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Abstract:
   To thoroughly investigate the internal structure of materials and gain a deeper understanding of ultrasonic non-destructive flaw detection technology, we conducted a series of measurements. Using an ultrasonic non-destructive flaw detector, we measured the ultrasonic attenuation coefficients of mild steel and brake discs. Our findings revealed that the attenuation coefficient for mild steel is α = 0.134025 dB/mm, while for brake discs, it is α = 0.186458 dB/mm. It's important to note that there are inherent uncertainties in experimental conditions and human operation, which may lead to variations in these measurement results.
Apparats:
· Ultrasonic generator (Zero-Degree, 5MHz)
· Ultrasonic probe
· Recording equipment：Scope
· Measuring device: Dial caliper
· Coupling gel
· Sample：1.A mild steel rectangular block； 2.A brake disc
[image: ]
Introduction

Non-destructive testing (NDT) is a pivotal technique in the automotive industry, employed extensively for detecting internal defects and measuring the dimensions of components. Among the various NDT methods, ultrasonic testing stands out. It leverages the ultrasonic attenuation coefficient, a crucial metric that quantifies the energy loss of ultrasonic waves as they travel through a medium. This loss is influenced by several factors, including the medium's properties, the sound wave's frequency, and environmental conditions such as temperature. The attenuation of ultrasonic waves, resulting from absorption and scattering within the medium, is integral to understanding a material's characteristics. The advancement of NDT techniques has significantly streamlined production processes and boosted productivity.

In our experiment, we employed a 5MHz zero-degree ultrasonic probe, commonly used alongside an ultrasonic flaw detector in industrial NDT. Adapting to our laboratory's constraints, we utilized hair gel as a substitute for the conventional coupling gel to interface the probe with the test materials. This unconventional choice introduces certain variables that might influence the experiment's precision. Factors such as the drying time of the hair gel and its thickness when applied could potentially affect the efficacy of ultrasonic wave transmission. Consequently, these factors necessitate additional considerations in our data analysis process to account for potential discrepancies in measurement results.
Experiment steps:
1. Prepare the equipment for the experiment, make sure all equipment is in good condition, and connect the ultrasonic probe to the ultrasonic transmitter.
2. Select the measurement point, measure the thickness of the sample with a vernier caliper and record.
3. Apply gel to the sample surface, start the ultrasonic generator and press the probe vertically on the measurement point and keep it still.
4. set the appropriate gain factor and freeze the oscilloscope image to record the ultrasonic signal through the measurement point.
5. Change the sample or adjust the probe position and repeat steps 2-4.
6. Record all relevant data and calculate using equation (1).

Notes:
1. Zero-degree probe is chosen for this experiment because the ultrasonic waves will pass through the material vertically, and no angular deviation will occur in the process, reducing unnecessary energy loss and ensuring the accuracy of the data.
2. Apply the gel uniformly to ensure that the ultrasonic probe and the sample surface vacuum contact, so that the ultrasonic waves can well into the material inside.

Measurements and Graphs of Raw measurements
The raw experimental measurements are as follows:

Sample 1
	Point
	E1
	E2
	E3
	Thickness(mm)

	1
	95
	55
	35
	14.9

	2
	53
	35
	25
	14.8

	3
	49
	30
	18
	14.9

	4
	71
	45
	30
	14.7

	5
	47
	30
	24
	14.9

	6
	80
	49
	32
	14.8



Sample 2
	Point
	E1
	E2
	E3
	Thickness(mm)

	1
	59
	44
	30
	10.3

	2
	72
	50
	34
	10.2

	3
	70
	48
	29
	10.3

	4
	80
	50
	29
	10.1

	5
	61
	39
	24
	10.3

	6
	50
	35
	22
	10.3

	7
	76
	48
	30
	10.2

	8
	68
	42
	25
	10.3



Calculations and error estimates
The ultrasonic attenuation coefficient is calculated as:
                              （1）
Eq:
· α is the attenuation coefficient
· d is the thickness of the sample;
· E1 is the first peak;
· E2 is the second peak
Example:
Take the data of measurement point 1 of mild steel rectangular block as an example. Its d = 14.9mm, E1 = 95, E2 = 55, E3 = 35, the above data into the formula (1) to get α1 = 0.1593 (db/mm); and then E2 = 55, E3 = 35, d = 14.9mm into the formula (1) to get α2 = 0.1317 (db/mm); and finally on α1 and α2 to take the average value to get the measurement of the measurement of the point 1 at the measured Finally, the average value of α1 and α2 is taken to obtain the ultrasonic attenuation coefficient αmean1=0.1455 (db/mm) measured at measurement point 1. The data of other measurement points are brought into the formula (1) for calculation, and the results are shown in the table below:

