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Figure 1.15 Force Time Records for Impacts on
Disbonded and Sound Areas of an 
Adhesive Joint
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Figure 1.16 Spectra of the Time Records shown in
Figure 1.15
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MECHANICAL
IMPEDANCE

Figure 1.17 Mechanical Impedance as a function of
Frequency for a Thick Beam with an 
Adhesively Bonded Skin 3.3 mm Thick
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Figure 1.18 Minimum Detectable Defect Diameter
against Depth in Aluminium and 
Carbon Fibre Composite assuming a 
3dB Reliability in impedance 
Measurements
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PART TWO

THE FOKKER BOND TESTER Mk II



CHAPTER 2
Operation of the Fokker Bond Tester Mk II and the Vibration 

Properties of its Transducer

1 Jn trQ flu -s t la ji

It was shown in Chapter 1 that the Fokker Bond Tester Mk II is the only 

commercially available instrument that attempts to non-destructively 

measure the cohesive strength of a joint. Ying and Li (1979) conducted an 

investigaton into the working principle of the Fokker Bond Tester Mk II. They 

modelled the probe as a cylinder in axial resonance to which was attached the 

joint, modelled as a mass-spring-mass system. However the suitablity of the 

Fokker Bond Tester for measuring the cohesive strength of joints with 

different thicknesses and types of adhesive remains unclear.

Since the instrument is commonly used in industry to test adhesive joints, it 

was decided to carry out an investigation of the physical principles behind it, 

and to assess the sensitivity of the instrument when used on metal to metal 

joints bonded with different thicknesses and types of adhesive. This chapter 

describes the instrument and reports an investigation of the vibration 

characteristics of the transducer used. The operation of the instrument is 

discussed in Chapter 3.

2 Description of the Fokker Bond Tester Mk II

The Fokker Bond Tester Mk II uses a probe, see figure 2.1, which is coupled by a 

thin layer of liquid or gel to the component being tested. The probe consists of 

a cylindrical polarised piezoelectric (barium titanate) crystal, with 

electrodes on its top and bottom faces. The crystal is lightly supported by 

three hooked springs which also act as contacts for the electrodes. A number 

of crystals are available with different overall sizes and diameter to length 

ratios. Thicker adherends, and hence greater overall joint thicknesses, require 

larger crystals. Crystals with a diameter to length ratio of 1.5 or less, such as 

the 3412 and 3814, are used for testing sheet to sheet joints, whereas 

crystals for use on honeycomb to skin bonds, such as the 3414, have a larger 

diameter to length ratio. Table 2.1 gives the dimensions and diameter to length

page 61



ratio of three commonly used crystals (3412, 3814 and 3414).

When a voltage is applied across the electrodes on the crystal, the 

piezoelectric material is strained. Thus, when an alternating voltage is 

applied, the crystal vibrates at the same frequency as the applied voltage. The 

impedance of the crystal varies with frequency and decreases to a minimum at 

its resonant frequencies. In the electrical circuit used in the Fokker Bond 

Tester, the crystal is in series with a resistance, the voltage supplied to the 

resistance and crystal being roughly constant. Hence, the voltage across the 

resistance reaches a maximum at the resonant frequency of the crystal since 

the impedance of the crystal reaches a minimum.

Similarly, when the probe is placed on a specimen, the voltage across the 

resistance reaches a maximum at the resonant frequency of the system 

comprising the crystal and specimen. This is because the effective impedance 

of the crystal now reaches a minimum at the resonant frequency of the system 

comprising the crystal and component.

It is not clear exactly how the crystal deforms when it is repeatedly polarised 

over its top and bottom faces using continuous wave excitation; however it is 

likely that the most strongly excited modes will be those where there is 

axisymmetric axial deformation of the crystal. The modes of the crystal with 

non-axisymmetric axial deformation will be less strongly excited, and modes 

with relatively small axial deformation are only likely to be weakly excited.

In the operation manual of the instrument, Rienks (1972) states that there are 

two main resonant frequencies of the crystal, the deformation of the crystal 

in one mode being primarily radial and in the other largely axial, as shown in 

figure 2.2. The deformation in these modes cannot be either purely radial or 

purely axial since the Poisson's ratio effect ensures that deformation in one 

axis is accompanied by deformation in the others. Rienks refers to these two 

modes as the radial and axial modes of the crystal.

The Fokker Bond Tester has two displays, the A and B-Scales (Rienks, 1972). 

The A-Scale displays the frequency response of the probe (or the probe with 

the specimen coupled to it) over the pre-set frequency range, with frequency 

increasing from right to left, see figure 2.3. The change in resonant frequency
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can be obtained from this display. The B-Scale gives an indication of resonant 

amplitude. The older versions of the instrument used a cathode ray tube for the 

A-Scale and an anologue meter for the B-Scale. However, a new version uses a 

digital display for both the A and B Scales.

The Fokker Bond Tester sweeps the voltage applied to the crystal over a 

frequency range which can be pre-set between approximately 10 and 80 kHz 

depending on the crystal used. The centre of the range depends primarily on the 

resonant frequencies of the crystal, and typically falls between 50kHz and

0.5MHz. The operation manual (Rienks, 1972) says that the centre frequency 

should be chosen so that the mode shape of the crystal corresponds with the 

radial mode when sheet to sheet joints are inspected and with the axial mode 

when honeycomb to skin joints are inspected. However, it is the axial motion 

of either the radial or axial mode that would be most strongly coupled, via the 

thin layer of liquid or gel, to the joint being inspected.

Since it is likely that the frequency response of the crystal is more complex 

than Rienks (1972) suggests, it was decided to clarify which mode or modes of 

the probe are used to excite the joint under examination. This was done by 

measuring the response of typical crystals and comparing the results with 

values predicted using finite element analysis.

3 Predicted Resonant Frequencies and Mode Shapes of the 

C rys ta l

Finite element analysis was used to predict the resonant frequencies and mode 

shapes of the crystals in the operating frequency range of the Fokker Bond 

Tester. The element used in the analysis was an axisymmetric version of the 

8-node isoparametric element described by, for example, Zienkiewicz (1971). 

This element allows quadratic displacement variations along both its major 

dimensions. A 4x4 mesh was employed which was considered to be sufficiently 

fine to represent the modest curvatures seen in the lower modes of vibration. 

The analysis was run using the FINEL finite element package developed at 

Imperial College (Hitchins, 1984) and was run on a CDC Cyber 170/855 

machine.

As is standard in analyses using axisymmetric elements, the displacements
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were assumed to vary as Cos Nh9 around the circumference of the crystal. 

Hence, Nh=0 gives axisymmetric modes while Nh=1,2,3... gives modes in which 

the shape of the circumference is distorted.

The predicted resonant frequencies for probe 3814, with a diameter to length 

ratio of 1.5 are given in table 2.2. The results shown are for the four analyses 

with Nh=0,1,2,3. The frequencies of the modes with Nh=4 were predicted to be 

above the frequency range of interest.

The absolute values of the natural frequencies are dependent on the modulus 

and Poisson's ratio of the piezoelectric material. These properties were 

obtained by measuring the transit time of an ultrasonic pulse from a 10 MHz 

probe through a crystal. Knowing the thickness of the crystal, it was possible 

to calculate the longitudinal (cL) and shear (cs ) wave velocity, which were
{L §

found to be 5795 and 2937 m/s respectively. The Poisson's ratio was 

calculated to be 0.320 from the ratio of shear to longitudinal wave velocity 

(Kolsky, 1963). The Young's modulus (E) is given by (Kolsky, 1963) :

E = p c s2(3cL2 - 4 c s2) / ( c L2 - c s2) (2.1)

where p is the density of the crystal. This gave a value of 122 GN/m2 for the 

Young's modulus.

The predicted mode shapes of probe 3814 corresponding to the resonances at 

264.2kHz, 292.5kHz, 296.9kHz, 323.1kHz and 351.6kHz, are shown in figure 2.4. 

Each of these modes has significant axial deformation and they are all likely 

to be excited when the crystal is polarised over its top and bottom faces.

The other modes in the range 200-400kHz predicted by finite element analysis 

have negligble axial deformation compared to the modes shown in figure 2.4. 

For example, the axisymmetric (Nh=0) mode predicted at 229.9kHz consists

primarily of torsional deformation and is unlikely to be significantly excited 

when the crystal is polarised over its top and bottom faces.

The predicted resonant frequencies of the larger crystal, also with a diameter

page 64

Error =1-2%, see Appendix for details.



to length ratio of 1.5, (3412) are given in table 2.3, the predicted mode shapes 

of probe 3412 being similar to the corresponding mode shapes of crystal 3814.

The resonant frequencies and corresponding mode shapes of probe 3414, which 

has a diameter to length ratio of 3.0, were also predicted using finite element 

analysis. In this instance there are many modes with Nh=0,1,2,3 and 4 in the 

frequency range of interest, the resonant frequencies of the axisymmetric 

modes (Nh=0) with significant axial deformation being given in table 2.4.

The predicted mode shapes of probe 3414 corresponding to the resonances at 

160.8kHz, 337.1kHz, 415.5kHz and 456.1kHz, are shown in figure 2.5. Each of 

these modes is axisymmetric (Nh=0) and has significant axial deformation;

consequently they are all likely to be excited when the crystal is polarised 

over its top and bottom faces.

As can be seen from the predicted resonant frequencies in tables 2.2-2.4, 

there are many more modes of vibration of each crystal in the operating range 

in the Fokker Bond Tester than the two suggested by Rienks (1972). In addition 

all the mode shapes predicted by finite element analysis are more complex 

than those suggested by Rienks (1972).

4 The Measured Frequency Response of the Crystal

The frequency response of the probe was measured independently by varying 

the frequency of an alternating voltage applied to the crystal, in series with a 

330Q resisitor, as shown in figure 2.6. A micro-computer was used to control 

both the function generator, which supplied a harmonic voltage to the crystal, 

and the voltmeter, which measured the voltage across the resistor. The 

resonant frequencies of the crystal occurred when the voltage across the 

resistor reached a maximum.

The frequency response of each of the crystals was also obtained from the 

A-Scale of a Fokker Bond Tester Model 70 and was found to be similar to that 

obtained from the system shown in figure 2.6. However, since the Fokker Bond 

Tester does not give a direct measure of frequency, but only the change in 

frequency, it was more difficult to measure the resonant frequencies of the 

crystal using the Fokker Bond Tester. Difficulties were also encountered in
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obtaining an accurate frequency calibration of the cathode ray tube A-Scale 

display. This error, together with the difficulty of using the display 

introduced further errors (up to approximately 5%) in the measurement of 

frequency response using the Fokker Bond Tester. A later version of the 

instrument (Model 80L) use a digital display for the A-Scale which helps to 

reduce this error.

The measured frequency response of probe 3814, which has a diameter to 

length ratio of 1.5, is shown in figure 2.7. The values of the resonant 

frequencies, defined as maxima in the voltage across the resistor, obtained 

from this curve are given in table 2.2. The strongly excited mode shown in 

figure 2.7, which occurs at 277.8kHz corresponds to the axisymmetric (Nh=0)

mode predicted at 292.5kHz. As can be seen from its predicted mode shape 

shown in figure 2.4b, there is both axial and radial deformation of the crystal 

with the top and bottom faces moving in opposite phase. The amplitude of the 

radial motion is slightly greater than that of the axial motion so the mode 

shape is fairly similar to that of the radial mode described by Rienks (1972). 

There are also a number of smaller resonances in the range 200-400kHz which 

correspond to other predicted modes of the crystal.

The frequency response for the larger probe (3412) with the same diameter to 

length ratio as probe 3814 was also measured, the resonant frequencies being 

given in table 2.3. The frequency response was similar in form to that of the 

smaller probe, but with the resonances occurring at lower frequencies. In this 

case the strongly excited axisymmetric (Nh=0) mode occurred at 148.8kHz.

