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1.0 [bookmark: _Toc499843566]Introduction
Sonic attenuation is the description of the steady loss of kinetic energy of a sound wave as it travels a distance thorough a medium. Depending on the density of the material, its structure, the velocity of the wave and its frequency, attenuation varies significantly from test to test meaning that there are no accurate standardised figures for attenuation, only approximations as there are too many variables that effect it.  
In this test, four pieces of material where scanned using a 5Mhz single crystal, ultrasonic probe at a zero degree angle on the face of each material. The aims of this are to determine the attenuation coefficients for each test piece, discuss the findings and attempt to explain them

2.0 [bookmark: _Toc499843567]Theory
Sonic waves moving through a medium, be it a solid, liquid or gas loose their kinetic energy the further they travel. This is down to two main factors, scattering and absorption. Scattering is the sound wave reflecting off the molecules and grain structure of a material. Absorption is the kinetic energy of the wave being converted into other forms of energy, mainly thermal. 
2.1 [bookmark: _Toc499843568]Calculating attenuation losses

The main equation for attenuation goes as follows:

[bookmark: _Toc499842624]Equation 1 – Attenuation loss from coefficient
Ar = reduced amplitude 
Ai = unattenuated wave amplitude
e = exponential (2.71828)
z = distance travelled from source
a = attenuation coefficient  
(NDT Resource Center, n.d.)
The formula shows that the initial ultrasonic wave  moves forward through the material. The materials attenuation coefficient is a measure of how much of that sound energy is scattered and absorbed by the material. This value will be different depending on what material the sound wave is travelling through. This is then multiped by the distance travelled by the wave . 

2.2 [bookmark: _Toc499843569]Finding attenuation coefficient from test data

To get the attenuation coefficient from test data with the scanner the equation goes as follows:  

[bookmark: _Toc499842625]Equation 2 – Coefficient from test data
A1 = Amplitude one
A2 = Amplitude two 
a = attenuation coefficient 
Using this formula with test data it is possible to get an accurate reading of the attenuation coefficient in the material being tested. is the first echo from the back wall.  is the second back wall echo after the same wave travels double the distance. The first back wall echo divided by the second back wall echo. Times by Log20 gives the energy loss in decibels between the two echoes. After the energy loss is calculated it is just a simple case of dividing by the distance travelled to show how the material attenuation per unit length (usually measured in db/mm)
2.3 [bookmark: _Toc499843570]Attenuation in relation to wave frequency 
There is a direct relationship between the frequency of a wave and its attenuation through a material. It comes down to the wavelength. As the speed of sound is a constant for the material being tested on at the time then a change in frequency will result in a change in wavelength. This is known by looking at the following equation:


[bookmark: _Toc499842626]Equation 3 – Wavelength equation
 = wavelength 
 = velocity
 = frequency 

As the wave travels through the material, attenuation is caused by parts of the wave reflecting and scattering off the grain boundaries. Smaller wavelengths are more likely to scatter on the grain boundaries as they are very small. The larger the wavelength means that the wavelength will in effect sweep over grain boundaries as the wavelength itself will be larger than the grain structure. This results in a higher attenuation, the higher the frequency as demonstrated by various papers (L. Mažeika, 2010) (F. J. Margetan, 2010).










2.4 [bookmark: _Toc499843571]Near field 
The near field of a probe is the area where the sound wave propagating from the piezoelectric crystal is fragmented. This is because as the crystal vibrates it creates many smaller waves. It takes a certain distance for these smaller waves to combine into one uniform (or close to) wave. The near field equation goes as follows:


[bookmark: _Toc499842627]Equation 4 – Near field equation 1
 = crystal diameter
V = velocity
F = frequency

As frequency divided by velocity is the wavelength then the equation can also be written as: 


[bookmark: _Toc499842628]Equation 5 – Near field equation 2
 = wavelength









2.5 [bookmark: _Toc499843572]Acoustic Impedance
 Acoustic impedance in short is the ratio of acoustic pressure to acoustic volume flow. It relies on the density of the material the sound wave is travelling through and the speed of which it is travelling at. The equation for acoustic impedance is:
 

[bookmark: _Toc499842629]Equation 6 – Acoustic impedance 
 = material density
V = velocity of sound wave
When a sound wave passes though materials with different acoustic impedances then some of the wave is reflected and some goes on to be transmitted. How much sound is reflected depends on the differences in acoustic impedances between the two materials or two parts of the same material. (NDT Resource Center, n.d.)









