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Abstract
The aim of this experiment is to measure the ultrasonic attenuation coefficient of mild steel rectangular block and brake disc. We made multiple measurements of each material using the time-of-flight method. By analyzing and sorting out the measured data, we calculate the ultrasonic attenuation coefficient of mild steel rectangular block and brake disc. In the process of data analysis, it is found that we have a large error when measuring the rectangular block of mild steel. Therefore, in order to reduce the impact of error on experimental results, we conducted several experiments to ensure the accuracy of experimental measurement results.
Apparatus
Ultrasonic probe (Zero-Degree, 5MHz), ultrasonic flaw detector, vernier caliper, coupling gel, mild steel rectangular block, brake disc. Due to the limitations of laboratory conditions, we used hair gel instead of coupling gel to act as the medium between the probe and the experimental material. Experimental instruments are shown in the figure below.
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Introduction
The main objective of this experiment was to measure ultrasonic attenuation coefficients of two different materials by time-of-flight method: mild steel rectangular blocks and brake discs. Ultrasonic attenuation refers to the loss of energy when the ultrasonic wave passes through the material, which may be caused by factors such as scattering, absorption and reflection inside the material [1]. Due to the limitations of laboratory conditions, we used hair gel instead of traditional coupled gel to act as the medium between the probe and the experimental material. Because the drying time and thickness of hair gel may affect the propagation efficiency of ultrasonic wave, thus affecting the accuracy of measurement results, which may bring some uncertainties to the experiment, we need to take additional consideration when processing data.
Experimental Procedure
Firstly, we turn on the power switch of the ultrasonic flaw detector and connect the ultrasonic probe to the flaw detector, setting the appropriate signal frequency and amplitude. Next, we select eight measurement points evenly distributed on both the inner raised hub and the outer disc of the brake disc. The thickness at these points is measured and recorded using a vernier caliper. Then, we uniformly apply the coupling agent (hairspray) on the eight measurement points. The ultrasonic probe is then placed on each of these points, and the amplitudes of the first three peaks on the ultrasonic flaw detector are recorded. In the measurement of the low-carbon steel rectangular block, two measuring surfaces are chosen, with five measurement points evenly selected on each surface. We repeat the above steps for these points, recording the amplitudes of the first three peaks at each of the ten points on the ultrasonic flaw detector.
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Measurements and Graphs of Raw measurements
	Brake disc