Sample 1
	point
	E1
	E2
	E3
	Thickness(mm)
	α1(db/mm)
	α2(db/mm)
	Mean(db/mm)

	1
	95
	55
	35
	14.9
	0.1593
	0.1317
	0.1455

	2
	53
	35
	25
	14.8
	0.1217
	0.0987
	0.1102

	3
	49
	30
	18
	14.9
	0.1430
	0.1489
	0.1460

	4
	71
	45
	30
	15.0
	0.1320
	0.2006
	0.1163

	5
	47
	30
	24
	14.9
	0.1309
	0.0650
	0.0979

	6
	80
	49
	32
	14.8
	0.1438
	0.1250
	0.1344



Sample 2
	Point
	E1
	E2
	E3
	Thickness(mm)
	α1(db/mm)
	α2(db/mm)
	Mean(db/mm)

	1
	59
	44
	30
	10.3
	0.1237
	0.1615
	0.1426

	2
	72
	50
	34
	10.2
	0.1553
	0.1642
	0.1597

	3
	70
	48
	29
	10.3
	0.1591
	0.2124
	0.1857

	4
	80
	50
	29
	10.4
	0.1963
	0.2275
	0.2119

	5
	61
	39
	24
	10.3
	0.1886
	0.2047
	0.1966

	6
	50
	35
	22
	10.3
	0.1503
	0.1958
	0.1731

	7
	76
	48
	30
	10.2
	0.1956
	0.1982
	0.1969

	8
	68
	42
	25
	10.3
	0.2032
	0.2187
	0.2109



In this ultrasonic attenuation coefficient measurement experiment, the experimental results may be affected by a variety of errors, which can be classified into systematic errors, accidental errors and operational errors according to their nature.
Systematic errors are mainly caused by experimental equipment and test samples:
1. the sensitivity and accuracy of the probe directly affects the quality of the ultrasonic signal and thus the accuracy of the measurement.
2. The test sample is stored in the air environment for a long time exposed to dirt, surface oxidation, etc., which affects the propagation of ultrasonic waves in the medium and influences the accuracy of the measurement results.
Accidental errors are caused by the experimental conditions, the measurement of the ambient temperature, moderation and other factors will affect the propagation of ultrasonic waves in the medium, thus affecting the experimental results. Secondly, the use of coupling agent, the amount of gel application, thickness and uniformity are difficult to control, resulting in ultrasonic energy loss in the medium is different, resulting in errors in the measurement data of the same sample.
The operation error is caused by the improper operation of the experimental operator:
1. during the experiment, the placement angle of the probe and the applied pressure are difficult to keep the same every time during the measurement, which may lead to the deviation of the results.
2. When measuring the thickness of the sample, the angle of the vernier calipers may have deviation, which leads to errors in the readings, and there may be communication errors between the operator and the recorder, which leads to incorrect recording of the results.
In order to reduce the error, the absolute value of the difference of the attenuation coefficient at the same measurement point is calculated separately and the results are shown below:
        

From the figure, it can be seen that there is a large difference between measurement point 4 and measurement point 5 for sample 1, and there is an error in the measurement results, and measurement points 4 and 5 should be excluded from the calculation of the final result. for sample 2, there is a large difference between measurement point 3 and measurement point 6, and they should be excluded from the calculation of the final result. The final results are the average of the remaining measurement points, respectively.

Results and Discussion
In this experiment, the ultrasonic attenuation coefficient of the rectangular mild steel was measured as α=0.134025 (db/mm); and the ultrasonic attenuation coefficient of the brake disc was measured as α=0.186458 (db/mm).
The large error data in the experimental results may be caused by the large difference in the contact angle between the ultrasonic probe and the surface of the brake disc during operation. Secondly, the uneven surface of the tested sample and the uneven internal density may also lead to the large difference in the measured experimental data. At the same time, the number of trials in this experiment is small and the data sample error is large, in order to reduce the impact of these errors on the experimental results, multiple experiments can be carried out. Repeated experiments can help us to identify and correct for chance errors, thus improving the reliability of the results. In addition, multiple measurements can provide more data points and enhance the validity of statistical analyses. Repeatability and consistency of experimental results help to enhance the credibility of experimental conclusions.
Conclusion and bibliography
The experiment successfully calculates the ultrasonic attenuation coefficients for the given samples, offering insights into the material properties and the effectiveness of ultrasonic non-destructive testing. The adjustments made due to laboratory constraints, such as the use of hair gel, demonstrate the experiment's adaptability, although they introduce additional variables that must be carefully considered in the data analysis. The findings contribute to a better understanding of ultrasonic testing in industrial applications, highlighting the importance of accurate measurement techniques and the impact of environmental and operational factors on experimental outcomes.
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Abstract:
This report presents a comprehensive analysis of the dimensional accuracy of individual technicians as well as the effectiveness of equipment and procedures used in measurements. Utilizing linear regression and statistical techniques, the study evaluates the precision of measurements performed by ten different operators (Op1 to Op10) on a series of defects (A to U) with known true sizes. The report details the findings through a series of graphs and linear regression analyses.
Introduction :
Non-destructive testing is an important technique that can detect defects and measure dimensions. To evaluate the performance of the new ultrasonic thickness measurement programme we set up 10 technicians to perform full-wall thickness measurements using the programme equipment.
Measurements and Graphs of Raw measurements
	Defect
	true size
	Op1
	Op2
	Op3
	Op4
	Op5
	Op6
	Op7
	Op8
	Op9
	Op10