3.0 [bookmark: _Toc499843573]Methodology
Gathering the required data was a simple process. The aim was to get an average attenuation coefficient over the test pieces. The testing consisted of 3 test sessions using two 5Mhz single crystal probes. The first two sets of data where taken by one of the two 5Mhz single crystal probes. The 3rd was taken by the other 5Mhz single crystal probe. On the 3rd test another set of sensor equipment was used in conjunction with the other probe. Note that the bottom crystal faces where different colours (one black and one light brown), this made it easy to differentiate between the two probes. 
3.1 [bookmark: _Toc499843574]Physical testing method
The aim was to have the data acquisition reasonably methodical. Each of the four test pieces had its own points on its face to make individual A scans. The method used tried to get a good average reading over the entire face of the material. 
3.1.1 [bookmark: _Toc499843575]Steel plate
The steel plate was by far the largest and thickest test piece. This meant it had the most surface area to cover and so had the most points scanned by probe. Fourteen points where A scanned in the pattern seen in (figure) 
[image: ]
[bookmark: _Toc499842715]Figure 1 – Steel block probe positions



3.1.2 [bookmark: _Toc499843576]Titanium plate
The titanium plate was scanned in very much the same way as the steel plate, only as the surface area was smaller less A scans where made. 
[image: ]
[bookmark: _Toc499842716]Figure 2 – Titanium block sensor positions





3.1.3 [bookmark: _Toc499843577]Steel step wedge
Due to the small area of the step wedge in relation to the probe size it was only reasonable to take two A scans per step. 
[bookmark: _Toc499842717][image: ]Figure 3 – Steel step wedge probe points



3.1.4 [bookmark: _Toc499843578]Carbon fibre plate
The carbon fibre plate was as expected the most difficult to get good readings from and a solid back wall from the A scans. Note that the test piece also had defects on its surface and inside between the plates where some lamination had occurred. Twelve points on the plate where scanned in roughly the pattern seen in (figure). 
[bookmark: _Toc499842718][image: ]Figure 4 – Carbon fibre plate probe points
There was huge noise in the signal and the back walls where very small. As a result only two back wall amplitudes where taken. As opposed to the 5 back walls with the other 3 test pieces. As the gain had to be increased by 20 to find the second back wall then a scaling factor must be applied to it so to compare it to the first back wall and get a reasonably accurate figure for the attenuation coefficient of the material. The method used goes as follows:



So:

Then:

The second back wall is then multiplied by the scale factor to the size it would be on the gain that the first back wall was recorded. This would then allow for the attenuation coefficient to be calculated. 

3.2 [bookmark: _Toc499843579]Accuracy of tests
First and foremost, it must be stated that the data gathered and the results taken represent an approximation and are not considered to be accurate to a high degree. This is due to a number of factors. 
3.2.1 [bookmark: _Toc499843580]Human factor
The probes used to gather the data where human operated. This means that each A scan taken would very likely be inconsistent to certain degree to the others. Even very small movements in the hand alter the on screen A scan by a significant amount. Each time the probe is placed on the surface there is slight variation in the magnitudes of the back walls. 
3.2.2 [bookmark: _Toc499843581]Surface inconsistencies
The material surface is not in any way perfectly uniform. There would be inconstancies on the surface where it was machined in the first place. Rust and corrosion must also be considered. These factors would have an effect on how well the probe is in contact with the surface of the material and thus could very possibly yield different results from point to point. The mount of couplent applied would also vary and may be thicker or thinner depending on what part of the material face the probe is on.  
3.2.3 [bookmark: _Toc499843582]Equipment used
The equipment being used was of questionable accuracy. The main factor being the amplitude is accurate to +- 1%. This has the potential to create inconsistencies in the data. The couplent used was water and not a high quality industrial couplant, on top of that as the couplent was applied by had there would be different thicknesses of it over the test material which may have an effect. 
Wear on the probe face is also not taken into account which could again have an effect on the transmission of sound though the couplnet to the test material.