	Measuring position
	Amplitude 1
	Amplitude 2
	Amplitude 3
	thickness（mm）

	Inner ring boss part
	Measuring point 1
	92
	41
	18
	10.27

	
	Measuring point 2
	85
	38
	19
	10.27

	
	Measuring point 3
	90
	41
	19
	10.27

	
	Measuring point 4
	88
	41
	19
	10.27

	outer ring part
	Measuring point 5
	87
	40
	20
	10.29

	
	Measuring point 6
	93
	42
	20
	10.29

	
	Measuring point 7
	96
	43
	20
	10.29

	
	Measuring point 8
	92
	42
	20
	10.29



	Mild steel rectangular

	
	Amplitude 1
	Amplitude 2
	Amplitude 3
	thickness（mm）

	Measuring point 1
	87
	47
	30
	14.89

	Measuring point 2
	87
	40
	22
	14.88

	Measuring point 3
	89
	40
	21
	14.88

	Measuring point 4
	89
	44
	21
	14.87

	Measuring point 5
	90
	44
	21
	14.88

	Measuring point 6
	89
	45
	29
	14.89

	Measuring point 7
	89
	43
	22
	14.88

	Measuring point 8
	87
	43
	24
	14.89

	Measuring point 9
	86
	41
	25
	14.89

	Measuring point 10
	86
	41
	25
	14.89


Calculations and error estimates
1 calculation
The amplitude variation of an attenuated plane wave can be expressed as:
                              （1）
In Equation (1):
 is the amplitude of the propagating wave at some location.
 is the reduced amplitude after the wave has travelled a distance  （=2*thickness）from that initial location.
 is the attenuation coefficient of the wave travelling in the z-direction.
Therefore, the formula for calculating the ultrasonic attenuation coefficient is:
                              （2）
In Equation (2), the unit of α (the attenuation coefficient) is nepers per unit length. To convert α into decibels per unit length, we obtain the fundamental formula for calculating the ultrasonic attenuation coefficient, Equation (3):
                            （3）
Taking the data from measurement point 1 in the brake disc as an example. Its thickness is 10.27mm, and the amplitude values are 92, 41, and 18. Firstly, insert the amplitude 1, amplitude 2, and thickness into formula (3), i.e., =92,  =41,  =2*10.27=20.54, to calculate =0.341776018 dB/mm. Then, insert amplitude 2, amplitude 3, and thickness into formula (3), i.e., =41,  =18,  =20.54, to calculate =0.348112319 dB/mm. Finally, take the average of  and  to obtain the ultrasonic attenuation coefficient at measurement point 1, =0.344944169 dB/mm. Insert the data from other measurement points into equation (3) for calculation, and the results are as shown in the following diagram:
	Brake disc

	Measuring position
	Amplitude 1
	Amplitude 2
	Amplitude 3
	thickness（mm）
	α1（db/mm）
	α2（db/mm）
	mean（db/mm）

	Inner ring boss part
	Measuring point 1
	92
	41
	18
	10.27
	0.341776018
	0.348112319
	0.344944169

	
	Measuring point 2
	85
	38
	19
	10.27
	0.340443358
	0.293115867
	0.316779613

	
	Measuring point 3
	90
	41
	19
	10.27
	0.332481648
	0.325248545
	0.328865097

	
	Measuring point 4
	88
	41
	19
	10.27
	0.322978399
	0.325248545
	0.324113472

	outer ring part
	Measuring point 5
	87
	40
	20
	10.29
	0.327948748
	0.292546157
	0.310247452

	
	Measuring point 6
	93
	42
	20
	10.29
	0.335504041
	0.313138284
	0.324321163

	
	Measuring point 7
	96
	43
	20
	10.29
	0.338972573
	0.323069446
	0.331021009

	
	Measuring point 8
	92
	42
	20
	10.29
	0.330941241
	0.313138284
	0.322039763



	Mild steel rectangular

	
	Amplitude 1
	Amplitude 2
	Amplitude 3
	thickness（mm）
	α1（db/mm）
	α2（db/mm）
	mean（db/mm）