	A
	0.25
	1.00
	0.00
	0.50
	0.50
	0.50
	0.00
	1.00
	0.30
	0.50
	0.80

	B
	0.27
	1.00
	0.00
	1.00
	0.73
	1.20
	0.50
	1.00
	1.20
	0.50
	0.80

	C
	0.28
	1.00
	0.00
	0.50
	0.76
	1.00
	1.20
	1.00
	0.70
	0.50
	1.30

	D
	0.40
	1.20
	1.00
	1.00
	0.91
	0.50
	1.00
	1.00
	0.80
	0.60
	1.50

	E
	0.40
	1.40
	1.00
	1.10
	0.98
	1.20
	1.00
	1.00
	0.90
	0.20
	1.60

	F
	0.50
	1.10
	1.00
	0.80
	0.79
	0.90
	1.00
	1.20
	0.50
	0.00
	1.00

	G
	0.52
	0.90
	1.50
	1.00
	1.01
	1.50
	1.10
	1.00
	0.70
	1.00
	0.90

	H
	0.55
	0.50
	0.90
	1.20
	0.96
	1.20
	0.80
	1.00
	0.40
	1.30
	1.60

	I
	0.70
	2.00
	1.60
	1.20
	1.35
	1.50
	0.90
	1.00
	1.00
	1.60
	2.20

	J
	0.98
	1.90
	2.00
	1.60
	1.31
	1.00
	0.80
	1.00
	1.40
	0.50
	1.80

	K
	1.12
	1.00
	1.80
	1.80
	1.37
	0.50
	1.00
	1.50
	1.30
	1.80
	2.00

	L
	1.15
	2.20
	1.00
	1.50
	1.56
	1.80
	1.30
	1.50
	1.20
	1.80
	2.00

	M
	1.10
	2.00
	1.60
	1.50
	1.60
	2.00
	1.40
	2.00
	1.60
	0.50
	2.20

	N
	1.30
	2.20
	2.00
	2.00
	1.73
	2.10
	0.90
	1.50
	1.70
	1.70
	2.00

	O
	1.60
	2.00
	2.00
	1.50
	1.56
	0.80
	0.90
	2.00
	1.50
	1.20
	2.00

	P
	1.80
	2.40
	2.00
	3.20
	2.14
	2.00
	1.40
	2.50
	1.10
	2.20
	2.50

	Q
	2.10
	3.50
	2.50
	3.00
	2.49
	1.80
	2.30
	2.00
	2.60
	2.00
	3.20

	R
	2.70
	2.80
	2.50
	3.50
	2.97
	3.00
	3.20
	3.50
	2.20
	2.50
	3.50

	S
	4.90
	5.70
	4.50
	4.40
	4.87
	4.50
	4.50
	5.50
	5.50
	4.20
	5.40

	T
	6.00
	7.00
	6.50
	5.50
	6.17
	5.50
	6.20
	6.50
	6.00
	5.30
	6.70

	U
	7.50
	8.00
	7.20
	6.50
	6.99
	6.00
	6.25
	8.00
	6.50
	6.50
	6.90


Calculation and error estimates:
Linear regression analyses and normal distribution of results for different technicians.
Linear regression formular is expressed as:
                            (1)
Where:
 is the dependent variable (the variable to be predicted).
 is the independent variable (the variable to be predicted)
 is the intercept (when  =0 value of )
 is the slope(denoted  and )
 is the error term indicating the unexplained part of the model.
Using Least Squares Method to find the most suitable β0​ and β1. The estimate formlar for β0​ and β1 is:
                    (2)
                       (3)
The  and  are sample average of  and .

Probability Density Function is:
                                  (4)
Where:
 are variables.
 is the mean.
 is the variance.
 is the standard deviation.
 is the base of the natural logarithm (approximately equal to 2.71828)
Calculate the error for each set of data and bring the data into the formula and calculate. Results are as follows
Opt1:
        

Opt2:
       
Opt3:
       
Opt4:
     
Opt5:
     
Opt6:
   



Opt7:
        
Opt8:
     
Opt9:
      
Opt10:
     


The formula for calculating correlation coefficient is:
                                      (5)
                              (6)
                              (7)
Where:
 is the observed value.
 is the mean value of the dependent variable.
 is the predicted value.
The   for each set of data are respectively： 0.9622	0.9476	0.9485	0.9925	0.9149	0.942	0.9839	0.9519	0.9831	0.963.

