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[bookmark: _Toc40837090]Question 1
a) In table 1[footnoteRef:1], you have been provided with through wall thickness measurements in mm and basic error analysis results undertaken as part of a larger POD study used to assess the performance of a new ultrasonic thickness gauging procedure. These results are also presented in graphical form in figure 1[footnoteRef:2], where linear trend lines have been fitted to the data sets. There are 21 defect measurements in total, the dimensions of which are given in mm to 1 decimal place. 10 technicians have used the equipment and procedure to perform the measurements.  [1:  Table 1 shown in assessment brief.]  [2:  Figure 1 shown in assessment brief. ] 

By analysing these results, comment on the relative sizing accuracy and general performance of each operator. How would you assess the performance of the procedure as a whole?

Initially, it is established that the inspection process has varying concentrations of measurements about particular areas, this is likely due to the details of the scheme of examination or similar instruction. Through comparison of the available information in the table and graphs, it is presumed that a sample block with known defect locations is under inspection and those locations are marked on the sample’s surface- this would ensure all 21 locations are measured by the 10 operators. It is also theorised that the results are part of a calibration exercise for assessing defects up to 2.0mm from the surface plane; this could explain the majority concentration between 0.250mm and 2.1mm, and the remaining four defect locations being spread out over a far greater range for the purpose of gauging top end accuracy. 
It is worth noting the graphs are scaled equally, which means a completely correct measurement will land on the y=1x+0 line: below is an undersized error, above is an oversized error. The measurement points are plotted in conjunction with a line of best fit. The line equation gives an indication of point consistency and error offset. The R squared value describes how well the line of best fit suits the dataset. The standard deviation σ represents the spread of error; the lower value- the tighter the tolerance of points among one another, although not necessarily concurrent with the true defect sizes. The ±95% value indicates 95% of the results lay within the stated value of the actual error. 
Operator 1) 
· Defects 1 to 14 are over estimated, bar 6 and 8 which are slightly under estimated. 
· Remaining defects are reasonably estimated considering the limited top end data. 
· y=0.9153x+0.359 shows the over estimation at the lower end.
· R2=0.9556 shows good correlation among the defect points.
· σ shows a 0.429mm deviance from the actual defect values.
· ±95% shows the vast majority of points are within 0.841mm of one another. 
· Good dataset, results are aligned reasonably with the 100% accurate line, room to improve defect concentration tolerance (overall spread and deviation of result) of the defect points. 
Operator 2)
· Compared with operator 1, defect concentration tolerance has opened by circa 50%.
· R2=0.9149 fits well although the gradient has decreased to 0.7513.
· Data is less accurate and less consistent.
Operator 3)
· Compared with operator 2, all data assessment criteria have improved. 
· Accuracy and consistency have not surpassed that of operator 1.
Operator 4)
· Compared with operator 3, data is very similar expect for a slight decrease in gradient to 0.8267- which depicts the complete top end under estimation and near complete bottom end over estimation.
· No significant change in result deviation or spread.
Operator 5)
· Compared with operator 1, data is very similar with slight improvement on gradient to 0.9476. 
· Spread and deviation have increased slightly among lower end points.
Operator 6)
· Compared with all previous operators, results are the most consistent; tightest defect concentration tolerance.
· Consistent results are not accurate in this case- an overarching offset error is present. 
· Almost perfect parallel alignment, 1.0044 gradient and good correlation of points through R2=0.9651.
Operator 7)
· Compared with operator 4, similar results albeit less accurate around lower end results. 
· Slight increase in defect concentration tolerance for the lower area which negatively affects the gradient, reducing to 0.8229.
Operator 8)
· Compared with operator 6, very similar result consistency while accuracy has increased due to a lesser offset. 
· Correlation between points has increased to R2=0.9839.
Operator 9)
· Compared with all previous operators, bar 6 and 8. Lower end results are greatly over estimated, the measured defects have doubled in some cases: defect 13 estimated at 2.2mm where actual size is 1.1mm. 
· Top end result are equivalent.
· Good consistency within defect concentration tolerance. 
Operator 10)
· Compared with all previous operators.
· The most consistent results with 0.258mm deviance from actual defects.
· Best correlation between results, R2=0.9925.
· Over estimation in the lower end.
Generally, the results are reasonable and represent the typical issues encountered when conducting investigations of this nature. It is hypothesised that somewhat experienced operators who exercise repeatability have collected the data; due to the reproduction of the same issues in the results and the overall good correlation between points. 
There is the potential for a combination of issues at work during the testing stage, causing the majority of the inaccuracies. 
Operators 6, 8 and 9 clearly show an overall offset error which has the potential to be rectified through accurate equipment calibration. 
All of the operators show a clear over estimation at the lower end of the results, dynamic calibration may be the only option of ensuring accuracy throughout. 
Alternatively, there may be an unforeseen element at work within the test sample which hinders the material compensation factor. The impedance across the specimen may alter which would yield these types of errors.
On the whole, the performance of the procedure is adequate for general inspection. It would be reasonable to assume that the system, configured as it was during the test would yield the most accurate results between 2mm and 5mm- as this is where the result correlation intersects the 100% accuracy line. The majority of test results below 2mm are over estimated which does suggest further calibration or investigation is required. 
The overall mean deviation value indicates an overall operational tolerance:

With a degree of confidence, it would be appropriate to categorise the inspection system as accurate to ±0.9mm within the 0.025mm to 7.50mm range. To improve the system performance, it would be necessary to attain accurate, repeatable data within 0mm to 1mm, followed by 0mm to 2mm and so on. 



b) Table 2 provides hit-miss data for complimentary NDT methods used to inspect an aircraft component. The technicians were required to report defects detected or not on a location by location basis. Carry out a full POD analysis using the ROC method.

The following formulas are used to interpret the data.


The inspection data provided is sorted into the four possible cases and solved for POD and PFA.
	Case
	Method 1
	Method 2
	Method 3

	T.P.
	5
	4
	7

	F.N.
	3
	4
	1

	T.N.
	6
	9
	9

	F.P.
	5
	2
	2

	 
	
	
	 

	POD
	0.625
	0.5
	0.875

	PFA
	0.45454545
	0.1818182
	0.1818182


[bookmark: _Toc40831164]Table 1 - POD Analysis
To summarise:
· Method 1 has a 62.5% probability of detection and a 45.5% probability of false alarm.
· Method 2 has a 50% probability of detection and an 18.2% probability of false alarm.
· Method 3 has an 87.5% probability of detection and an 18.2% probability of false alarm.


The POD and PFA values are plotted on the receiver operating curve graph. The nearer the points are to the upper left corner of the graph, the better the performance of the inspection system. It is clear to see that method 3 is the most accurate; due to a high POD value and low PFA value. It is determined that method 1 is the least accurate, as its small advantage over method 2 in POD is outweighed by its larger PFA (BINDT, 2013).

[bookmark: _Toc40831142]Figure 1 - ROC Graph


[bookmark: _Toc40837091]Question 2
a) A micro-focus 2D x-ray inspection is to be undertaken on a rectangular (4mm x 6mm) CFRP plate of thickness 2mm. The source to detector distance is fixed at 0.25m and the digital detector is a 2D CCD array 4096 x 4096 pixels and dimensions 0.8mm x 0.8m. The focal spot size of the x-ray tube is 30µm. A geometric unsharpness value (Ug) of better than 0.025mm is required. Calculate (i) the required source to object distance, (ii) the dimensions of the imaged object in detector pixels, and (iii) the system measurement accuracy in pixels. 
a) (i)
[image: ]
[bookmark: _Toc40831143]Figure 2 - X-ray inspection setup
Geometric unsharpness Ug <0.025mm required

Insert known values and rearrange to solve for f1













a) (ii)
Magnification factor



Image size in mm


Detector pixels per mm

Image size in pixels

 (to 4 sig. fig.)
Complete image size[footnoteRef:3] [3:  When the edge of the object’s shadow lands partially across the detector’s single element it will still capture an amount of useful data; therefore, quoting the final size should include partial pixels counted as wholes.] 


a) (iii)
Image accuracy

The practical accuracy of the inspection system is quoted as: 0.1mm per px or 10px per mm. 

b) The intensity of an unshielded I-131 source is 140mR/hr. Determine the thickness of lead that is required to reduce this radiation down to 92nR/hr. Assume your distance from the source has not changed. The HVL of lead for I-131 is 0.178cm.