3.3 [bookmark: _Toc499843583]Finding out the mystery material
Part of the assignment was to find out what the mystery material was. The method used was simple. First the dimensions of the plate where measured to get the volume. Once the volume was obtained it was weighed. The mass per cubic centimetre showed that the block was indeed titanium with a density of roughly 4.506 g/cm³ 






4.0 [bookmark: _Toc499843584]Results and analysis


4.1 [bookmark: _Toc499843585]Probe near field 
As all the samples are 25mm in thickness or less then they are small enough to make it necessary to consider the near filed of the probe. Using the near filed equation in 2.6 the near field of the probe can be calculated. The probe crystal diameter is known to be approximately 7 mm across. The probe being used runs at the frequency of 5Mz and the velocities of sound through all the materials are also known. So the near fields for each material are:
For titanium:

NF for titanium = 12.1 mm


For mild steel

NF for mild steel = 10.2 mm




For carbon fibre:

NF for carbon fibre = 20.4 mm



4.2 [bookmark: _Toc499843586]Titanium sample
The titanium sample had a thickness of 13.6 mm with a velocity of 6070 m/s. It was found that the average attenuation over the whole test piece for all 5 backwalls was -0.14214 db/mm.
[bookmark: _Toc499842719]Figure 5 – Graph showing the Attenuation in titanium for each back wall

The difference in energy loss stayed quite uniform throughout the back walls. The attenuation coefficient stayed between 0.137 and 0.145 db/mm through all 5 echoes. 

	
	1 to 2
	2 to 3
	3 to 4
	4 to 5

	AVG
	-0.13992
	-0.14565
	-0.14505
	-0.13792


[bookmark: _Toc499842631]Table 1 – Average attenuations for each echo






4.3 [bookmark: _Toc499843587]Steel side drilled block
The mild steel block had interesting results. The level of attenuation dropped lower for each echo. Echo 1 was at an attenuation coefficient of -0.144 db/mm which was similar to the steel step wedge (with the same sound velocity) and titanium (with a sound velocity of 5070 m/s). However, the attenuation started dropping off progressively until at echo 5 the attenuation was -0.08 db/mm. 
[bookmark: _Toc499842720]Figure 6 – Graph showing attenuation in steel block for each back wall



	
	1 to 2
	2 to 3
	3 to 4
	4 to 5

	AVG
	-0.1444
	-0.11315
	-0.09044
	-0.08079


[bookmark: _Toc499842632]Table 2 – Average attenuation for each echo




4.4 [bookmark: _Toc499843588]Mild steel step wedge
The step wedge attenuation coefficient varied significantly in the 10mm step and enormously in the 5mm step.
[bookmark: _Toc499842721]Figure 7 – Graph showing the attenuation coefficient of each step on the step wedge
As can be seen in above graph the first and second steps at 20mm and 15mm have an attenuation coefficient very similar to that of the steel block at between -0.14 and -0.15 db/mm. However, the coefficient drops on the third step at 10mm. This is most likely because it is just within the near field by 0.2 of a mm. The 5mm step sees a dramatic rise in attenuation. Referring to section 4.1 it is clear that the last step is far within the probes near field and as a result it is expected that the data obtained will be dramatically different. 

4.5 [bookmark: _Toc499843589]Carbon fibre plate
The carbon fibre plate showed the far the highest attenuation. This is a result of a number of factors. The average attenuation coefficient for the carbon fibre was -2.103 db/mm. This was 1500% higher than that of the average for steel at -0.145 db/mm. The carbon fibre plate is known to have defects within and on the surface. The defects can be observed at points 7 and 11 where the attenuation rises to -2.35 and -2.47 respectively. 
 