	Measuring point 1
	87
	47
	30
	14.89
	0.179597982
	0.130944663
	0.155271322

	Measuring point 2
	87
	40
	22
	14.88
	0.226787138
	0.17448744
	0.200637289

	Measuring point 3
	89
	40
	21
	14.88
	0.233420709
	0.188064984
	0.210742847

	Measuring point 4
	89
	44
	21
	14.87
	0.205741311
	0.216027829
	0.21088457

	Measuring point 5
	90
	44
	21
	14.88
	0.208864135
	0.215882649
	0.212373392

	Measuring point 6
	89
	45
	29
	14.89
	0.198910338
	0.12814944
	0.163529889

	Measuring point 7
	89
	43
	22
	14.88
	0.21231287
	0.195595279
	0.203954075

	Measuring point 8
	87
	43
	24
	14.89
	0.205541167
	0.170085436
	0.187813301

	Measuring point 9
	86
	41
	25
	14.89
	0.216060843
	0.144287339
	0.180174091

	Measuring point 10
	86
	41
	25
	14.89
	0.216060843
	0.144287339
	0.180174091


Observing the measurement and calculation results for the brake disc, it is evident that at measurement points 2 and 5, the calculated values of  and  differ significantly, suggesting potential large errors. Therefore, when calculating the final ultrasonic attenuation coefficient for this material, the data from measurement points 2 and 5 should be excluded. The ultrasonic attenuation coefficient for this brake disc should be the average value from measurement points 1, 3, 4, 6, 7, and 8, which is  = 0.329217445 dB/mm.
From the measurement and calculation results of the low-carbon steel rectangular block, it is observed that only at measurement points 4 and 5 are the values of  and  close to each other. Other measurement points exhibit significant errors. Therefore, the ultrasonic attenuation coefficient for the low-carbon steel rectangular block should be the average of the values from measurement points 4 and 5, which is  = 0.211628981 dB/mm.
2 error estimates
In this ultrasonic attenuation coefficient measurement experiment, the results may be influenced by various errors, primarily categorized into four aspects: equipment and instrument errors, sample quality errors, operational errors, and environmental factor errors.
Equipment and instrument errors mainly arise from two aspects: firstly, the precision of the ultrasonic probe, where the sensitivity and accuracy of the probe directly affect the quality of the ultrasonic signal, thereby impacting the precision of the measurement; secondly, inconsistencies in the contact points of the probe, such as variations in contact pressure or angle, can affect the propagation of ultrasonic waves, thus impacting measurement results.
Sample quality errors mainly come from three aspects: the cleanliness of the sample surface, where insufficient cleanliness directly affects the efficiency of ultrasonic wave propagation, leading to significant measurement errors; the application of the coupling agent, where using hairspray instead of a standard coupling agent might introduce greater experimental randomness due to the difficulty in controlling the quantity, thickness, and drying level of hairspray; and the uniformity and damage of the material being tested, as the microstructure and uniformity of the material inside the sample directly affect ultrasonic attenuation, with different parts possibly showing different ultrasonic attenuation characteristics, which is a major reason for the significant error in the measurement data of the low-carbon steel rectangular block.
Operational errors can be divided into two aspects: the inconsistency of manual operations, such as the placement of the probe and the pressure applied during measurement, which can be difficult to keep the same each time, possibly leading to deviations in results; and potential communication errors between the operator and the recorder during the collaborative experimental process, leading to inaccuracies in results.
Environmental factors mainly include two aspects: changes in temperature and humidity, as variations in temperature and humidity in the laboratory environment can affect the propagation characteristics of ultrasonic waves; and environmental noise and vibration, such as sounds made during communication with a partner during the experiment, which can also affect measurement accuracy.
Results and Discussion
In this experiment, we measured the ultrasonic attenuation coefficient of the brake disc as 0.329217445 dB/mm and that of the low-carbon steel rectangular block as 0.211628981 dB/mm. After comparing these results with existing literature, we found that these results are reasonable [2]. The error of measuring points 2 and 5 in the test of brake disc may be caused by improper contact Angle between ultrasonic probe and brake disc surface. In the measurement experiment of mild steel rectangular block, I think the main reason for the error is the uneven surface of the tested sample and the internal damage. Therefore, in order to reduce the impact of error on the experimental results, it is necessary to conduct multiple experiments. Repeated experiments can help us identify and correct for accidental errors, thereby improving the reliability of the results.
Conclusion
In this experiment, we measured the ultrasonic attenuation coefficient of brake disc and mild steel rectangular block, and compared it with the known value in the literature, which shows that the attenuation coefficient measured by us is effective. At the same time, through the analysis of experimental data, I also found that there are many problems in this experiment. In the future experiments, we can make improvements in the following aspects: First, the use of standard couplings to reduce the error caused by experimental materials; Secondly, the experimental environment is more strictly controlled to reduce the impact of environmental factors on the experimental results. Finally, increase the number of experiments, so that the experimental results have better consistency and repeatability.
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Abstract
In this paper, linear regression and one-way analysis of variance were used to evaluate the measurement accuracy and reliability of the equipment program of ten technicians. The analysis shows that although each technician varies in measurement accuracy, overall, the equipment and procedures show good accuracy and reliability throughout the measurement process.
Introduction
Ultrasonic thickness measurement technology is widely used in industrial production and non-destructive testing to predict and prevent potential material failures. However, due to the different operation skills and experience of technical personnel, as well as changes in equipment performance and program stability, it may lead to large errors in measurement results. Therefore, the comprehensive evaluation of the measurement level of technicians and the reliability of equipment and procedures is of great practical significance to improve the accuracy and reliability of material measurement in the industrial field.
In this paper, quantitative research method is used to analyze the measurement data obtained by technicians using the same ultrasonic thickness measuring equipment and program under the same conditions. For ten technicians, I use linear regression analysis method to evaluate the correlation between their measured data and the actual value. For the overall equipment and program evaluation, I used a one-way analysis of variance to compare measurements across different technicians.
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


Calculations
1. Linear Regression Analysis
This study uses linear regression analysis to assess the relationship between each technician's measurement results and the true thickness. Linear regression is a statistical analysis method primarily used for analyzing the linear relationship between two variables.
1.1 Calculation of Slope and Intercept
The formula for calculating the slope, m, is:
                         （1）
where x represents the true thickness values, y represents the corresponding measurement values, and n is the total number of data points.
The formula for calculating the intercept, b, is:
                              （2）
The physical meaning of the slope is the rate of change of the measurement values relative to the true values, while the intercept represents the predicted measurement value when the true thickness is zero.
1.2 Calculation of the Correlation Coefficient R²
The correlation coefficient R² provides a measure of the degree of fit of the model. Its calculation formula is:
                            （3）
where  is the predicted measurement value obtained through the regression equation, and  is the average of all measured values. The closer the value of R² is to 1, the better the linear regression equation fits the data.
After applying the measurement results of the ten technicians into formulas (1) - (3), the calculated results are as follows in the table below:
	
