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ABSTRACT

A methodology to determine probability of detection (POD)
of X-ray Computed Tomography (XCT) was developed using
Additive Manufacturing defects. A signal response POD analysis
(@ vs a) was used, where both signal response (@) and true defect
size (a) were the volumes of the defects. The true defect size was
measured with an optical measurement system, and the
measurement uncertainty of the true defect size (a) was
additionally incorporated into the POD analysis. An advanced
XCT image analysis method was applied to determine volume of
the defect to be used as signal response (@). A statistical
bootstrap algorithm was used to quantify uncertainty.

Keywords: probability of detection, x-ray computed
tomography, uncertainty

1. INTRODUCTION

Probability of detection (POD) is a statistical method
applied to non-destructive evaluation (NDE) systems and
measurements to provide reliability in the NDE systems and
measurements [1]. Probability of detection analysis has been
carried out on various NDE techniques including ultrasound,
eddy current, and X-ray radiography, but not for XCT. This may
be attributed to limited industrial application of XCT for
inspection to date. A study [2] shows that XCT is the most
promising method to inspect complex parts producible with
metal Additive Manufacturing (AM). The high-value complex
AM-produced parts are expected to be inspected for defects
using XCT, and the reliability of NDE inspection with XCT must
be determined.

Probability of detection is a critical component of the NDE
qualification process, and it provides a clear quantitative
measure of how likely an NDE system will find defects of
varying size. The basic methodology for XCT POD has not been
fully established yet. The definition of signal response and the
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choice of the decision threshold should be carefully considered.
A recent study by the first two authors investigated a method to
determine POD of XCT on AM defects with trapped powders
[3]. Thresholded volume of the defects at a coarse and fine
resolution were used for both the signal response and true defect
size, respectively. The importance of setting a proper decision
threshold and its relationship to critical defect size was also
discussed. The defects were fully internal. In this paper, we
describe new artifacts with defects that can be measured by
another Sl-traceable measurement technique with a rigorous
uncertainty budget. The details of the measurement processes
and the POD analysis process will be provided.

2. MATERIALS AND METHODS
2.1 Artifact development

Artifacts are developed in 17-4 stainless steel using laser
powder bed fusion (LPBF) AM process. A rectangular defect was
designed on the surface of a cylindrical artifact (10 mm dia.).
Electro discharge machining (EDM) process was performed to
remove rough top surfaces. A mating piece with smooth surfaces
was also developed, which will make the produced defect
internal when combined, and when separated the defect can be
measured with a measurement system that requires the
externality of features of interest. A polymer sample holder was
developed using a polymer AM process to structurally hold the
two pieces together while minimizing the X-ray attenuation.
Constant nominal length (1 mm) and depth (40 um) were used
while varying the width of the defect from 10 um to 1 mm to
generate different volumes. The 40 pm-depth of the defect
represents a layer height of the LPBF AM process. Measurable
features were not developed below the 40 um-wide defect
through the AM process. Due to errors associated with aligning
surfaces at the proper height with the EDM process and
production limits with AM processes, the actual size of the
defects deviated from the nominal design values. Total of 14
defects in rectangular shape were developed. The design and a
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photograph in an assembled state of an example artifact are
shown in Figures 1a and b, respectively.
2.2 Reference measurements and
guantification

An optical measurement system (Alicona InfiniteFocus

uncertainty

G52) was used with a 10x objective lens as the reference
measurement technique for the defects. It provides topographical
measurements (height) of the part at 0.88 pm/pixel. The volume
of the defect was determined by the Alicona software’s Volume
Measurement module, wherein the volume of the void
underneath a manually selected surface is calculated.
Measurement uncertainty was estimated based on the
uncertainties associated with the average height measurements
and unmeasurable points in the area measurements. The
measurement uncertainty ranged from 3 to 13 % of the volume
measurements.