[bookmark: _Toc499842722]Figure 8 – Graph showing the attenuation for the carbon fibre plate
At a thickness of 8.15 mm the material being scanned was far within the near field (near field being 20.4 mm, see 4.1). This would also help explain why the attenuation readings are vastly higher than the steel block and titanium and the first 3 steps of the steel wedge. 
On top of that the carbon fibre has a completely different material structure to that of the other 3 which are metals. The fibres within the mesh have a huge scattering effect on the sound wave as found by (Sébastien Lonné, 2004), much higher than crystalline structures of the steel and titanium. 
The very high attenuation is counter-intuitive in respect with the velocity of the sound wave within the carbon. As the velocity in carbon fibre is approximately 3000m/s, close to half that of steel then using equation 3 in section 2.3 then the sound travelling through the carbon has a larger wavelength. This would indicate a lower attenuation however the exact opposite occurs. It seems that the material structure and the fact that all readings are within the near field simply override the effects of larger wavelengths on attenuation.

[bookmark: _Toc499843590]5.6 Comparison of all four test pieces 
To get the most accurate figure for the attenuation coefficient in each material, only the first  back wall from the steel block and steel step wedge have been included in this graph. This is because the attenuation coefficient drops off considerably from the 2nd back wall. I believe the figures in this graph represent the closet one can get to the true attenuation coefficient of the materials as without including the extra additional echoes then there is minimum beam divergence that would otherwise affect the result.

[bookmark: _Toc499842723]Figure 9 – Graph showing the average attenuation for all four test pieces
As expected the carbon has by far the highest attenuation. This is due to its high scattering effect due to its fibre material structure, defects, the different plates and being within the near field. 
It was observed that the attenuation in the two steel test pieces slowly decreased with each echo. However, with the titanium the attenuation remained very constant in comparison. This is most likely down to the properties of the materials. The differences in acoustic impedances would have an effect on this as. The steel may have been manufactured in a way that it is not uniform there is a variation of acoustic impedances within the material itself causing unpredictable reflections. The titanium may have been manufactured  in a way that the structure inside is more uniform and thus less variation of acoustic impedances.

[bookmark: _Toc499842724]Figure 10 – Graph showing the change in attenuation per echo of the two steel pieces and the titanium piece 










5.0 [bookmark: _Toc499843591]Conclusion 
The aims of the task have been satisfied to an extent. The attenuation coefficients of all four test pieces where determined. As expected the attenuation coefficient of the carbon fibre plate was far higher than that of the rest. The attenuation coefficients for the depths of 5mm and 10mm on the steel step wedge where not accurate as both depths where in the near field of the probe and so yielded inaccurate data. The carbon fibre plate was also inside the near field so the results where not as accurate as they could have been.
Overall, even with the problems of test accuracy mentioned in 3.2 the data gathered from this test did have some merit in showing the different attenuation coefficients of the different materials however the data is not suitable for other uses and should not be assumed to be of a high accuracy. It also highlighted the importance of operating ahead of the near field in testing and showed how a probe with a smaller diameter would have been more suitable for scanning the thinner materials like the 10 and 5 millimetre steps as well as the carbon fibre.
The difference in change of attenuation in the two steel samples compared to the titanium one was interesting and it is still not entirely certain why this occurred, something to look into further.  
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6.0 [bookmark: _Toc499843593]Delay law calculations

[bookmark: _Toc499843594]Question 1 

[image: ]
Element pitch = 2.5 mm
Velocity in mild steel = 5960 m/s








For the full aperture it is as simple as adding up the delays for each element. 