It was anticipated that there would be some discrepancy between the 

predicted and measured natural frequencies due to a variation (up to 5%) in the 

dimensions of nominally identical crystals and inaccuracies in the measured 

Young's modulus of the crystal. The Young's modulus used in the analysis was 

measured at 10 MHz whereas the modes of interest of the crystal were in the 

range 200-400 kHz. However, although the absolute values of the measured and 

predicted resonant frequencies vary by as much as 10% the relative values 

should be correct. Therefore, the predicted and measured frequencies for all 

the modes are compared with those of the axisymmetric (Nh=0) mode described

above. Table 2.2 shows that there is good agreement between theory and 

experiment on the relative positions of the modes.
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The measured change in resonant frequency due to variation in the dimensions 

of the crystals depends on the mode of the crystal. However, a variation of 

approximately 1.5% in the major axisymmetric mode was found between 

nominally identical 3412 crystals.

The frequency response for probe 3414, which has a diameter to length ratio 

of 3.0, is shown in figure 2.8 and the measured resonant freqencies of the 

major modes are given in table 2.4. The frequency response has a different 

form to that of probe 3814 with many resonant frequencies in the range 

100-500kHz and a major resonance at 403.2kHz. The predicted mode shapes 

corresponding to the main resonances seen in figure 2.8 are shown in figure

2.5 The predicted and measured resonant frequencies relative to those of the 

axisymmetric (Nh=0) mode predicted at 160.8kHz are also shown in table 2.4.

This shows that there is good agreement between theory and experiment on the 

relative position of the strongly excited modes shown in figure 2.5.

5 Investigations on Large Scale Model of Crystal

It is very difficult to measure the mode shapes of a small object such as the 

crystal and, since there are discrepancies between the mode shapes predicted 

using finite element analysis and those suggested by Rienks (1972), it was 

decided to test a large model of the crystal on which the mode shapes could be 

measured. The model of the crystal consisted of an aluminium cylinder having 

a diameter of 216 mm and a length of 144 mm, giving it a similar geometry to 

that of crystals 3412 and 3814.

5 . 1  P re d ic te d Mo d e .. S hap .es

The finite element analysis was repeated four times, to give the modes with 

N h=0,1,2,3, for the aluminium cylinder using a similar element to that

employed for the analysis of the crystal. Standard values for Young's modulus 

of 68.9 GN/m2 and Poisson's ratio of 0.355 were used. Table 2.5 gives the 

predicted resonant frequencies of the aluminium cylinder. The predicted mode 

shapes were similar to those predicted for the corresponding modes of 

crystals 3412 and 3814. However, the modes of the aluminium cylinder do not 

neccessarily occur in the same frequency order as those of the crystal since
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the Poisson’s ratios of the materials are different.

5.2 Measured Resonant Frequencies and Mode Shapes

The natural frequencies of a structure correspond to the maxima in the 

frequency response function, Hjj(co), which is defined by

Hfl(ffl) = Xj(co)/Fj(co) (2.2)

where co is the frequency, Fj is the force applied at position j and Xj is the 

corresponding response at position i.

The deflected shape (mode shape) at a particular resonant frequency may be 

obtained by measuring the frequency response (transfer) function, at the 

appropiate frequency, between a reference position and a series of points on 

different parts of the structure. The relative values of the frequency response 

function at the different points then gives the deflected (mode) shape of the 

structure.

The required frequency response functions may be measured either by applying 

a force at the reference position and measuring the response due to this force 

at a series of positions, or by measuring the response at the reference point 

due to a force applied at a series of different points. The method which is 

most convenient depends on the measuring system employed.

In this case, impact excitation via a hammer with a force gauge in its head 

was used, the response being measured by an accelerometer attached to the 

model. It was therefore convenient to measure the response at the reference 

point and to apply the force, via the impact, at different points. The frequency 

response function was obtained by passing the force and acceleration signals 

into a two channel spectrum analyser (Bruel and Kjaer type 2032) via two 

charge amplifiers. The measurement system is shown in figure 2.9 and the 

technique is described in more detail by, for example, Ewins (1984).

The measured resonant frequencies of the aluminium cylinder are given in 

table 2.5. There is a small discrepancy between the predicted and measured
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natural frequencies which is assumed to be due to errors in the values of the 

material properties used in the theoretical analysis. The predicted and 

measured natural frequencies of all modes relative to those of the major 

axisymmetric Nh=0 mode are also shown in table 2.5 and it can be seen that 

there is excellent agreement between the relative values.

The predicted Nh=0 mode at 10.62kHz was not detected in practice since this

mode consisted primarily of torsional deformation, with negligble axial or 

radial deformation, and hence could not easily be excited.

The mode shapes of the aluminium cylinder at 12.685kHz, 13.925kHz, 

14.120kHz, 15.650kHz and 16.510kHz were determined using the technique 

outlined above and agreed very closely with the corresponding predicted mode 

shapes shown in figure 2.4 for a crystal of similar geometry to the model.

6 D iscussion

The excellent agreement obtained between the predicted and measured mode 

shapes of the aluminium model strongly indicates that the predicted mode 

shapes for the crystal are accurate. Rienks (1972) states that there are two 

main modes of the crystal which he terms the radial and axial modes. However 

the measured frequency responses, see figures 2.7 and 2.8, show that there are 

many modes in the operating frequency range. Similarly, the mode shapes 

predicted and measured in this investigation are more complex than the simple 

shapes given by Rienks (1972).

In the frequency range used to inspect sheet to sheet joints, the major mode of 

crystals 3412 and 3814 which is excited has the deflected shape shown in 

figure 2.4b. This is the major axisymmetric (Nh=0) mode of the crystal and

there is deformation in both the radial and axial directions. However, when the 

probe is coupled to the joint by a thin layer of liquid or gel, little of the radial 

motion will be transmitted to the joint. Instead, the joint will be primarily 

excited by axial motion of the crystal and the area below the probe will 

vibrate in the through thickness direction.

The most strongly excited mode of probe 3414, used in inspection of skin to 

honeycomb core bonds, is that shown in figure 2.5c, which has predominantly
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axial motion and is analogous to the axial mode described by Rienks (1972). 

This is different from the mode shape of the most strongly excited mode of 

crystals 3412 and 3814 which is shown in figure 2.4b. However, the mode of 

crystal 3414 which occurs at 160.4kHz has the mode shape shown in figure 

2.5a which is similar to the major mode of crystals 3412 and 3814.

7 Conclusions

It has been shown that there is good agreement between the measured and 

predicted resonant frequencies for the crystals and the model of the crystal. 

In addition the measured and predicted mode shapes for the model of the 

crystal also showed excellent agreement.

There is therefore strong evidence to show that the frequency response of 

Fokker Bond Tester probes is quite complex, there being a number of modes in 

the frequency range of interest, which have more complex mode shapes than 

those suggested by Rienks (1972).
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Crystal
Type

Crystal
Diameter/mm

Crystal
Length/mm

Diameter/ 
Length ratio

3412 19.05 12.75 1.5

3814 9.50 6.40 1.5

3414 19.05 6.40 3.0

Table 2.1 Dimensions of Typical Crystals
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Predicted
Frequency

kHz

% Change from 
the mode at 
292.5 kHz

Nh

Measured
Frequency

kHz

% Change from 
the mode at 

277.8 kHz

175.7 -39.9 2 not detected -

229.9 -21.4 0 •  n * -

231.1 -21.0 2 -  n - -

260.4 -11.0 1 244.4 -12.0

261.1 -10.7 1 not detected -

264.2 -9.7 0 252.8 -9.0

292.5 0.0 0 277.8 0.0

296.9 +1.5 3 283.0 +1.8

323.1 +10.5 2 306.0 +10.2

342.9 +17.2 1 not detected -

348.5 +19.1 1 •  M - -

351.6 +20.2 3 334.1 +20.3

Table 2.2 Predicted and Measured Resonant
Frequencies for Probe 3814 with a 
Diameter-to-Lenath Ratio of 1.5
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Predicted
Frequency

kHz

% Change from 
the mode at 
146.3 kHz

Nh
Measured
Frequency

kHz

% Change from 
the mode at 
148.8 kHz

87.4 -40.3 2 not detected -

115.3 -21.2 0 -  t i - -

115.3 -21.2 2 -  i i  - -

130.3 -10.9 1 130.6 -12.2

130.3 -10.9 1 not detected -

131.5 -10.1 0 132.3 -11.1

146.3 0.0 0 148.8 0.0

147.9 +1.1 3 152.0 +2.2

161.9 +10.7 2 not detected -

172.0 +17.6 1 -  n  - -

174.2 +19.1 1 -  t» - -

175.4 +19.9 3 176.5 +18.6

Table 2.3 Predicted and Measured Resonant
Frequencies for Probe 3412 with a 
Diameter-to-Lenath Ratio of 1.5
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Predicted
Frequency

kHz

% Change from 
the mode at 
160.8 kHz

Nh
Measured
Frequency

kHz

% Change from 
the mode at 

160.4 kHz

160.8 0.0 0 160.4 0.0

337.1 +109.6 0 346.8 +116.2

415.5 +158.4 0 403.2 +151.4

456.1 +183.6 0 457.1 +185.0

Table 2.4 Predicted and Measured Resonant
Frequencies for Probe 3414 with a 
Diameter-to-Lenath Ratio of 3.0
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Predicted *  
Frequency 

kHz

% Change from 
the mode at 
13.48 kHz

Nh
Measured
Frequency

kHz

% Changefrom 
the mode at 
14.120 kHz

8.01 -40.6 2 8.245 -41.6

10.57 -21.6 2 10.925 -22.6

10.62 -21.2 0 not detected -

12.00 -11.0 1 12.285 -13.0

12.01 -10.9 1 12.530 -11.3

12.35 -8.4 0 12.685 -10.2

13.48 0.0 0 14.120 0.0

13.56 +0.6 3 13.925 -1.4

14.94 +10.8 2 15.650 +10.8

16.08 +19.3 3 16.510 +16.9

Table 2.5 Predicted and Measured Resonant
Frequencies for the Crystal Model 
with a Diameter-to-Lenath Ratio of 
1.5

Predicted values calculated using a 6x6 mesh are less than 0.3% 
lower than the values tabulated here.
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Connector.

Insulator

Sprung Contact

Hooked
Springs

Figure 2.1 Cross Section of Fokker Bond Tester
Mk II Probe
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(a) Radial Mode (b) Axial Mode

Figure 2.2 Deformed Shapes of Crystal after
Rienksf19721
upper view - plan view of top of crystal 
lower view - diametral cross-section of 
crystal
chain line - undeformed shape of crystal 
solid line - deformed shape of crystal
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Probe on
Single
Adherend

Probe on
Good
Joint

Increasing Frequency

Figure 2.3 A-Scale Display of Probe on Good
Joint and Plate from Fokker Bond 
Tester Mk II
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L _ L _ J

(a) Nh=0 at 264.2 kHz (b) Nh=0 at 292.5 kHz (c) Nh=3 at 296.9 kHz

? — I- !  

------------1— J i

(e) Nh=3 at 351.6 kHz

Figure 2.4 Predicted Deformed Shapes of Crystal
3814 with a Diameter to Length Ratio 
of 1.5
upper view - plan view of top of crystal 
lower view - diametral cross-section of 
crystal
chain line - undeformed shape of crystal 
solid line - deformed shape of crystal
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(a) Nh=0 at 160.8kHz (b) Nh=0 at 337.1 kHz

C X D

(c) Nh=0 at 415.5 kHz (d) Nh=0 at 456.1 kHz

Figure 2.5 Predicted Deformed Shapes of Crystal
3414 with a Diameter to Length Ratio 
of 3.0
upper view - plan view of top of crystal 
lower view - diametral cross-section of 
crystal
chain line - undeformed shape of crystal 
solid line - deformed shape of crystal
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Figure 2.7 Measured Frequency Response of Probe
3814 with a Diameter to Length Ratio 
of 1.5
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Figure 2.8 Measured Frequency Response of Probe
3414 with a Diameter to Length Ratio 
of 3.0
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CHAPTER 3

Use of the Fokker Bond Tester Mk II

1 In tro d u c tio n

When the Fokker Bond Tester Mk II is used to predict the cohesive strength of a 

sheet to sheet joint the instrument is initially adjusted so that the resonance 

of the probe coupled to a single adherend lies at the centre of the A-Scale. 

