to the angle will be calculated
with a simple finite difference scheme.

XY Plane Rotation

Figures 3a and 3b show the results when the probe is rotated in the XY plane. Neither component shows any
considerable affect from the variation in terms of magnitude or shape. There is an interesting artifact in the response
in that the expected symmetry is not present. This is more evident in Figure 3b where the 10-degree data set is shifted
positively from both the 0 and -10 degree data. In contrast, the 0 and -10 degree data sets are nearly identical in both
magnitude and shape.
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FIGURE 3. a) Change in resistance and b) change in reactance for 3 cases of the probe rotation in the XY plane

YZ Plane Tilt

The other two orientations produce higher levels of variation due to the more drastic alterations of the probe
incidence field. Figure 4a shows small but noticeable changes in both amplitude and shape for the resistance data.
However, Figure 4b shows a large shape response change compared to the nominal case. The knowledge that
variations in this plane lead to noticeable shape changed could be used to aid the agreement seen in past validation
efforts. As with the XY plane, asymmetry can also be seen in the YZ plane, most noticeably at the major peaks in
Figure 4b. The negative major peaks has both the -10 and 10 degree results as having roughly the same value and
being shifted negatively from the 0 degree case. Conversely, with the positive major peak, the 0 and 10 degree cases
have nearly identical values and the -10 degree case is shifted. The resistance data shows a similar trend to the XY
plane reactance data. The 10-degree data set shows noticeably variation compared with the 0-degree case. However,
the -10 degree case is nearly identical to the 0-degree case. These asymmetric artifacts are interesting when the coil
behavior at the extreme values is considered. One would expect the field from the -10 degree case to be similar to the
field for the 10-degree case, and thus produce more symmetric results.
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FIGURE 4. a) Change in resistance and b) change in reactance for 3 cases of the probe rotation in the YZ plane

XZ Plane Tilt

Based on the results of past validation efforts and the results from the other orientations presented in this paper the
response change produced by variations in the XZ plane are going to be the most dramatic. Figure 5a and 5b compare
the extreme and nominal cases. Clearly, there is a much larger change in both components in both shape and
amplitude. The shape change manifests itself mainly in the change in reactance data, as with previous orientations.
Both the shape and magnitude changes come from having one coil closer to the surface of the specimen. This leads
to the field of one coil overwhelming the other when the differential signal is taken. Figure 5c and 5d show all the
data for the XZ plane tilt. In looking between Figure Sa and Sc there are some noticeable discrepancies that arise.
The most concerning being that certain angles below the 10-degree case actually have higher amplitudes than the
extreme case. This causes a large gap to form in the overall data spread. This numerical noise could be the result of
errors in the probe mesh. While there are no large gaps in the reactance data, there are still areas of concern. There
are areas where the values from different angles are nearly identical, which could be the result of errors in the probe
discretization due to the small changes to core elements from small angle changes. This can be seen in the negative
peaks for the positive angles. In addition, there is a pronounced difference in the spacing at the two extremes of the
data. The line displayed in Figure 5c and 5d is the location for a slice of data that will be used for the sensitivity
analysis. The slice is aligned with the maximum value of the nominal case for each component.

Sensitivity Analysis

Figure 6 shows the data associated with the slice of data from Figure 5c and 5d. It is with this data that the
sensitivity analysis will be performed. The red line in each plot is a 3™ order polynomial fit to the raw data. The
resistance data in Figure 6a is very scattered and discontinuous compared to the reactance data. This is the result of
numerical noise that was hinted at in the previous section coupled with the smaller magnitude of data for this
component. Figure 6a shows the troubling result discussed above where the data for angles 3-9 degrees is higher in
magnitude than the 10-degree case. While not as bad as the resistance data there is still numerical noise present in the
reactance data. The reactance data is not centered on the line, for a majority of the data points. In addition, there is a
very interesting feature to the reactance data. There is a positive and negative minor humps on either side of the 0-
degree data marker. This could result in some very interesting results when the sensitivity analysis is performed.
Because of the amount of numerical noise in the raw data, the fit line will be used for the sensitivity analysis. For this
study, the sensitivity with respect to the angle will be computed using a simple finite difference scheme (3).
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FIGURE 5. a) Change in resistance and b) change in reactance for the extreme probe rotation cases for the XZ probe tilt. c)
Change in resistance and d) change in reactance for all the data for the XZ probe tilt.
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Figure 7 shows the sensitivity results based on (3). The reactance data shows a great deal more change compared
to the resistance. If we focus on the reactance data, some trends can be seen. The change in the derivative values
between +4 degrees is roughly 0.01, while the change outside this range is nearly 6 times greater. This indicates there
may be a range of angular values where the probe response may be less sensitive to the angular variation. In looking
back at Figure 6b this range corresponds to the minor humps seen in the reactance data. Figure 8 shows the percent
change from the 0-degree case for each angle. The percent change was calculated using (4). A similar trend can be
seen with the percent change in the reactance data. In the range between +4 degrees, the percent change is roughly
10%. However, outside of this region the change jumps from 10 to nearly 70 percent in 6 degrees. This range again
corresponds with the range seen in Figure 6b and shows that there are potential areas that could be less sensitive to
the angular variation.
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FIGURE 6. a) Resistance and b) Reactance data as a function of variation angle at one scan point with a 3™ order polynomial fit