	E1
	0

	E2
	0.00000029

	E3
	0.00000058

	E4
	0.00000087










[bookmark: _Toc499843595]Question 2
[image: ]
Element pitch = 2.5 mm
Velocity in mild steel = 5960 m/s
Velocity in Perspex = 2700 m/s














	Question 2
	

	E1
	0

	E2
	0.000000296

	E3
	0.000000592

	E4
	0.000000888















[bookmark: _Toc499843596]Question 3 
[image: ]
Element Pitch = 2.5 mm
Assume S wave velocity is 0.52 of L wave velocity so:
Velocity in mild steel = 3100 m/s
Velocity in Perspex = 1404 m/s













	E1
	0

	E2
	0.000000596

	E3
	0.000001192

	E4
	0.000001788





[bookmark: _Toc499843597]Question 4
[image: ]
Element pitch = 1.25 mm
Velocity in mild steel = 5960 m/s


For 0:

So









For 15

So



For 30


So



For 45

So


For 60 

So




	Question 4
	15 degrees
	30 degrees
	45 dergees
	60 degrees

	E1
	0
	0
	0
	0

	E2
	5.41E-08
	0.000000104
	0.000000148
	0.000000181

	E3
	1.082E-07
	0.000000208
	0.000000296
	0.000000362

	E4
	1.623E-07
	0.000000312
	0.000000444
	0.000000543





[bookmark: _Toc499843598]Question 5
[image: ]

Element pitch = 2.5 mm
Velocity in mild steel = 5960 m/s
Velocity in Perspex = 2700 m/s



For 0





Time delay = 0 seconds
For 15





So



For 30






So










For 45





So





For 60





So









[bookmark: _Toc499843599]Question 6
[image: ]

Mild steel velocity = 5960
Element pitch = 1.25 mm
 = focus depth
 = delay distance

Here is an example of the workings for the delay time for the first element from the centre:

For depth of 4mm for delay distance one


Element 1 = 0.5 Ep from centre point. 






So for Element 1





So:



Then for time delay:




For the next elements along for the same focus depth the only variable that changes is the element. As the centre of the first element is 0.5 of an element length from the centre of the probe then naturally the next element along will be at 1.5 x element pitch, the third element will be at 2.5 x element pitch and then the forth element from the probe centre line will be at 3.5 x element pitch. Knowing this the d1 formulas for each of the 3 remaining elements would go as follows:





This is then repeated for all four focus depths of 4,8,12 and 16 millimetres:








(Note: the focus depths in the demonstrative equations are in millimetres (mm) and not meters (m), they are calculated in meters in the full workings) 
To get the delay laws for the opposing side of the array it is simply a mirror image of the first side. I.e E1 – E2 – E3 – E4 Centreline E4 – E3 – E2 – E1  

[image: ]
	Fd (mm)
	Fd (m)
	E1 delay (s)
	E2 delay (s)
	E3 delay (s)
	E4 delay (s)

	4
	0.004
	8.1432E-09
	7.00754E-08
	1.80534E-07
	3.23482E-07

	8
	0.008
	4.0901E-09
	3.6374E-08
	9.87738E-08
	1.87609E-07

	12
	0.012
	2.729E-09
	2.44297E-08
	6.71521E-08
	1.2964E-07

	16
	0.016
	2.0474E-09
	1.83706E-08
	5.07248E-08
	9.85509E-08















[bookmark: _Toc499843600]Question 7

[image: ]

Velocity in steel = 5960
Element pitch = 1.25 mm



So:








	Q7
	60 degrees

	E1
	0

	E2
	0.000000181

	E3
	0.000000362

	E4
	0.000000543



Table for sectorial scan with pluses and element firing orders:
	 
	Element firing order

	Pulse 1
	1234

	Pulse 2 
	2345

	Pulse 3 
	3456

	Pulse 4 
	4567

	Pulse 5
	5678






















[bookmark: _Toc499843601]Question 8
[image: ]

Sheer velocity in Perspex = 1460 m/s
Sheer velocity in mild steel = 3200 m/s

1)

For incident angle:







2)

For 30 degrees:








Probe already at 1n 18.82 degree angle, must create a beam at an opposing angle to make the beam come in at a smaller angle to 0.