The amplitude is also adjusted to give a B-Scale reading of 100. When the 

probe is coupled to the joint, the resonant frequency changes and the 

amplitude decreases; a decrease in frequency is called a "Right-Shift" and an 

increase a "Left-Shift", see figure 2.3. The Fokker Bond Tester uses the 

resonant frequency changes on the A-Scale to predict the cohesive strength of 

the joint.

When the probe is coupled to a honeycomb panel, the change in resonant 

frequency, and hence A-Scale reading, between that obtained with the probe 

coupled to the skin alone and that with the skin bonded to the honeycomb is 

negligible. However, the resonant amplitude, or B-Scale reading, for a good 

bond between the skin and the core is lower than that obtained when the probe 

is coupled to the skin alone (Curtis, 1982).

The measured resonant frequency of a sheet to sheet joint can either be above 

or below that of the single adherend. This frequency will depend both on the 

modulus and on the thickness of the adhesive layer . However, the cohesive 

strength of a joint does not correlate with adhesive modulus and thickness in 

the same way. Consequently, a test for cohesive strength must be able to 

distinguish between adhesive thickness and modulus changes.

In order to determine the sensitivity of the Fokker Bond Tester to typical 

changes in adhesive modulus and thickness it was decided to measure the 

resonant frequencies of the probe coupled to various joints and to compare 

these results with those predicted using a simple model. However, before the 

response of the probe coupled to the joints was determined, it was useful to 

examine the response of the probe coupled a plain plate which is a much 

simpler system than an adhesive joint.
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2 Resonant Frequency of the Probe on a Plain Plate

The measured frequency response of a type 3814 probe is shown in figure 2.7. 

In addition to a large resonance at 277.8kHz, which is the major axisymmetric 

mode of the crystal, there are a number of smaller resonances in the range 

200-400kHz, see Chapter 2 for details.

The frequency response for the larger probe (3412) was measured in a similar 

way to that used for probe 3814. The frequency response was similar in form 

to that of the smaller probe, but with the resonances occurring at lower 

frequencies. In this case, the major axisymmetric mode occurred at 148.8kHz.

When the probe is coupled to a fiat plate, the probe no longer vibrates 

independently, so the modes of the complete system must be considered. Only 

axial motion is coupled efficiently to the plate by the couplant: very little 

radial motion will be transmitted. The vibration of the plate is therefore 

primarily in the through thickness direction. At the high frequencies under 

consideration, the motion is mainly in the region directly below the probe. The 

plate may therefore conveniently be modelled as a solid cylinder in axial 

vibration whose diameter, D, equals that of the probe and whose length, lA, is

the thickness of the plate. The apparent modulus, E^, of the plate at a

frequency of around 5MHz was measured as 111#GN/m2 by obtaining the transit 

time of an ultrasonic pulse from a 5MHz probe. Knowing the thickness of the 

plate, the wave velocity can readily be calculated and the apparent modulus is 

given by

E\ = ci2 P-j (3.1)

where c1 is the ultrasonic longitudinal wave velocity in the plate or adherend 

and p1 is the density of the plate.

It was shown in Chapter 2 that the modes of the crystal are fairly 

complicated, and it would be difficult to model the coupling of these modes to 

the plate via the gel. It was therefore decided to use a very simple model of 

the probe.
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Since the major mode of the probe involves a significant amount of axial 

vibration which is axisymmetric, and as it is chiefly axial motion which is 

transmitted to the plate, the probe was also modelled as a solid cylinder in 

axial vibration. The diameter, D, and density, pp, of the cylinder were taken as 

the values measured on the probe itself and the apparent modulus, E'p, of 178 

GN/m 2 was measured using a similar technique to that used for the plate. The 

length of the cylinder, lp, was then chosen so that the first axial resonant

frequency of the cylinder coincided with the major axisymmetric mode of the 

probe as discussed earlier.

It should be emphasised that this model is only approximate and cannot take 

account of the modes of the crystal other than the axisymmetric one. The 

model therefore breaks down at frequencies close to the resonant frequencies 

of these other modes.

Since the models of the plate and the probe were similar, the properties of the 

system comprising the probe attached to the plate could readily be predicted 

by adding the two models together using receptance analysis, (see figure 3.1).

The receptance, a.., of a structure is defined (Bishop and Johnson, 1960) as

where uf is the displacement at position i resulting from an harmonic force F. 

applied to the structure at position j. Consequently, the receptance of a

structure reaches a maximum at the resonant frequencies of the structure. The 

direct or point receptance of the probe at the point of coupling to the plate, j, 

is otjj, and that of the the plate, These are given (Bishop and Johnson, 

1960) as follows

(3.2)

ocy = -1 / ( AE'p Ap tan (Aplp) ) 

and = -1 / ( AE^ A1 tan ( A ^ ) )

(3.3)

(3.4)
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where the area A = % D2/4, A p = co (pp/E 'p) 1/2 and A 1 = co (p /E '.,) 1/2. It can 

readily be shown (Bishop and Johnson, 1960) that the resonant frequencies of 

the combined system of the probe coupled to the plate are given by

Ojj + Pjj = 0 (3.5)

The effect of coupling the probe to a plate is similar to that of increasing the 

length of the cylinder used to model the probe. Consequently, the resonant 

frequency of the system comprising the probe coupled to the plate is lower 

than that for the probe on its own.

The resonant frequency for a probe on plates of different thicknesses was 

predicted, using eqn. (3.5), for probes 3412 and 3814. Figures 3.2 and 3.3 show 

the predicted frequencies together with the corresponding values measured 

using the system described in Chapter 2 and shown in figure 2.6.

When the plate thickness, and hence resonant frequency reduction, is small it 

is easy to locate a resonant peak, see figure 3.4. Consequently, there is good 

agreement between the predicted and measured frequencies.

However, as the plate thickness increases, the resonant frequency of the probe 

coupled to the plate decreases further and it approaches the frequency of other 

modes of the crystal. Coupling of the modes then occurs and the measured 

frequency response becomes very complicated, making the location of a 

resonant peak difficult, as shown in figure 3.5. When mode coupling occurs, the 

simple model used to predict the frequency reduction becomes invalid and the 

measured frequencies show some deviation from the predicted values.

The resonant amplitude of the probe coupled to a plain plate was found to be 

sensitive to the thickness of the couplant layer, and hence to the load applied 

to the probe. Although the couplant thickness did not appear to change the 

resonant frequency, it became difficult to locate a resonant peak when the 

amplitude diminished. Similarly, a poor finish on the surface to which the 

probe was coupled caused by, for example, heavy scratching, also caused the 

resonant amplitude to decrease.
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3 Predicted Resonant Frequency of the Probe on a Joint

Since a simple model of the probe and a plain plate gave very satisfactory 

results, it was decided to adopt a similar model to predict the behaviour of 

the probe on an adhesive joint. The joint was modelled as three solid cylinders 

in axial vibration joined end-on, the diameter of the cylinders (D) being that 

of the probe, see figure 3.1. The lengths of the first and third cylinders, ^ and

l3, were the thicknesses of the top and bottom adherends respectively, while

the length of the second cylinder, l2, was the thickness of the adhesive. The

apparent moduli and densities of the cylinders were those of the adherends or 

adhesive, see the Appendix for details. The model of the probe was the same as 

that used to predict its response when coupled to a plain plate.

The response of the complete system comprising the probe coupled to the joint 

was again found by receptance analysis in a similar way to that used for the 

probe and plate, (Bishop and Johnson, 1960). Since the model of the probe was 

the same as that used in the earlier work, this analysis again becomes invalid 

at frequencies close to the modes of the probe which are not modelled by a 

cylinder in axial vibration.

When the stiffness of the adhesive layer was high, the predicted behaviour of 

♦he probe on the joint was similar to that of the probe on a plain plate of 

thickness equal to that of the whole joint. At high adhesive stiffnesses, only 

the first mode of vibration of the probe and the joint was predicted to be 

within the frequency range of interest.

However, as the adhesive stiffness was reduced, the adhesive layer became 

the major flexibility in the system and vibration could occur with the probe 

and adherends acting effectively as rigid bodies. The first mode of vibration 

therefore tended towards that of a simple mass-spring-mass system, with the 

mass of the bottom adherend coupled by a spring, the adhesive, to the mass of 

the probe plus the top adherend. At low adhesive stiffnesses, this mode fell 

below the frequency range of interest, but the second mode of vibration came 

into the operating frequency range. In this second mode of vibration, the probe 

and the top adherend no longer moved as a rigid body and, as the stiffness of 

the adhesive layer was reduced, the bottom adherend was effectively
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decoupled from the system. The frequency of this mode was then asymptotic to 

that predicted earlier for the probe on a plain plate of thickness equal to that 

of the top adherend alone.

Hence, depending on the adhesive stiffness, the mode of vibration of the probe 

on the joint which falls in the operating frequency range may either be the 

first or second mode of the model described above. At some intermediate 

stiffnesses, both modes are found. In the subsequent discussion, these modes 

are referred to as the first and second modes. They should not be confused 

with the different modes of the probe itself. Indeed, the effective operating 

range of the instrument is centred on the major axisymmetric mode of the 

probe and the model is only valid close to this frequency.

The frequency of the second mode is always above or equal to that of the probe 

on a plain plate of the same thickness as the top adherend. Since the Fokker 

Bond Tester uses the frequency of the probe on an adherend as a reference, the 

second mode appears as an increase in frequency or a "Left-Shift" on the 

Fokker Bond Tester A-Scale. At higher adhesive stiffnesses, where the second 

mode is above the operating range and the first mode is monitored, the 

measured resonant frequency is below that of the probe on a plate of the same 

thickness as the joint and, as the stiffness increases, it becomes asymptotic 

to this value. As the reference frequency is taken as the probe on a single 

adherend, all these frequencies are seen as "Right-Shifts" (decreases in 

frequency) on the A-Scale.

The resonant frequencies of the first two modes for both the smaller (3814) 

and larger (3412) probe coupled to a joint with 1.6 mm adherends were 

predicted for different adhesive moduli and thicknesses. It was found that the 

resonant frequencies are essentially functions of the specific adhesive 

stiffness, which is defined as the ratio of apparent adhesive modulus to 

adhesive thickness. The relationship between the natural frequencies and the 

specific stiffness for both probes is shown in figures 3.6 and 3.7. The resonant 

frequency is also a function of the adhesive density; however it was predicted 

that a 10% increase in density typically produces less than 0.5% change in 

frequency.
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4 Measured Resonant Frequencies of the Probe on a Joint

The resonant frequencies for both probes 3412 and 3814 coupled to a joint 

were measured over a wide range of adhesive stiffnesses. The specimens used 

were single lap joints with 1.6 mm thick aluminium adherends which were 

prepared by grit blasting and degreasing. The range of specific adhesive 

stiffness, between 1.5 x 105 and 5 x 103 GN/m3, was achieved by varying both 

the adhesive modulus and thickness. Two of the three adhesive types described 

in the Appendix were used for the joints, one was a typical epoxy (Type B) and 

the other was a "rubbery" gap filling adhesive (Type C). The epoxy is a typical 

high modulus adhesive (Young's modulus = 4.6 GN/m2) whereas the gap filling 

adhesive represents the opposite extreme of adhesive modulus likely to be 

encountered in practice (Young's modulus = 0.7 GN/m2). The adhesive thickness 

variation of 0.05 to 0.75 mm was obtained by shimming the joint while it 

cured.

The measured and predicted resonant frequencies of the joints coupled to 

probes 3814 and 3412 are shown as a function of specific adhesive stiffness 

in figures 3.6 and 3.7, the independently measured adhesive modulus and 

thickness being used to calculate the specific adhesive stiffness for each 

jo in t.

The adhesive modulus was independently measured at two frequencies above 

and below the operating frequency range of the Fokker Bond Tester, see the 

Appendix for details. Unfortunately neither measurement technique could be 

used in the operating frequency range of the Fokker Bond Tester, i.e. between 

100 and 300 kHz. However, the results show that the apparent modulus of the 

high modulus adhesive (Type B) is practically independent of frequency 

between 5 kHz and 5 MHz.