I:I.[]Q L T 1 L] L] L] L] T L]

-0.02

-0.04

dfde

-0.06

-0.08

_D_-I L 1 1 i L i i 1
-10 -8 -B -4 -2 0 2 4 B 8 10

Angular Value, Degrees

FIGURE 7. Plot of the derivative values for the fit line for both the resistance and reactance data.

090022-7
7
Distribution A. Approved for public release (PA): distribution unlimited.



% Difference

’-jiﬁ - -6 -4 -2 0 2 4 6 & 10
Tilt/Rotation Angle, Degrees

FIGURE 8. Plot of the percent change from the 0-degree case for each component of the data with respect to variation angle.

SUMMARY

From the above results, there are clearly certain orientations in which angular variations will produce drastic
changes in the probe response, while others produce only minor changes. The XY plane rotation produced only minor
shifts in the probe response, and mainly in the reactance component. The YZ plane tilt did produce more substantial
response changes including noticeable shape changes in both components. These shape changes could be useful in
improving the validation results for data presented in the past for other scan directions. The XZ plane tilt produced
the most dramatic changes in probe response in terms of both shape and amplitude. The results presented here do
show numerical noise which needs to be further investigated. Regardless of the noise, there are trends that can be
seen in the data. In looking at the XZ plane data there are regions in the overall change where the variation angle
produces little effect on the probe response. The data analysis performed in the study was rather simple, but for a first
step it provided necessary insight into the problem. The results from this study not only provide insight into probe
characterization they can be applied to past validation studies.

Concerning the noise issues discussed in previous sections. The volume element method [9-10] used to simulate
the split-D differential probe applies a 3D grid of volume elements to mesh the current sources and ferrite cores of the
probe. When certain levels of tilt are applied, the active elements of the probe grid, fixed to the Cartesian coordinate
system, will change depending on the degree of tilt, in particular on the side of the probe nearest to the specimen (see
Figure 9). This numerical approach will thus distribute the current source for the D-shaped coils through the sides of
the entire grid element. It appears that jumps in the response, the numerical noise, are associated with step changes
in active mesh elements in how the tilted probe is meshed. To avoid these jumps in the solution, more mesh resolution
is clearly needed with the core/coil portion of the probe tilted toward the surface, as shown in Fig. 9(c), to ensure
convergence of the numerical solution. However, with increasing mesh resolution can produce significantly greater
solution time. To further address this numerical error, a tedious but viable approach would be to simulate the probe
at a variety of angles of tilt, and then use a polynomial fit through the data to interpolate between points with the
highest numerical error.

Additional work is needed to verify the numerical solution for tilted probe. First, benchmark studies with
experiments under well controlled tilt conditions are needed to verify the numerical solutions. In these studies,
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addressing variation in magnitude of the signal is only one aspect of verifying model accuracy. The biggest change
with tilt angle appears to be associated with the shape change in the response, where one side of the probe response is
much more sensitive (since it is closer) while the other side that is less so. For inversion, these shape changes are
critical for inverting the probe state and thus enabling accurate flaw sizing.

(b)

©

FIGURE 9. Diagram showing a near section of the volume element discretization for (a) normal and (b) YZ plane tilted probes.

More discretization in the z-direction is likely necessary for titled probes (c) to smooth out step changes as the coil and core

elements are positioned into volume elements nearer to the test part surface (see arrow).
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