2.3 XCT measurements

XCT measurements were performed using an XCT system
(North Star Imaging CXMM 50) with the parameters shown in
Table. 1. The vendor supplied Feldkamp-Davis-Kress (FDK)
cone beam reconstruction algorithm [4] was used to reconstruct
the data. The analysis was performed using VGStudioMax v3.2
[5], and the VGEasyPore algorithm was used to threshold the
defects. It is a local contrast-based local thresholding algorithm,
and a procedure described in a paper of the first author [6] was
used to determine the local contrast threshold input parameter.
No additional filtering was performed to smooth the image. An
example radiograph of the measurement is shown in Figure 1c.
The small defect is not easily visible in radiograph but is clearly
detectable in the XCT images as shown in the following section.

Opschotiom
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FIGURE 1: (a) Design of two-piece POD artifact, (b) assembled
artifact in a polymer sample holder, and (c) X-ray radiograph of
the POD artifact

2 Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by the

TABLE 1: XCT acquisition parameters

Parameters Value
Voltage (kV) 220
Current (pnA) 100
Filter (material/thickness) Cu/3 mm
Frame rate (frame/s) 3
Frames/projection 9
Number of projections 1000
Source-to-detector distance (mm) 432.3
Source-to-object distance (mm) 63.5
Geometric magnification 6.8
Detector pixel pitch (um) 127
Effective image pixel size (um) 18.7
Total acquisition time per sample (min) 60

3. RESULTS AND DISCUSSION

Example optical and XCT measurement results are shown
in Figure 2a and b, respectively for the 100 pm-wide (nominal)
defect. Both measurements clearly show the defect structures.
The XCT thresholding algorithm was successfully applied to
segment the defect of interest.
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FIGURE 2: (a) Optical measurement result and (b) XCT
measurement result of a defect (100 pum nominal width)

A signal response POD analysis was performed based on the
measurements. The @ vs a plot is shown in Figure 3. As the
measurements of @ and a are both volumes of the defects, we
expect a linear relationship between the two measures. A linear
regression line is plotted for the 14 measurement pairs. The line
was estimated on the logarithmic scale. The red line is a
traditional least squares fit that does not consider uncertainty in
the reference measurements (a). The black line is fitted
considering uncertainty in the reference measurements (a). Both
lines look quite similar for the scale of Figure 3. The pink shaded
area considers uncertainty in a and deviations from linearity, and
the grey shaded area considers only deviations from linearity.
The decision threshold was chosen as the minimum detection
capability of XCT system. We chose an 8 voxel volume
following the Nyquist theorem [7], which is often used as a basis
in XCT image analysis.
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FIGURE 3: @ vs a plot in logarithmic scale

The resulting POD curves are shown in Figure 4. The black
POD curve considered the uncertainty of reference
measurements. The shaded areas are the uncertainties estimated
by a statistical bootstrap algorithm. The results show for this
choice of threshold that the original PODs were underestimated
when omitting measurement uncertainties of true defect
volumes. The detailed process of implementation will be
presented.
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FIGURE 4: POD curves

In this paper, we chose the thresholded defect volume as the
signal response. The underlying assumption is that a proper
thresholding process is applied to achieve an acceptable
thresholding result. The same measurement and analysis
processes must be applied during the actual inspection process.
The advantage of using thresholded volume is the possibility of
automating the acceptance/rejection process. Different
definitions of signal response based on grayscale image contrast
will be explored in the future work.

4. CONCLUSION

A methodology to determine POD of XCT measurements
were introduced using representative AM defects. A signal
response analysis method was applied. An approach of including
the measurement uncertainty of true defect was incorporated in

the POD analysis. The methodology provides more accurate
estimate of POD curve in the sense that all quantified sources of
uncertainty are included in the analysis. In this example, the
more rigorous approach improved the economy associated with
the inspection process. The methodology provides a basis for
future investigation of POD for more complex AM-produced
components and extensions to model-assisted POD studies.
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