The apparent modulus of the low modulus adhesive (Type C) shows a greater 

dependence on frequency than the Type B adhesive, but the results suggest that 

the modulus is also fairly constant between 300 kHz and 3 MHz. The values of 

apparent modulus used to calculate the specific stiffness are shown in table 

3.1, it being assumed that the apparent modulus of the Type C adhesive was 

equal to the value measured at between 300 kHz and 5 MHz.
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5 Use of the Fokker Bond Tester to Measure Cohesive 

S trength

Figures 3.6 and 3.7 show that there is good agreement between the general 

trend of the experimental results and the frequencies predicted using the 

receptance model. The discrepancy between the predicted frequencies and the 

measured results is most probably caused by the over simplified model of the 

probe used in the analysis since the error appears to increase when the 

frequency of the mode is further away from that of the probe in air.

When the main resonance approaches one of the other modes of the crystal 

mode coupling occurs and the frequency changes predicted by the model are 

then incorrect. Also, it becomes more difficult to locate the main resonant 

peak and the measured results show more scatter, in a similar way to that 

found when the probe was coupled to a plain plate, see figure 3.5. However, 

once the other modes have been passed, mode coupling is reduced and the 

predicted frequencies show fairly good agreement with the measured results.

It was difficult to locate a resonance if its amplitude was reduced by changes 

in probe contact pressure or surface finish in a similar way to that 

experienced with the probe on a plain plate.

However, the experimental results show that as the specific adhesive 

stiffness increases, the resonant frequency of the first mode tends towards 

that obtained with a plain plate of twice the adherend thickness. Indeed, the 

resonant frequency of the first mode is practically independent of adhesive 

stiffness above specific stiffnesses of around 1.5 x 104 GN/m3 with the larger 

probe (3412) and above 5.0 x 104 GN/m3 with the smaller probe (3814).

When the large probe (3412) was coupled to joints with 1.6 mm adherends, and 

the adhesive thickness was less than 0.2 mm, the first mode was found to be 

independent of the values of adhesive modulus tested. The specific adhesive 

stiffness of such joints was 1.8 x 104 G N/m 3 or greater. Joints made with film 

adhesive and cured under pressure, a technique which is commonly used in the 

aerospace industry (Evans, 1985), typically have adhesive thicknesses less 

than 0.2 mm and hence specific adhesive stiffnesses greater than 1.8 x 104 

GN/m3.
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When the specific adhesive stiffness is less than 1.5 x 104 GN/m3 for the large 

probe (3412) and less than 5.0 x104 GN/m3 for the smaller probe (3814) the 

frequencies of both modes show more dependence on adhesive stiffness. 

However, it is not possible to distinguish changes in adhesive thickness from 

variations in modulus.

The strength of an adhesive joint is dependent on many variables which include 

the adhesive thickness, modulus and toughness. Typically, the modulus 

obtained with a particular adhesive (and therefore ultrasonic velocity in the 

adhesive), is dependent on the cure cycle and on the correct mixing of hardener 

and resin and correlates strongly with cohesive strength (Alers, eta!., 1977). 

The dependence of joint strength on adhesive thickness is less certain; 

however, very thin or thick bondlines can cause a reduction in strength 

(Ciba-Geigy, 1982). Consequently, joints which have the same specific 

adhesive stiffness but different adhesive moduli and thicknesses will not have 

the same strength. Therefore a non-destructive test for joint strength cannot 

simply rely on a measurement of the ratio of adhesive modulus to thickness.

The Fokker Bond Tester uses a different correlation curve, between cohesive 

strength and frequency, for each type of adhesive to be tested and it is based 

on the assumption that the adhesive modulus is constant and the thickness 

varies (Rienks, 1972). Therefore, although the adhesive stiffness changes it 

does not give a true correlation with cohesive strength in the presence of 

modulus variations. Moreover, whatever correlation there is between adhesive 

thickness and cohesive strength, the Fokker Bond Tester will only be able to 

apply it when the adhesive stiffness is less than 1.5 x 104 G N /m 3 for probe 

3412 and less than 5.0 x 104 GN/m3 for probe 3814. Above these values, the 

measured frequency is independent of adhesive stiffness and no correlation 

can be applied.

6 Use of the Fokker Bond Tester for Disbond Location

The Fokker Bond Tester is frequently used to locate disbonds in multi-layer 

joints (Lord, 1985). In the absence of disbonds, the response of a joint is 

similar to that of a flat plate of thickness equal to the overall joint thickness. 

When the probe is placed over a disbond, it is effectively coupled to a plate
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whose thickness is that of the layers above the disbond, provided the disbond 

is at least as large as the probe. Hence, the resonant frequency depends on the 

depth of the disbond and the location of the disbond may be determined.

The maximum thickness of joint that can be tested is limited by the maximum 

decrease in frequency that can be reliably measured before mode coupling 

occurs. For the small probe (3814) the maximum thickness is approximately

1.5 mm of aluminium before mode coupling occurs and the results show 

significant scatter, see figure 3.3. This thickness increases to approximately

3.5 mm for the larger probe (3412).

Coupling probe 3814 to a 1.0 mm plate causes a 4.7% decrease in frequency 

whereas coupling probe 3412 to a similar plate produces a 2.7% decrease in 

frequency. Consequently, although the maximum thickness of the joint that can 

be examined is less with the smaller probe (3814) its sensitivity is greater 

than that of the larger probe (3412).

Some instruments used to find disbonds in a multilayer joint, such as the 210 

Bondtester manufactured by NDT Instruments, only measure the magnitude of 

response of a probe similar to the Fokker probe coupled to the joint rather 

than the resonant frequncies. Using this method, rather than measuring the 

change in frequency, it can become difficult to distinguish between disbonds 

and the undamaged structure (Li et al., 1982). The Fokker Bond Tester Mk II 

therefore tends to be more reliable than these instruments.

7 C onclusions

The frequencies of the first two modes of through thickness vibration for two 

Fokker Bond Tester probes (3412 and 3814) coupled to joints having a large 

range of adhesive stiffnesses have been predicted and measured, good 

agreement being obtained between the two sets of values.

Over a wide range of typical adhesive stiffnesses, the frequency of the first 

mode is independent of stiffness, and hence of adhesive modulus and 

thickness, and is equal to that of the probe on a plate of twice the adherend 

thickness. Consequently, no correlation can be made between cohesive strength 

and measured frequency.
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At lower adhesive stiffnesses, the measured and predicted frequencies are 

dependent on adhesive stiffness but it is not possible to distinguish between 

changes in modulus and thickness. At very low adhesive stiffnesses the 

frequency of the second mode tends towards that of the probe on a plate of the 

same thickness as the adherends.

Although the investigation reported here has concentrated on the operation of 

the Fokker Bond Tester, the results and conclusions are equally valid for any 

test based on monitoring the lower natural frequencies of a transducer coupled 

to a joint.

Adhesive thickness and modulus have different effects on joint strength, so 

joints with the same adhesive stiffness may not have the same cohesive 

strength. Therefore, even when the resonant frequencies are dependent on 

adhesive stiffness, since the stiffness change may be caused by changes in 

either adhesive modulus or thickness or both, it is not possible to obtain a 

unique correlation between the measured frequencies and cohesive strength. 

Hence, unless adhesive thickness is carefully controlled, or is measured 

independently, erroneous cohesive strength predictions will result.

It has been shown that unless the adhesive in a metal to metal joint has a low 

specific stiffness, and the bond line thickness is monitored independently, the 

Fokker Bond Tester is unlikely to give an accurate measure of the cohesive 

strength of a joint. Consequently, since many commonly used adhesives have 

moderately high specific stiffness, the Fokker Bond Tester cannot reliably be 

used to monitor the cohesive strength of joints made with these adhesives. In 

the absence of any other testing instrument which claims to detect poor 

cohesive properties, this means that the potential advantages of adhesive 

bonding cannot be fully realised. There is therefore a need for the development 

of alternative testing techniques such as ultrasonic spectroscopy.

The Fokker Bond Tester can, however, be used successfully to locate and 

determine the depths of disbonds in multi-layer joints, the minimum 

detectable disbond diameter being approximately equal to the diameter of the 

probe used. The technique is limited by the maximum thickness of the joint 

that can be examined. For aluminium adherends this was found to be around 2,0
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mm when using the smaller probe (3814) and around 3.5 mm when using the 

larger probe (3412). However, even larger probes are available (Rienks, 1972) 

which would enable thicker joints to be examined.
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Adhesive Type Measured Apparent
(see Appendix Modulus (E'2)

for details) GN/m2

B 7.2

C 3.6

Table 3.1 Measured Apparent Moduli of the
Adhesives
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PART THREE

ULTRASONIC SPECTROSCOPY



CHAPTER 4
Theoretical Model for the Propagation of a Pulse Through a Plain 

Plate at Small Angles of Incidence

1 In tro d u c tio n

In Chapters 2 and 3 the operation of the Fokker Bond Tester Mk II has been 

examined and its sensitivity to changes in adhesive modulus and thickness has 

been determined. It has been shown that the instrument is insensitive to 

changes in the adhesive modulus and thickness of typical sheet to sheet joints 

unless the adhesive has a very low specific stiffness (i.e. less than 1-2x104 

GN/m3).

It has also been shown that even when the instrument is used on joints of very 

low specific stiffness, it is only sensitive to the ratio of adhesive modulus to 

thickness i.e. the specific stiffness of the adhesive; consequently it is 

unlikely to give an adequate prediction of cohesive strength. Since most joints 

commonly used in engineering primary structure have specific stiffnesses of 

2 -3x104 G N/m 3 or greater, there is a need for the development of alternative 

testing techniques.

The most promising area for development is that of ultrasonic spectroscopy, 

see Chapter 1. This technique uses the same basic principle as the Fokker Bond 

Tester, in that it measures the through thickness resonant frequencies and 

amplitudes of resonant response of the joint, but it is able to monitor many 

more modes than the Fokker Bond Tester. Since each of these modes is 

dependent on adhesive thickness and modulus it is probable that the overall 

sensitivity would be better than the Fokker Bond Tester and that changes in 

modulus can be distinguished from those in thickness. However, to date, 

difficulties have been experienced in correlating the complex spectra with the 

cohesive properties of the joint (Lloyd et al., 1979; Rivenez, 1984).

Before investigating the use of u ltrasonic spectroscopy for the 

non-destructive evaluation of the cohesive properties of adhesive joints, it 

was decided to ensure that the ultrasonic vibration of a plain plate could be

page 106



measured and predicted satisfactorily. This required the development of a 

model to predict the behaviour of a pulse as it propagates through a plate, thus 

enabling the theoretical spectrum for the plate to be calculated.

2 Description of Pulse Propagation Model

The propagation of a pulse with a plane wave front through a flat plate 

immersed in liquid can be conveniently modelled by considering the 

propagation of a ray in a similar way to that done with optics (Bond and 

Saffari, 1984). It is assumed that a plane, longitudinal wave front in the liquid 

is incident at some small angle, 6, on the entire area of an infinitely wide 

plate of finite thickness, lA, which lies parallel to the x=0 plane, see figure 

4.1.

In practice, the structure of the ultrasonic pulse produced by a probe is likely 

to be more complex than the plane wave front (Weight and Hayman, 1978; 

Weight, 1984) assumed by the model. However, it will be seen (see Chapter 5) 

that this simple analysis provides an adequate model of the propagation of a 

pulse through a plate.

Following the interaction of the longitudinal wave front with the top boundary, 

and at an infinitesimal time 8t after the arrival of the incident wave front, at 

time t, three new wave fronts will have been generated (see for example 

Brekhovskikh, 1960; Graff, 1975), as shown in figure 4.2a. To calculate the 

amplitudes of the three new wave fronts relative to that of the incident wave 

it is convenient to consider the potential of the wave (Brekhovskikh, 1960). 

The pressure of a wave is given by the product of the acoustic potential

and the density of the medium in which the wave propagates, consequently the 

pressure amplitude of a wave is proportional to its potential amplitude. The 

subscript of the potential, i, refers to the direction of propagation of the wave

i.e. i=1 for waves propagating downwards and i=2 for waves propagating 

upwards, see figure 4.1.