The range of  is from 0 to 1. 0 indicates that the model is no better than simply taking the mean. 1 denotes model perfect fit data. From the above figure, we can see that the correlation coefficients of the data sets are all within the interval of 0.9-1, which indicates that the model fits the observed data very well, and the model's prediction on the sample data is quite accurate. The measured value line (blue) in the figure can quasi reflect the convergence of the measured data, which is helpful for us to carry out the next data analysis.
The formular for average error  is :
                                           (8)
The results of the calculations are as follows:
	
	Opt1
	Opt 2
	Opt3
	Opt4
	Opt5
	Opt6
	Opt7
	Opt8
	Opt9
	Opt10

	
	0.6990
	0.3085
	0.3895
	0.3146
	0.2085
	0.1121
	0.5038
	0.1419
	0.1202
	0.7514



As we can see from the chart above：The average errors of Opt 1, opt 7 and opt 10 are 0.6990 and 0.7514 respectively, the average errors are large, the measurement data may be extremely biased, and the measurement results are inaccurate.The average errors of Opt 2, Opt 3, Opt 4 and Opt 5 measurements are in the range of 0.2-0.4, the average errors are large, and the measurement results are relatively accurate.The average errors of Opt 6, Opt8 and Opt9 measurement errors are 0.1121, 0.1419, and 0.1202 respectively, with small average errors and accurate measurement results.
Secondly, the mean error of all data sets is greater than 0, which suggests that there may be a systematic error, however, but we cannot confirm our judgement from the data. Observation of the linear regression plots shows that the lines of measured values (blue) in the plots for Opt1 and opt 7 are essentially parallel to and higher than the line of ideal measured values (orange), which further validates the mean error results and suggests that there is a systematic error in the two sets of data, which is most likely due to the presence of a high level of error in the measurement equipment and procedure. The lines of measured values for the other data sets (blue) all intersect the line of ideal measured values (orange), indicating that there is no systematic bias in the data they are measuring.
In addition, we analyse the normal distribution curve, observing the normal distribution curve shows that the data distribution of Opt 10 is not completely symmetrical and there is an obvious tail, which indicates that the data may be biased. We cannot directly prove from the image that the errors are randomly distributed, we calculate the p-value of the data set to verify that it is Gaussian distributed and the results are: p=0.0234, this time the p-value is less than 0.05. This indicates that at the 5% significance level we have enough evidence to reject the hypothesis of a normal distribution. We can also see from the histogram that the data set is not symmetrically distributed The data may not be following a normal distribution. This is most likely due to incorrect manipulation by the technician. The data distributions of other data sets all conform to the characteristics of a normal distribution, dense in the middle and dispersed on both sides, symmetrically distributed with the mean as the median. This indicates that the measurement errors are randomly distributed and the measurement data are relatively accurate, not bad in terms of systematic and operational errors caused by equipment and procedures.
In order to further verify the existence of systematic errors in the measurement data of Opt 1 and Opt 7, we calculated the 95% confidence intervals of the two groups of data separately, and the confidence intervals (95%) of Opt 1 are between 0.868842 and 0.529253275; and the confidence intervals (95%) of Opt 7 are between 0.612589 and 0.39503, and both of them do not contain 0, which is consistent with the results of our analysis. The confidence intervals of both data sets do not contain 0, which is consistent with our analysis that there is a systematic bias in the two sets of measurement data, caused by errors in the measurement equipment or procedures.

Result and Discussion

From the graphical analysis of the data sets, we can infer the following:
1. Systematic biases are evident in the data from Operators 1 and 7, likely due to biases in equipment or procedures, resulting in consistently high measurement results.
2. The data from Operator 10 exhibits significant variation, possibly due to improper operation, leading to inaccurate measurements.
3. Operators 6, 8, and 9 demonstrate minor measurement errors with random error distribution, suggesting that their measurements are accurate.
4. Operators 2, 3, 4, and 5 show random measurement errors, though the magnitude of these errors is larger, indicating relatively accurate measurements but with higher error rates.
Conclusion
This report provides an in-depth analysis of the dimensional accuracy of individual technicians in ultrasonic thickness measurements as well as the validity of measurement equipment and procedures. Through the use of linear regression models and statistical analyses, it was found that there were systematic, operational and accidental errors in the measurement data; seven sets of data were measured accurately, two sets had systematic errors and one set had operational errors.
Appendix
Specific data can be found in the excel file
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