	Slope
	Intercept
	R2

	Op1
	1.0021
	0.6954
	0.9622

	Op2
	0.9229
	0.4411
	0.9476

	Op3
	0.8056
	0.7240
	0.9485

	Op4
	0.8968
	0.4921
	0.9925

	Op5
	0.7513
	0.6364
	0.9149

	Op6
	0.8549
	0.3225
	0.9420

	Op7
	0.9945
	0.5132
	0.9839

	Op8
	0.8911
	0.3292
	0.9519

	Op9
	0.8229
	0.3180
	0.9381

	Op10
	0.8727
	0.9704
	0.9630


The fitting lines for the measured data of each technician are as shown in the following graphs:
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2. One-Way Analysis of Variance (ANOVA)
This study employs one-way analysis of variance (ANOVA) to evaluate whether there are significant differences in the measurement results of different technicians when using the same ultrasonic thickness measurement equipment and procedures, i.e., to assess the stability of the equipment and procedures.
First, calculate the overall average value  of all the data:
                                   (4)
where X represents all the measurement values, and N is the total number of data points.
Calculate the between-group sum of squares (SSB) and within-group sum of squares (SSW):
                          (5)
  (6)
where k is the number of groups,  is the number of data points in the i-th group,  is the average value of the i-th group, and  is the value of the j-th data point in the i-th group.
Calculate the mean square between groups (MSB) and mean square within groups (MSW):
                                   (7)
                                   (8)
where the degrees of freedom for between groups  is k-1 and for within groups  is N-k. The F-value is the ratio of the mean square between groups to the mean square within groups, i.e., F = MSB/MSW. Finally, using the F-value and the corresponding degrees of freedom, calculate the corresponding p-value.
Insert the measurement data into the above formulas, and the calculated results are as follows in the table below:
	Source of Variation
	SS
	df
	MS
	F
	p

	Between Groups
	11.8376
	9
	1.3153
	0.4023
	0.9329

	Within Groups
	653.8954
	200
	3.2695
	
	


Results and Discussion
This paper comprehensively uses linear regression analysis and one-way ANOVA to study and analyze the measurement accuracy of ten technicians using the same ultrasonic thickness measurement equipment, as well as the reliability of the equipment and procedures.
At the level of linear regression analysis, the slope of the regression line for each technician indicates the strength of the relationship between the real dimensions and the measured values. Ideally, the slope should be close to 1, meaning the measurement values are exactly the same as the real values. However, if the slope is significantly different from 1, it indicates a substantial proportional deviation between the measured and real values. The slopes of Op1, Op7, and Op10 are close to 1, indicating higher measurement accuracy. On the other hand, Op3 and Op5 have relatively lower slopes, meaning their measurements deviate more significantly from the actual dimensions. The intercept represents the predicted measurement value when the actual size is zero. Ideally, the intercept should be close to 0, indicating no steady-state error in the measurement, but a large deviation from 0 might suggest systematic errors. Most technicians have intercepts close to 0, but Op1, Op3, and Op10 have higher intercepts, indicating possible systematic errors. The correlation coefficient measures the degree of fit, with values closer to 1 indicating that the model can more accurately predict the measurement values. Technicians with higher correlation coefficients are indicative of higher measurement accuracy. Op4, Op7, and Op10 have higher correlation coefficients, suggesting more reliable measurement results. In contrast, the lower R² value of Op5 indicates less reliability in measurement results.
At the level of one-way ANOVA, the between-group sum of squares (SSB) is 11.8376, indicating some differences in measurements among the technicians. The F-value is 0.4023 with a corresponding p-value of 0.9329. Since the p-value is greater than the commonly used significance level, it statistically indicates no significant difference in measurement results among different technicians. This implies that the stability and reliability of the equipment and procedures used by the technicians are relatively high.
Conclusion
Combining the results of linear regression and one-way ANOVA, although each technician exhibits differences in measurement accuracy, overall, the equipment and procedures demonstrate good accuracy and reliability throughout the entire measurement process.
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