The potential of the wave front incident on the top face of the plate, o ^ t) ,  can 

be written as a function of time as follows
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^ ( t )  = A1 exp . i [ K(y.sin e - x.cos 0) - cot ] (4.1)

where A1 is the amplitude of the wave, x and y are the cartesian coordinates 

perpendicular and parallel to the plane of the plate respectively, i = V-1, and k 

is the wave number defined as k = co/c where co is the angular frequency and c 

is the wave velocity in the liquid.

One of the three new wave fronts generated following the interaction of the 

longitudinal wave with the top face of the plate will be a reflected 

longitudinal wave in the liquid having an amplitude B1 and propagating at the

same angle (e) to the normal as the incident wave. The wave potential, o 2 

(t+8t), of this reflected wave is given by

<X>2 (t+5t) = B1 exp . i [ x:(y.sin e + x.cos 0 ) - cot ] (4.2)

The other two wave fronts propagate in the plate, one will be the transmitted 

longitudinal wave having an amplitude C1 and propagating at an angle eL to the

normal. The wave potential, o  1 (t+5t), of the transmitted longitudinal wave is 

given by

o 1 (t+5t) = C1 exp . i [ xjy.sin eL - x.cos 0L) - cot ] (4.3)

where kl is the wave number defined as kl = co/cLwhere cL is the longitudinal 

wave velocity in the plate.

The other wave front in the plate will be a shear wave, generated by mode 

conversion, having an amplitude D1 and propagating at an angle es to the

normal. The wave potential, ^ ( t+ S t) ,  of the transmitted shear wave is given 

by

^(t+St) = D1 exp . i [ Kg(y.sin 0S - x.cos 0S) - cot ] (4.4)

where ks is the wave number defined as ks = co/cs where cs is the shear wave
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velocity in the plate.

The directions of propagation of the longitudinal and shear waves, 0Land 0S, 

are given by Snell’s Law as follows

sin 0/c = sin 0L/cL = sin 0S /cs (4.5)

It can be shown that the amplitudes of the wave potential of the three new 

wave fronts (B1( Cr  and D.,), relative to that of the incident wave (A ^ are

equal to the reflection, Rjj( transmission, T-, and mode conversion 

efficiencies, T'-, for the interface and are given as follows (Brekhovskikh, 

1960)

R21 = B1/A1 = (ZLcos220s+Zssin220s-Z)/(ZLcos220s+Zssin220s+Z) (4.6)

= C1/A1 = (p/p^ . [ 2ZLcos20s /(Z Lcos220s+Zssin220s+Z)] (4.7)

= D1/A1 = - (p/p^ . [2ZLsin20s /(Z Lcos220s+ZgSin220g+Z)] (4.8)

where R21 and Tn  are the reflection and transmission coefficients of the

longitudinal wave respectively and T '^  is the transmission mode conversion

efficiency for longitudinal to shear waves. Z, ZL, and Zs are the acoustic

impedances for the liquid, and the longitudinal and shear waves in the plate 

respectively, and are given by

Z = pc/cos 0, ZL= p ^ /c o s e ^  Zs= p^g/COSOg (4.9)

where p is the density of the liquid, and p1 is the density of the plate. The

subscripts, i and j, of the reflection, and transmission coefficients and mode 

conversion efficiencies refer to the direction of propagation and the interface 

respectively. For example, i=1 for waves propagating downwards and i=2 for 

waves propagating upwards and j=1 at the top surface of the plate and j=2 at 

the bottom surface, see figure 4.1.
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At normal incidence when 6=0 eqns. (4.6-4.8) simplify to give

R21 = (Zl- Z ) / ( Z l+ Z) (4.10)

T-f-i = (p /P l) . [ 2 Z L / ( Z L + Z )] (4 .11)

= 0 (4.12)

From eqn. (4.12) it can be seen that no shear waves are generated in the plate 

at normal incidence.

When a longitudinal wave front within the plate, of amplitude A2, is incident, 

at an angle 0L, on the lower interface between the plate and the liquid (j=2), 

there are there are three further wave fronts generated, see figure 4.2b. One is 

the transmitted longitudinal wave in the liquid having an amplitude C2, and

propagating at an angle 0 to the normal. The other two wave fronts are in the 

plate, one being the reflected longitudinal wave having an amplitude B2, and

propagating at an angle 0L to the normal, and the other being the reflected 

shear wave having an amplitude D2, generated by mode conversion, and 

propagating at an angle 0S to the normal.

In a similar way to that shown above, the amplitude of the wave potential of 

the three new wave fronts (B2, C2, and D2), relative to that of the incident

longitudinal wave in the plate (A2), are given by

R22 = B2/A2 = (Z +ZsSin220S 'Z LCOs22es)/(ZLCOs220S+ZSSir|22eS+Z) (4.13)

T12 = Cg/Ag = (ccos 0L/CLCOS 0 COS220s ) . (1- R12) (4.14)

R 2 2 = Dg/Ag = (cs/cL)2. (sin 20L/COS 20s) . ( 1 - R12) (4.15)

where R22 and T12 are the reflection and transmission coefficients of the 

longitudinal wave respectively and R'22 is the reflection mode conversion 

efficiency for longitudinal waves to shear waves.
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When a shear wave front within the plate of amplitude A3 is incident, at an 

angle es , on the interface between the plate and the liquid there are three 

further wave fronts generated, see figure 4.2c. One is the transmitted 

longitudinal wave in the liquid having an amplitude C3, generated by mode

conversion and propagating at an angle 0 to the normal. The other two wave 

fronts are in the plate, one being the reflected shear wave with an amplitude 

B3, and propagating at an angle 0S to the normal. The other wave front in the 

plate is a reflected longitudinal wave having an amplitude D3, generated by 

mode conversion, and propagating at an angle eL to the normal.

Similarly, the amplitude of the wave potential of the three new wave fronts 

(B3, C3, and D3), relative to that of the incident shear wave (A3) in the plate, 

are given as follows :-

R*22 = B3/A3 = - (ZLcos220s-Zssin220s+Z)/(ZLcos220s+Zssin220s+Z) (4.16)

r i 2 = = (tan 0/ 2sin20s) . (1+ R*12) (4.17)

R"22 = Dg/A3 = - (cL/cs)2. (cos 20S/Sin 20L) . (1 + R*12) (4.18)

where R*22 is the reflection coefficient for shear waves, and T"12 and R"22 are

the transmission and reflection mode conversion efficiencies for shear to 

longitudinal waves respectively.

At normal incidence 0=0 and eqns. (4.13-4.18) simplify in a similar way to 

eqns. (4.6-4.8) and they show that there is no mode conversion between shear 

and longitudinal waves, or vice versa. Hence, at normal incidence, the 

reflection and transmission coefficients and the mode conversion efficiencies 

become:-

= (Z -Z L) /(Z L+Z) (4.19)

T12 = (c/cl) .[2 Z l /(Z l+Z)] (4.20)
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r , 22 ■ 0 (4.21)

D* _K 22 ~ -1 (4.22)

T 'l2 " 0 (4.23)

R 22 = 0 (4.24)

From consideration of the symmetry of the plate it can readily be shown that 

the reflection coefficient, R12, for a longitudinal wave incident on the lower 

face of the plate from the liquid (i.e. i=1 and j=2) is equal to the reflection 

coefficient (R21) for a similar wave at the upper face (i.e. with i=2 and j=1). A

sim ilar argument produces equalities for the other reflection and 

transmission coefficients and the mode conversion effciencies, thus giving the 

following expressions

R«  - ^22’ II '22' j-H II T 22’

11CM
0f R21. T12 = Tar R,ii = R 22-

R* „  =
D*H 22, T"l2 = T V R"i, = R 22

(4.25)

In practice it is useful to be able to determine the amplitude of the 

longitudinal waves or their acoustic pressure, in the liquid above and below 

the plate, as a function of time since this is what would be received by a 

transducer placed above or below the plate. As the acoustic pressure is 

proportional to the wave potential in the liquid, the response of a transducer 

placed above the plate is proportional to the wave potential in the liquid at the 

top face of the plate i.e. o 2(t+8t). Simarly, at the bottom face the response of 

the transducer is proportional to the wave potential in the liquid at the bottom 

face of the plate i.e. c>.,(t+8t).

At the top face of the plate the wave potentials of the emitted wave fronts, 

O^t+St), <J>2(t+8t), 'F 1 (t+8t), and 'F2(t+St), can be written (Brekhovskikh, 1960) 

as functions of the longitudinal and shear wave potentials incident on the 

interface (<!>.,(t), o 2(t), and ¥ 2(t)) as follows

®,(t+st) = 0 ,(1). T „  + ®2(t). R „  + <p2(t). R",, (4.26)
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<E>2(t+8t) + ®2(t).T 21 + v 2( t ) . - r 21 (4.27)

'F1 (t+St) -  • i M - f n + ®2<t). R ',, - >P2(t). R * „ (4.28)

^ (t+ S t) = 0 (4.29)

Sim ilarly, at the bottomi face o f the p late the potential of the emmited wave

fronts, O ^ t+ S t), <l>2(t+8t), ^ ( t+ S t ) ,  and ¥ 2(t+St}, can be written as follows :-

O^t+St) -  ® i(t)- T,2 + ®2(t).R 12 + v , ( t ) . r 12 (4.30)

0 2(t+8t) = ® 1(t).R 22 + ®2(tJ.Tz, + <r,(t). R"22 (4.31)

^  1 (t+5t) = 0 (4.32)

s y t+ s t) = ®,(t). R'22 + ®2( t) .T 22 - ^ ( t ) .  R * ^ (4.33)

The respective reflection and transmission coefficients and the mode 

conversion efficiencies for each interface are given by eqns. (4.6-4.8), 

(4 .1 3 -4 .1 5 ) and (4.16-4.18). Note that since the shear modulus and hence shear 

velocity in a liquid is zero, the potentials of the shear wave front in the liquid 

above and below the plate, is also zero, see eqn. (4.29) and (4.32).

At normal incidence eqns (4.26-4.29) and (4.30-4.33) simplify since the mode 

conversion efficiencies, given by eqns. (4.12), (4.21), (4.23), (4.24) are zero. In 

this case the wave potentials at the top face of the plate are given by

o 1 (t+St) = *,<«>■ T „ + <D2(t). R „ (4.34)

<J>2(t+8t) = ®,(t). r21 + <t>2(t). t 21 (4.35)

^(t+5t) = 0 (4.36)

and at the bottom face of the plate

®,(t+St) = ® ,( t ) .T 12 + ^>2^- R12 (4.37)

® 2(t+5t) = 4>,(t). + ^ ( t ) . ^ (4.38)

>P2(t+8t) = 0 (4.39)

Figure 4.3a shows schematically how an incident longitudinal pulse at normal
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incidence propagates through a 2.2 mm thick glass plate immersed in water. 

This shows the incident and emmited ray paths drawn at non-normal incidence 

for clarity. The magnitude of the longitudinal wave potential above and below 

the plate was calculated as a function of time by adding the incident wave 

potentials, using eqns. (4.34-4.35) and (4.37-4.38), at each instant that a wave 

front reached an interface of the plate. The material properties used to 

calculate the transmission and reflection coefficients and the mode 

conversion efficiencies are given in table 4.1.

The incident plane wave was modelled as pulse of unit magnitude and duration, 

T p. The amplitude of the pulse, Ap, as a function of time, is given by :-

for 0<t<Tp, Ap = sin 2 (7ct / Tp) and for t>Tp, Ap = 0 (4.40)

This shape of pulse has less energy at higher frequencies than a similar 

duration square pulse, consequently the problem of aliasing (Newland, 1984) 

could be avoided when the spectra of the echoes from the plate were 

calculated, see Section 3.

The calculated magnitude of the longitudinal wave potential above a 2.2 mm 

glass plate, as a function of time, and resulting from an incident pulse of 0.1 

ms duration, is plotted in figure 4.3b. The magnitude of the potential is 

proportional to that of the echoes received by a transducer in pulse echo mode 

(see Chapter 1). Similarly, the magnitude of the longitudinal wave potential 

below the plate, see figure 4.3c, is proportional to that of the echoes received 

by the receiving transducer in through transmission mode (see Chapter 1).