So:













For 40 degrees:








So











For 50 degrees:








So










For 55 degrees







So










For 60 degrees








So










[bookmark: _GoBack]Table showing all the time delays for each element for each angle
[image: ]

Attenuation in titanium for each back wall

1 to 2	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	-0.13533837406393867	-0.15449290172434721	-0.13183558744918578	-0.15346745172431903	-0.12720601623422015	-0.15449290172434721	-0.13682020585461924	-0.13183558744918578	-0.13901193839709475	-0.14433429789997662	-0.11553192645566267	-0.1491364061050926	-0.14433429789997662	-0.14747428561682488	-0.13428097515782281	-0.13901193839709475	-0.15449290172434721	-0.15314407531403124	-0.13370852054762686	-0.12048294311666884	-0.12436941110320107	-0.13649748306022913	-0.14674437860676778	-0.15008822254112117	2 to 3	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	-0.14306960643359884	-0.15151064884788565	-0.15151064884788565	-0.13289423830988592	-0.14336514942356987	-0.1294788669527068	-0.14860639075044058	-0.15151064884788565	-0.15594772965235301	-0.15314407531403124	-0.14200338114298644	-0.15314407531403124	-0.14620175455458895	-0.18219447331673247	-0.13312844013767011	-0.13312844013767011	-0.14030479108557908	-0.14200338114298644	-0.14251472501184767	-0.13961731142743714	-0.14109229870508316	-0.15151064884788565	-0.15008822254112117	-0.1375637083508415	3 to 4	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	-0.13649748306022913	-0.15934493379701861	-0.12382678705102224	-0.17359499171394602	-0.14585856894620111	-0.16312408060026207	-0.14773150204464217	-0.14109229870508316	-0.14773150204464217	-0.17564859479054173	-0.12315521124541445	-0.15503923920212731	-0.13994977806639081	-0.13567972543569415	-0.15229815646738973	-0.11865294281983445	-0.15229815646738973	-0.16312408060026207	-0.13450785557793141	-0.13994977806639081	-0.1294788669527068	-0.14109229870508316	-0.14585856894620111	-0.13567972543569415	4 to 5	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	-9.9043069042247231E-2	-0.16944773630755436	-0.12118400635734718	-0.15726457348903017	-0.12118400635734718	-0.1294788669527068	-0.11122623186077139	-0.15726457348903017	-0.11122623186077139	-0.16312408060026207	-0.11122623186077139	-0.15008822254112117	-0.1375637083508415	-0.20309294995510963	-0.10391849470328626	-0.1375637083508415	-0.15726457348903017	-0.1294788669527068	-0.1294788669527068	-0.16312408060026207	-0.10391849470328626	-0.15726457348903017	-0.14674437860676778	-0.13901193839709475	Points taken


Attenuation (db/mm)




Attenuation in steel block for each back wall
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Attenuation for carbon fibre plate
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Average attenuation for all four materials
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-0.14213608620079612	Carbon	
-2.1031049731763445	Steel Block	
-0.14439554441989499	Step wedge (20mm and 15mm steps)	
-0.14748217596763921	Material


Attenuation coefficiant (db/mm)




Change in attenuation for metallic test plates
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Fd (mm)Fd (m)E1 dd (m) E2 dd (m) E3 dd (m) E4 dd (m)

4 0.004 0.004049 4.85337E-05 0.004418 0.000417649 0.005076 0.001075985 0.005927953 0.001927953

8 0.008 0.008024 2.43769E-05 0.008217 0.000216789 0.008589 0.000588692 0.009118148 0.001118148

12 0.012 0.012016 1.6265E-05 0.012146 0.000145601 0.0124 0.000400227 0.012772651 0.000772651

16 0.016 0.016012 1.22024E-05 0.016109 0.000109489 0.016302 0.00030232 0.016587363 0.000587363
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Delay law calculation example 7:
e
. For the following array probe determine the delay values and sequencing required
—— to provide a linear array scan with a 60° L-wave propagation. Use a 4 element
P aperture.
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Delay law calculation example 8:
21 J—
For the following array probe determine 1) the incident angle required to provide a 45°
S-wave in the mild steel, and 2) determine the delay values necessary to provide 30, 40,
» 45, 50, 55° and 60° angled S - wave angled propagation in the steel block.
o Create a table of delay laws that could be used to provide a sector scan type image.
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