To represent the point of halved radiation intensity, 1 inserted as I0 and 0.5 inserted as I1 


Rearrange to solve for µ




Insert calculated µ into equation and rearrange to solve for the x value




Thickness required
3.66cm of lead to reduce the radiation level to 92nR/hr


c) A technician is in an area for 35 minutes and the reading on an exposure meter is 0.75mR/hr. Determine the actual radiation dose received by the technician.
Actual radiation dose


d) The technician should not receive a radiation dose greater than 1.5mR. Based upon the conditions in c) determine the maximum time the technician can stay in the area.
Maximum time


e) For and x-ray tube voltage of 90kV determine (i) the maximum electron kinetic energy, and (ii) λswl (short wavelength limit) value for the breaking radiation process.

e) (i)
Maximum electron kinetic energy


e) (ii)
Short wavelength limit value









f) An X-Ray tube has a copper anode with K, L and M electron shell binding energy levels of 8.98, 0.93 and 0.07 KeV respectively. Determine the wavelengths at which the Kα and Kβ characteristic radiation lines would occur.


Wavelength formula

K



K
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a) With reference to induced eddy currents in a conductor, explain the skin effect and effective depth of penetration.
The skin effect is defined as the exponential reduction in eddy current density through analysed material depth. The depth capability of eddy current inspection is defined as 37% of the surface value, this relationship is shown below:

Where e is Napier’s constant or Euler’s number. A squared relationship is present for successive depths, concurrent with the exponential density reduction. 
The standard depth of penetration is calculated through use of the following equation:

Where:
· δ is the standard depth of penetration in mm
· f is the test frequency in Hz
· μr is the material’s relative magnetic permeability which is dimensionless
· σ is the material’s electrical conductivity which is described in % IACS
The theory proves that increasing frequency, conductivity, and or permeability will decrease the depth of penetration, and vice versa. 
[image: Depth of penetration]
[bookmark: _Toc40831144]Figure 3 - Eddy Current Inspection (OLYMPUS, 2020)
Generally, high frequencies are used to detect shallow defects in materials and for accurate measurement of thin sheets. Lower frequencies are employed for sub-surface defects and materials with higher magnetic and conductive values. 

b) Explain the effects of shielding on an eddy current coil.
The purpose of shielding is to assist with directing the eddy current field to the required inspection area; certain features such as assembly fasteners- that have differing impedance values to that of the base material cause the field to stray, resulting in poor detail in the area which surrounds those features. Added shielding can reduce the spread of the eddy current field and maintain its concentrated form by restricting the influence of the coil’s magnetic field. Due to the skin effect in the shielding material; the higher the frequency of the coil, the more effective the shielding will be. 
· Magnetic shielding employs a ring of high permeability and low conductivity material such as ferrite to concentrate the magnetic field in a defined area rather than affecting the desired inspection area. 
· Eddy current shielding employs a ring of highly conductive but nonmagnetic material such as copper to restrict the spread of the coil’s magnetic field by acting about the shielding instead of near the attracting features during inspection. 
The above methods are limited to eddy current coils. Alternative methods are employed to shield printed circuit board eddy current probes. (Lepage, 2011).
Maab et al, (2017) have carried out a recent study which investigates the effectiveness of varying shield materials on eddy current testing. Utilising double layer ferrite and copper sheet shielding, it is possible to retain high levels of eddy current transfer efficiency.
[image: Fig. 1]
[bookmark: _Toc40831145]Figure 4 - Eddy Current Shielding (Maab, et al., 2017)


c) A test coil is used to inspect an aluminium component 0.5mm in thickness. Assuming 0.15mm as the standard depth of penetration required and that the conductivity of aluminium is 64.94%IACS:
i) Calculate the required test frequency.
ii) What would be the maximum phase difference between the induced near and far-surface
eddy currents? 
iii) If we were to increase the test frequency by an order of 2, what would the effects be
regarding the depth of penetration and near and far surface phase differences? 

c) (i)
 Test Frequency


Insert known values, rearrange and solve for frequency





c) (ii) 
Phase difference

Insert known values and solve for phase difference




c) (iii)
 Depth of penetration
Increase by factor of 2

Revised depth



Revised phase 
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