In the pulse echo case, the first echo from a plate is only dependent on R21

whereas subsequent echoes are dependent on R11f R22, Tn  and T21 (note that

Rn  = R 22 as explained above). When Z is less than ZL, as it is in the case for a

glass plate immersed in water, R21 is positive and Rn  (= R22) is negative, see

eqns (4.10) and (4.19). Since Tn  and T21 are always positive, all the echoes,

except the first one, are in negative phase. Hence, the first echo is opposite in 

phase to the subsequent ones in pulse echo mode.
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In the through transmission case, the echoes are only dependent on Tn  and T12, 

which are always positive, and (R22)n , where n=2,4,6 etc which is again 

always positive; consequently the phase of the echoes is the same.

Figure 4.4a shows a schematic representation of how a longitudinal wave 

pulse incident on a 2.2 mm glass plate at an angle of 2° generates longitudinal 

and shear waves within the plate. The magnitude of the longitudinal wave 

potential above and below the plate is shown in figures 4.4b and 4.4c and was 

calculated as a function of time by adding the incident wave potentials using 

eqns. (4.26-4.28), (4.30-4.31) and (4.33) in a similar way to that done at 

normal incidence.

When the angle of incidence is only 2°, the echoes received from the plate are 

still dominated by the reflection of the longitudinal wave within the plate and 

are similar to those obtained at normal incidence, see figure 4.3. However, 

even at these small angles of incidence, shear waves are generated by mode 

conversion of the longitudinal waves. Subsequently, the shear waves undergo 

another mode conversion back to longitudinal waves to form the additional 

echoes, 2a,2b etc and la, lla etc, shown in figure 4.4.

The arrival times of the calculated echoes are dependent on the times, TL and 

T s , taken for the longitudinal and shear waves to traverse the plate. These 

times are given by :-

Tl = lA/c L.cos eL 

Ts =  lA / cs. cos es

For example the second main longitudinal echo, labelled 2 on figure 4.4b, 

occurs at a time 2TL after the first echo (labelled 1) since it results from a

pulse that makes two traverses of the plate as a longitudinal wave. Figure 4.4a 

shows that the first echo received at the top of the plate resulting from mode 

conversion (labelled 2a), consists of the superposition of two pulses. One 

pulse is the result of mode conversion of the incident longitudinal wave to a 

shear wave at the top face followed by mode conversion back to give a 

reflected longitudinal wave at the bottom face. The second pulse is the result

(4.41)

(4.42)
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of mode conversion of the longitudinal wave at the bottom face to give a 

reflected shear wave followed by mode conversion at the top face to give the 

transmitted longitudinal wave. In both cases the pulse makes one traverse of 

the plate as a shear wave and one as a longitudinal wave, consequently they 

arrive at the top face of the plate at the same instant, at a time (TL+TS) after

the first main echo, when they are superimposed on each other to form a single 

echo.

The second echo (2b) resulting from mode conversion to be received at the top 

of the plate makes both traverses of the plate as a shear wave, see figure 

4.4b, and arrives at a time 2TS after the first main echo (1). The echo is the

result of mode conversion of the incident longitudinal wave at the top face of 

the plate to give a shear wave. The shear wave is reflected off the bottom of 

the plate and is then converted back to longitudinal wave at the top of the 

plate.

The predicted time history, in pulse echo mode, from a 1.6 mm thick aluminium 

plate immersed in water, caused by an incident plane wave at 2°, is shown in 

figure 4.5. The ratio between the longitudinal and shear velocities for 

aluminium is approximately 2:1, see table 4.1, compared with approximately 

1.7:1 for the glass plate shown in figure 4.4. Consequently, the transit time of 

a shear wave in aluminium, Ts , is approximately twice that of the longitudinal

wave, Tl , at small angles of incidence (i.e. TS«2TL).

The first mode converted echo (2a), received at the top face of the plate, now 

occurs approximately 3TL after the first echo (1) since it makes one traverse

of the plate as a shear wave and one as a longitudinal wave. Therefore the 

mode converted echo (2a) occurs approximately mid way between the second

(2) and third (3) main reflections which have made two and four traverses of 

the plate as longitudinal waves respectively.

The second mode converted echo, received at the top face of the plate, which 

makes two traverses of the plate as a shear wave is not seen in aluminium and 

other materials where the longitudinal wave velocity is approximately twice 

the shear wave velocity. This is because the mode converted echo arrives at 

the same time as the much larger main reflection (3).
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3 Spectra of the Predicted Longitudinal Wave Potentials

Figures 4.6a and 4.6b show the spectra produced from the Fourier Transform of 

the calculated time histories, shown in figures 4.3b and c, for a 2.2 mm glass 

plate at normal incidence, in pulse echo and through transmission modes 

respectively. The frequencies of the maxima and minima are identical, and are 

controlled by the the spacing between subsequent echoes in the time series. 

These frequencies, FLn, are those of the longitudinal or through thickness

resonances of the plate i.e. the deformation is predominantly perpendicular to 

the plane of the plate and are given by

F|_n = ncL/2lA with n=1,2,3... etc. (4.43)

where n is the number of the through thicknesss mode of the plate.

The resonances occur as maxima or minima depending on the phase 

relationship between the echoes in the time domain. When the echoes are of 

the same phase, as they are in the case of through transmission (figure 4.3c), 

the resonances occur as maxima in the frequency domain. When the first, much 

larger, echo (1) is in the opposite phase to the subsequent echoes, as it is in 

the case of pulse echo (see figure 4.3b), the resonances occur as minima in the 

frequency domain.

Figures 4.7a and b show the spectra of the calculated time histories, shown in 

figure 4.4, for the 2.2 mm glass plate at an angle of incidence of 2°. In this 

instance, in addition to the longitudinal, or through thickness modes, of the 

plate discussed above, and occuring at frequencies given by eqn. (4.43), there 

are also some shear modes of the plate which are excited by mode conversion.

The shear modes of the plate also involve through thickness deformation of the 

plate except that in this instance the deformation is parallel to the plane of 

the plate, rather than perpendicular to it as in the case of the longitudinal 

modes. However, since the deformation perpendicular to the plane of the plate 

is greater in the longitudinal modes than the shear modes the longitudinal 

modes are commonly refered to as simply through thickness modes. The 

deformed shapes of the plates (mode shapes) will be discussed in more detail 

in Section 4.
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The frequencies of the shear modes of the plate at normal incidence can be 

predicted, in a similar way to that used for the through thickness modes, and 

they occur at frequencies, Fsm , given by:-

Fsm = mcs/2lA with m=1,2,3... etc. (4.44)

where m is the number of the shear mode of the plate. It is important to note, 

however, that in this instance the shear modes of the plate are not excited at 

normal incidence since there is no mode conversion.

The frequencies given by eqns. (4.43) and (4.44) are also the frequencies of the 

asymptotes of the dispersion curves of a plate (see for example Fiorito et al., 

1979; Pitts et al., 1976 and Schoch, 1953), which occur at normal incidence 

(infinite phase velocity). Figure 4.8 shows the symmetric (eg. sr  s2 etc.) and

asymmetric (eg. av  a2 etc.) dispersion curves for a 1.6 mm thick aluminium

plate for angles of incidence up to 8°. The classification of the curves as 

symmetric and asymmetric refers to the deformation of the plate and is 

explained in greater detail in Section 4.

At small angles of incidence (0«2°), the spectra obtained from the predicted 

longitudinal wave potentials show that not all the shear modes of the plate, 

obtained from eqn. (4.44) or from the dispersion curves, are excited. For 

example, the spectra of the glass plate, see figures 4.7a and b, show that the 

shear modes of the plate given by eqn. (4.44) with m=5,10 etc. do not appear to 

be excited. Also, the shear modes with m=1,4,6,9,11 etc. are only weakly 

excited compared to the modes with m=2,3,7,8. It is possible that the shear 

modes with m=5,10 etc. are not seen in the spectra because they occur close 

to the longitudinal modes of the plate given by eqn. (4.43) with n=3,6, etc., see 

figure 4.7. However, the more strongly excited shear modes, that occur at 

frequencies given by eqn. (4.44) with m=2,3,7,8 etc., also occur close to the 

longitudinal modes of the plate i.e. those given by eqn. (4.43) with n=1,2,4,5 

etc.

The spectrum of the aluminium plate, see figure 4.9, also shows that some of 

the shear modes are not excited. In this instance the shear modes that occur at 

frequencies, given by eqn. (4.44) with m=4,8 do not appear to be excited and
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that the modes with m=1,3,5,7,9 are only weakly excited.

The longitudinal and shear modes of a plate that occur at non-normal angles of 

incidence can also be predicted by using the equations for the ratio of 

transmitted to incident energy given by Schoch, (1952) and Fiorito et al., 

(1979). These equations show (Izbicki et al., 1984 and Rothe, 1986) that the 

modes given by the dispersion curves are not all excited at small angles of 

incidence, in a similar way to that found with the predicted spectra shown in 

figures 4.7 and 4.9.

The shear modes of the plate described above are only excited because there is 

some mode conversion of the incident longitudinal wave to shear waves at 

non-normal incidence. If it were possible to excite the plate with a shear 

wave directly then it would be expected that all the shear modes of the plate 

would be excited.

4 Mode Shapes of the Plate

Figures 4.10a and 4.10b show the mode (deformed) shapes of an element from 

the cross section of the plate at the frequencies of the first longitudinal mode 

and first shear mode, given by eqns (4.43) and (4.44) with n and m=1 

(calculated using the technique described by Bishop and Johnson, 1960) . Here, 

ux represents the displacement perpendicular to the plane of the plate, or in a

through thickness direction, and uy represents the displacement parallel to the

plane of the plate or shear deformation. In both cases, the strain is given by 

the rate of change of displacement with distance (see for example Benham and 

Warnock, 1978); consequently the longitudinal strain is given by 3ux/5x and the

shear strain is given by [(3uy/3x) + (3ux/9y)]; however, in this instance 9ux/3y 

= 0 .

In the first longitudinal or through thickness mode of the plate, see figure 

4.10a, there is a node (point of zero motion) on the mid-plane of the plate, the 

displacement above this point being in anti-phase to that below it; 

consequently the deformation of the plate is symmetrical about its mid-plane 

in this mode.
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In the first shear mode of the plate see figure 4.10b, the node also lies on its 

mid-plane. However, since the shear displacements are in anti-phase above and 

below the mid-plane the deformation of the plate is asymmetric about its 

mid-plane in this mode.

The mode shapes of the plate at the frequencies of the second longitudinal and 

second shear mode given by eqns. (4.43) and (4.44) with n=2 and m=2, are 

shown in figures 4.11a and b respectively. The displacements in the 

longitudinal mode, see figure 4.11a, now have the same phase above and below 

the mid-plane of the plate, hence the deformation of the plate is asymmetric 

about its mid-plane in this mode. Although the displacements of the shear 

mode also have the same phase above and below the mid-plane of the plate, see 

figure 4.11b, the deformation of the plate is symmetric about its mid-plane in 

this mode.

Consequently, longitudinal modes of the plate given by eqn. (4.43) with n=1,3,5 

etc have deformation of the plate which is symmetric about about its 

mid-plane. However, the shear modes given by eqn. (4.44) with m=1,3,5 etc 

have deformation of the plate which is asymmetric about its mid-plane. 

Similarly, longitudinal modes of the plate given by eqn. (4.43) with n=2,4,6 etc 

have deformation of the plate which is asymmetric about about its mid-plane 

and the shear modes given by eqn. (4.44) with m=2,4,6 etc have deformation 

which is symmetric about its mid-plane.

When shown on a dispersion curve the modes of a plate are generally identified 

as either symmetric e.g. sv  s2 etc or asymmetric modes e.g. ar  a2 etc (Fiorito

et al., 1979; Pitts et al., 1976; Schoch, 1953). These modes of the plate are 

normally called Lamb modes. As can be seen in figure 4.8, which shows the 

Lamb modes for an 1.6 mm thick aluminium plate in vacuum, the first mode to 

occur (a.,) is asymptotic to the frequency of the shear mode, given by eqn.

(4.43) with m=1, which has asymmetric deformation about the mid-plane of 

the plate. The next two modes occur close together, the lower being the 

longitudinal mode (s.,) given by eqn. (4.42) with n=1, and the higher mode being

the shear mode (s2) given by eqn (4.43) with m=2, consequently both modes 

have deformation which is symmetric about the mid-plane of the plate.
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The fourth mode (a2) of the plate is a shear mode with m=3 and hence is an

asymmetric mode. The fifth and sixth modes (a3 and s3) of the plate occur

close together, see figure 4.8, and are longitudinal and shear modes with n=2 

and n=4 respectively. Consequently, the deformation is asymmetric in the fifth 

mode and symmetric in the sixth.

5 C onclusions

A model of the propagation of a pulse through plate at small angles of 

incidence has been developed so that the echoes received from a plate can be 

predicted, and the spectrum of the echoes calculated. This has shown that at 

zero incidence there is no mode conversion of the incident longitudinal wave 

to a shear wave, and that only the longitudinal or through thickness modes of 

the plate are excited. However, at non-normal incidence new echoes appear in 

the time domain, resulting from mode conversion of the longitudinal and shear 

waves at the surfaces of the plate. This mode conversion excites shear modes 

of the plate, in addition to the longitudinal modes found at normal incidence.

At small angles of incidence (e<2°) it has been shown that the frequencies of 

the longitudinal and shear modes of the plate can be approximated by using 

eqns. (4.43) and (4.44) respectively. These frequencies also represent the 

asymptotes of the dispersion curves. However, it was shown that some of the 

shear modes, given by eqn. (4.44) and the dispersion curves, were not found in 

the spectra predicted using the pulse propagation model. This result has also 

been verified by other authors (Izbicki et a!., 1984 and Rothe, 1986) by 

evaluating the ratio of incident to transmitted energy for the plate.

For a glass plate, the shear modes that were not excited at small angles of 

incidence are those given by eqn. (4.44) with m=5,10 etc, which correspond to 

the asymmetric Lamb modes a4 and a8 etc. For an aluminium plate it is the 

shear modes with m=4,8 etc which correspond to the symmetric Lamb modes 

s3 and s6 etc that are not excited at small angles of incidence.
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Material
Longitudinal 
Velocity (cL) 

m/s

Shear
Velocity (cs) 

m/s

Density 

(P orp ,) 
kg/m3

Ratio of 
Longitudinal

to Shear 
Velocity

glass 5770 3392 2440 1.701

aluminium 6342 3132 2720 2.025

water 1493 - 1000 -

Table 4.1 Material Properties

page 122



page 
123

T |
cqc
- tCD

2
0)
3CD
0)
<
CD
03TO
O
0)o3 ;
3*
Q
#-4*
IT
CD
2
0)
CD

c/>ozr(D
3
0)

o ’
UCDTO—iCD
(/>CD
3p#
0)
a n aO
3
O

1=1

J=2

X

#-

0

Incident Plane 
Wave

Direction o f 
propagation

I IA

Direction of Propagation of 
Reflected and Transmitted 

Wave Fronts

y
i=1 - downwards ({) 

i=2 - upwards ({)



II

Figure 4.2 Schematic Representation of
Mode Conversion at Non-Normal 
Angles of Incidence

page 124



04

04 1
<D

S 3S f*3 OBw « 
o> E

04

02

(b)
S §
I IO (0a. 5
p  a
tO c 
5 0) O T3 o —
<  g

(a)

(c)

—̂  04aS 3
S I7  O)(0 to 
o E

02

-04

I

1 A ./ v .

Figure 4.3 Echoes from 2.2mm Thick Glass
Plate at Normal Incidence (a) wave 
path in plate (drawn at non-normal 
incidence for clarity) (b) wave pattern 
in liquid above the plate (c) wave 
pattern in liquid below the plate

page 125

Time

Time



Figure 4.4 Echoes from 2.2mm Thick Glass
Plate at fl=2° (a) wave path in plate 
(drawn at arbitrary angle for clarity)
(b) wave pattern in liquid above plate
(c) wave pattern in liquid below plate
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Figure 4.9 Spectrum of Echoes from 1,6mm
Thick Aluminium Plate at fl=2° in 
pulse echo mode
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(a) through thickness or longitudinal mode

(b) shear mode

Figure 4.10 First Mode Shape of Plate
left hand view - through thickness 
deformation
right hand view - deformed shape of 
element from plate
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(a) through thickness or longitudinal mode

(b) shear mode

Figure 4.11 Second Mode Shape of Plate
left hand view - through thickness 
deformation
right hand view - deformed shape of 
element from plate
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CHAPTER 5
Experimental Results for a Plain Plate at Normal Incidence

1 In tro d u c tio n

Having predicted the echo pattern and corresponding spectrum which would be 

obtained in a test on a plain plate, it was then necessary to check the results 

experimentally.

2 Experimental Set-Up

Figure 5.1 shows a schematic diagram of the apparatus used to digitise the 

ultrasonic echoes from the specimen under test and to calculate the 

corresponding spectrum. The transducer was excited and the echoes received 

and amplified by a Panametrics PR 5052 pulser/receiver. The analogue 

bandwidth of the system was governed by that of the amplifier in the PR 5052 

which is uniform between 1kHz and 35MHz (-3dB points). The received signal 

was then monitored using a 60 MHz analogue oscilloscope and digitised using a 

LeCroy 9400 125 MHz digital oscilloscope. The number of digitised points 

depended on the sampling frequency used and the duration of the transient to 

be recorded; however, the digitised record, of length Td , would typically 

consist of 1,000 to 2,500 points at a 50MHz sampling rate.

The data was averaged in the time domain, the micro-computer being used to 

store and average the digital data the required number of times, typically 

between 20-50. The internal trigger of the digital osciloscope was used to 

trigger the system from the sharply rising first echo from the specimen, this 

precluded the possibilty of adding errors, due to fluctuations in the time 

between the synchronising pulses from the PR 5052 and the received echoes, 

to the averaged data. Errors resulting from trigger "jitter" within the digital 

osciloscope could not be avoided but were found to negligible.

The spectrum of the time history was carried out by performing ten zoom 

transforms (Thrane, 1980) on ten consecutive groups of 1,024 data points 

using a Bruel and Kjaer type 2033 digital spectrum analyser. An example of a 

complete 10,240 point time history, see figure 5.2, shows that it consists of
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the 1,000-2,500 digitised points (of duration Td) followed by zeroes, which

are added to produce the required data length. It is important to note that the 

ultrasonic echoes have diminished to zero well within the digitised record 

length (Td), thus making it possible to increase the number of points with 

zeroes without producing errors in the calculated spectrum.

The frequency resolution, 8f, of a digital spectrum is only dependent on the 

overall duration of the time record (T) that is transformed (Newland, 1984) 

and is given by

Sf = 1 /T = fg/N (5.1)

where N is the total number of points in the transform i.e. 10,240 and fs is the 

sampling frequency.

This shows that the frequency resolution is increased by increasing the 

duration of the time record. This can be achieved either by increasing the 

number of points in the transform or by decreasing the sampling frequency. 

However, if the sampling frequency is less than twice the maximum frequency 

at which there is significant energy in the spectrum, aliasing (Newland, 1984) 

of the spectrum will occur, giving invalid results. Table 5.1 gives the 

frequency resolution and bandwidth available at various sampling frequencies.

Figure 5.3 shows the frequency response of the transducer (10 MHz Nortec, 

unfocussed with a 1/4” diameter crystal) used for the experimental work. The 

frequency response was found by taking the spectrum of the top face echo 

from a large flat block at normal incidence, the block being placed 

approximately 90 mm from the face of the probe. A maximum occurs in the 

spectrum at approximately 7 MHz, but the probe produces significant energy 

between approximately 2 and 10 MHz (-10 dB points). Above approximately 12 

MHz there is negligble energy available meaning that the minimum sampling 

frequency that could be used with this probe, without aliasing of the spectrum 

occuring, was 25 MHz.
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3 Experimental Measured Time H istory from a Plain Plate at 

Normal Incidence

3.1 U ltrasonic Beam Structure

Figure 5.4a shows the echoes, from a 4.95 mm thick glass plate approximately 

100 mm square, measured using the set-up described in Section 2, with the 

probe 30 mm away from the plate, in pulse echo mode and at normal incidence. 

Each echo is clearly resolved, however, in addition to the main echoes (1,2,3 

etc.) expected at normal incidence there are also echoes that correspond to 

those predicted by assuming a plane wave incident at a shallow angle of 

incidence, see figure 4.4.

In practice an ultrasonic probe consisting of a circular disc of piezo electric 

crystal does not only produce a plane longitudinal wave as assumed by the 

pulse propagation model described in Chapter 4. Instead, the ultrasonic pulse 

structure is complicated by the presence of edge waves (Weight and Hayman, 

1978). Figure 5.5 shows the plane and edge waves at two instants as they 

propagate away from the transducer. The plane wave propagates into the 

cylindrical region directly in front of the probe, whilst the edge wave 

propagates as a toroidal shaped wave from the rim of the transducer.

Using a very small diameter (0.1-0.25mm) receiver, it is possible to resolve 

the plane and edge waves (Weight, 1984). However, when the pulse is is 

received by a second large probe the received signal is dominated by the effect 

of the plane wave (Ueda, 1981) and the edge wave is no longer separately 

resolved. Similarly, when the probe is used in pulse echo mode and the pulse 

is reflected off a flat target which is larger than the probe diameter, the 

received signal is also dominated by the effect of the plane wave.

For example, each main echo (1,2,3 etc. on figure 5.4a) from the glass plate, 

consists of a large bi-polar pulse followed by a smaller series of pulses. The 

large bi-polar pulse results from the reflection of the plane wave from the 

transducer, whereas the smaller pulses result from the reflected edge wave. 

While the plane wave can be normalised to the reflector or target, the edge 

wave is always at some angle of incidence to the reflector and hence can 

produce shear waves in the plate by mode conversion.
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The effective angle of the edge wave, ee, is approximately equal to the angle

between the plane wave and a line passing through the intersection of the edge 

waves on the centre line, point A on figure 5.5, and the intersection of an edge 

wave and the plane wave, point B on figure 5.5. Using this approximation it 

can be shown that the effective angle of incidence of the edge wave is 

approximately 7° for this probe at range of 30 mm.

As the probe to plate distance is increased, the effective angle of incidence of 

the edge wave is reduced and the wave front produced by the probe becomes a 

better approximation to a plane wave. Consequently, when the probe to plate 

distance is increased the magnitude of the shear waves in the plate are 

reduced, and the echoes, resulting from mode conversion are smaller.

Figure 5.4b shows the echoes from a glass plate using the same probe used for 

figure 5.4a but at a range of 120 mm. The calculated angle of the edge wave is 

now reduced to approximately 2°. Whilst the echoes resulting from mode 

conversion of the edge wave (2a, 2b, 3a etc) can still be seen, they are of a 

slightly smaller magnitude than those that occured at a range of 30 mm.

The relative arrival times of the main (e.g. 1, 2, 3 etc. in figure 5.4) and the 

mode converted echoes (e.g. 2a, 2b, 3a etc. in figure 5.4) are not particularly 

sensitive to changes in the angle of incidence. For example the shear transit 

time, Ts , in aluminium increases by approximately 3% when the angle of 

incidence increases from 2° to 7°, see eqn. (4.42).

Figure 5.6 shows the echoes from a 3.2 mm thick aluminium plate, with the 

probe at a range of 30 mm away from the plate, in pulse echo mode and at 

normal incidence. In addition to the main echoes (1,2,3 etc.) predicted at 

normal incidence there are also echoes (2a, 3a etc) that occur at times 

corresponding to those predicted by assuming a plane wave incident at a 

shallow angle of incidence, see figure 4.5.

4 E xperim enta lly  Measured__Spectra__of the Plain__Elate at

Normal Incidence

Figure 5.7 shows the spectrum of a 2.2 mm thick glass plate at normal 

incidence, together with the predicted frequencies of the longitudinal and
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shear modes of the plate given by eqns. (4.43) and (4.44). The probe to plate 

distance was approximately 90 mm, hence the effective angle, 0e, of the edge

wave was approximately 2°. Below approximately 2 MHz, the minima, 

corresponding to resonances of the plate, are not clearly resolved because they 

occur at frequencies that fall below the usable bandwidth of the transducer. 

However, figure 5.8 shows that in addition to the longitudinal modes of the 

plate that would be expected at normal incidence, there are also some shear 

modes.

The shear modes of the plate that are clearly excited occur at frequencies 

given by eqn. (4.44) with m=3,7,8, and 12 which is in good agreement with the 

results predicted by assuming an incident plane wave at an angle of 2°, see 

figure 4.7. This suggests that while the plane wave from the ultrasonic probe 

is mainly responsible for exciting the longitudinal modes of the plate the edge 

wave excites the shear modes, since it is incident at a non-normal angle of 

incidence.

Since the relative arrival times of the main and mode converted echoes are not 

particularly sensitive to changes in the angle of incidence, at angles close to 

normal incidence, the resonant frequencies of the plate are also fairly 

insensitive to changes in angle. This is clearly seen in the dispersion curves, 

see figure 4.8, there being relatively small changes in frequency (up to 8%) as 

the angle increases from 1° to 5°.

Figure 5.8 shows the spectrum of the echoes from a 1.6 mm thick aluminium 

plate at normal incidence, together with the predicted frequencies of the 

longitudinal and shear modes given by eqns (4.43) and (4.44). Figure 4.5 shows 

that there is good agreement between the positions of the shear modes, 

predicted assuming an incident plane wave at an angle of 2°, and the 

experimental measurements.

Figure 5.8 also shows that the apparent damping of the shear and longitudinal 

modes of the aluminium plate is different, the longitudinal modes having 

broader resonant peaks, and hence greater apparent damping, than the shear 

modes. Whilst the material damping of the aluminium plate will have some 

effect on the apparent damping its influence is negligible compared to the 

energy of the ultrasonic pulse that is lost when it is transmitted to or "leaks"
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into the water below the plate during its repeated reflections within the 

plate. This can be demonstrated by backing the plate with air when, since no 

energy will propagate across the bottom interface, most of the energy is 

reflected back to the transducer, the remainder being lost due to material 

damping. Consequently the echoes from the plate decay more slowly, as was 

demonstrated in Chapter 1 (see figure 1.12a).

When a longitudinal wave is incident on a plate the energy is initially all in 

the form of a longitudinal wave; however, following mode conversion, some of 

the energy is contained within the shear wave. As the longitudinal wave is 

repeatedly reflected, its energy decreases since some energy is lost to the 

water and some is converted to shear waves.

The energy in the shear waves intially increases, there being no shear waves 

present before the incident longitudinal wave and then begins to decrease 

slowly following the mode conversion back to longitudinal waves which "leak" 

into the water. The overall effect is for the average decay rate of the shear 

waves to be lower than that of the longitudinal waves; consequently the 

apparent damping of the shear modes is less than that of the longitudinal 

modes.

5 C onclusions

It has been shown that in practice both the longitudinal and shear modes of a 

plate are excited by a pulse from a transducer at normal incidence to the 

plate, whereas simple theory suggests that only the longitudinal modes are 

excited at normal incidence (see Chapter 4). The reason for this is that the 

pulse from a typical ultrasonic transducer does not consist of a plane wave 

alone, as is assumed by the simple theory, but is complicated by the presence 

of the edge wave which is incident on the plate at some small angle of 

incidence (typically 0e< 7°). Therefore, while the plane wave dominates the 

echoes in the time domain the effect of the edge wave is also seen.

The position of the echoes in the time domain, resulting from the mode 

conversion of the incident edge wave, e.g. echoes labelled 2a, 2b etc in figure

5.4, can be predicted using the pulse propagation model described in Chapter 4. 

It has been shown that there is good agreement between the predicted and
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experimentally measured positions of the echoes from the edge wave for both 

glass (see figures 4.4 and 5.4) and for aluminium plates (see figures 4.5 and

5.6) using this model. The model can also be used to show that the magnitude 

of the echoes from the edge wave decrease when the angle of incidence 

decreases which occurs when the transducer to plate distance is increased, 

see figures 5.4a and 5.4b.

There is also good agreement between the experimentally measured positions 

of the shear modes in the spectra for the glass and aluminium plate, that occur 

at normal incidence, and the corresponding spectra predicted by assuming an 

incident plane wave at an angle of incidence of 2°. It has also been shown that 

good approximations for the frequencies of the longitudinal and shear modes of 

the plate, measured at normal incidence, are obtained from eqns. (4.43) and 

(4.44). However, the experimentally measured and predicted spectra, (for 

example see the results for a glass plate, figures 5.7 and 4.7 respectively), 

show that there are some shear modes predicted by eqn (4.44) that are not 

excited at small angles of incidence.
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Frequency 
Resolution (8f)

kHz

Sampling 
Frequency (fs)

MHz

Nyquist
Frequency (fny) 

MHz

Bandwidth
(=0.4fs)

MHz

2.5 25 12.5 9

5 50 25 19

10 100 50 39

Table 5.1 Bandwidth and Frequency Resolution
of Fast Fourier Transform at Various 
Sampling Frequencies.
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Figure 5.2 Schematic Representation of Digitised
Data and "Added Zeroes"
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Figure 5.4 Echoes from a 4.95 mm Thick Glass
Plate in Pulse-Echo Mode (a) probe to 
plate distance 30 mm (b) probe to plate 
distance 120 mm
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Ultrasonic Probe

i

Figure 5.5 Idealised Representation of the Plane
and Edoe Waves from a 15 mm 
Diameter Transducer
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Figure 5.6 Echoes from a 3.2 mm Thick
Aluminium Plate in Pulse-Echo Mode
(probe to plate distance 30 mm)
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CHAPTER 6

Theoretical Model for the Ultrasonic Vibration Characteristics of

Adhesive Joints

1 In tro d u c tio n

In Chapters 4 and 5 it was shown that there was good agreement between the 

experimentally measured spectrum of a plain plate and the predictions using 

the pulse propagation model. In order to predict the frequencies of the 

longitudinal or through thickness modes of the joint it was decided to develop 

a simple receptance modefrather than the pulse propagation model. This was 

done because the receptance model is computationally more efficient than the 

pulse propagation model, especially when propagation through more than one 

layer is to be considered, as is the case in a joint. Also, a similar simple 

receptance model gave good agreement with the experimentally measured 

results in the analysis for the Fokker Bond Tester Mk II, see Chapter 3.

2 Description of the Receptance Model fo r the Joint

The joint was modelled as three solid cylinders in axial vibration joined

end-on, see figure 6.1. The lengths of the first and third cylinders, ^ and l3, 

are the thicknesses of the top and bottom adherends respectively, while the 

length of the second cylinder, l2, is the thickness of the adhesive. The

densities (p), loss factors (ri) and apparent moduli (E’) of the cylinders are 

those of the adherends or adhesive. The loss (damping) factor of the adhesives 

used in the predictions was taken as 0.05 (Adams and Coppendale, 1976). 

Since this is significantly greater than a typical value for the adherends, the 

damping of the system will be dominated by the adhesive and the exact value 

used for adherends is not critical. However, the loss factor for the adherends 

was assumed to be that for aluminium i.e. 0.001 (Lazan, 1968).

The effect of the water couplant on the response of the joint was not

modelled. The water has a similar effect on the natural frequencies of the

joint to that obtained by grounding the model shown in figure 6.1 via two very 

weak springs attatched to each adherend. It can readily be shown, Bishop and
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Johnson (I960), that this has a negligible effect on the resonant frequencies 

of the joint.

The water does increase the apparent vibration damping of the joint. This 

occurs because some of the energy from the ultrasonic pulse is lost when it is 

transmitted into the water below the plate, in a similar way to that described 

in Chapter 5 for a plain plate. However, the increase in apparent damping will 

not significantly change the measured resonant frequencies of the joint.

The model uses the same basic assumptions as the impedance model described 

by Brekhovskikh (1960) and used by Lloyd and Wadhawani (1978) to predict the 

response of the joint. However, in the receptance model the variables are more 

easily related to measurable properties and, more importantly, the mode or 

deformed shapes of the joint can readily be predicted, thus leading to a better 

understanding of the frequency response.

The natural frequencies, mode shapes and damping of the longitudinal modes of 

the complete system were found using receptance analysis (Bishop and 

Johnson, 1960) in a similar way to that used in the analysis of the Fokker Bond 

Tester, see Chapter 3. Figure 6.2 shows the natural frequencies of the first 

eleven longitudinal, or through thickness, modes of a system representing a 

typical joint used in the aerospace industry with 1.6 mm thick aluminium 

adherends and a high modulus (Young's Modulus = 4.6 GN/m2 and apparent 

modulus (E’2) = 7.2 GN/m2) adhesive as a function of adhesive thickness. At low

adhesive thicknesses (approximately 0.1 mm), the modes form pairs, except 

for the first mode which occurs on its own. Lloyd and Wadwhani (1978) 

referred to the first mode in each pair as the principal peak and the second as 

the satellite peak.

2.1 First Mode of the Joint

The predicted mode shapes were calculated using the method described by 

Bishop and Johnson (1960) and assume a unit displacement at the outer 

surface of the top adherend. Figure 6.3a shows the first mode of the joint 

with an adhesive thickness of 0.1 mm, the displacement ux being the motion in

the through thickness direction. The mode shape of the first through thickness 

mode of a plain plate having the same overall thickness as the joint and also
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assuming a unit displacement at its outer surface, is shown in figure 6.3b. As 

can be seen from the figures, the mode shape of the joint is similar to that of 

the plain plate except that in the joint, the strain, given by the rate of change 

of displacement with distance, 3ux/3x, is concentrated in the adhesive layer.

As the adhesive thickness is decreased, the discontinuity in the mode shape 

becomes less evident. At very low adhesive thicknesses (less than 0.01 mm) 

the natural frequency and mode shape of the joint approach those of a plain 

plate having the same overall thickness as the joint.

At adhesive thicknesses of less than approximately 0.7 mm with a high 

modulus adhesive, the stiffness of the adherends dominates the frequency of 

the first mode of the joint. At adhesive thicknesses greater than 0.7 mm the 

frequency of the first mode is no longer dominated by the stiffness of the 

adherends and it is possible to model the joint as two rigid masses vibrating 

in antiphase on a spring as suggested by Schliekelmann (1975). The resonant 

frequency, fm, of such a system is given as follows:-

fm= 2tc [ E'2 (l,+13) / (p I, l2l3 ) 11i* (6.1)

where l1t l3 are the thicknesses of the top and bottom adherends, p is their

density, E’2 is the apparent modulus of the adhesive, and l2 is the thickness of

the adhesive. Since the mass-spring-mass system has only one non-zero 

resonant frequency this model cannot be used to predict the resonant 

frequencies of the higher modes of the joint.

2.2 Higher Modes of the Joint

The pairing of modes at low adhesive thickness can be explained by examining 

the corresponding predicted mode shapes of the joint. The second and third 

mode shapes of the joint with an adhesive thickness of 0.1 mm are shown in 

figures 6.4a and 6.4b respectively. Even at low adhesive thicknesses, the 

adhesive is still the major flexibility in the system since the modulus of the 

adherends is at least an order of magnitude higher than that of the adhesive. 

The major difference between the two mode shapes is that in the second mode 

there is no significant strain in the adhesive while in the third mode there is a 

rapid change of displacement, and hence high strain, across the adhesive. In
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this instance, the calculated strain energy in the adhesive is approximately 

five hundred times greater in the third mode than in the second. However, the 

strain energy in the adherends is at least twice that in the adhesive in both 

modes so it is the adherends which primarily govern the resonant frequencies 

of the joint. Since the adherends have a similar deformed shape in each of

these modes the natural frequencies of the second and third modes of the joint

occur close together.

At very low adhesive thicknesses (less than 0.01 mm) the adhesive is no 

longer the major flexiblity of the system and the modes are no longer paired. 

Instead, the frequency of the second mode of the joint approaches that of the 

second mode of a plain plate having the same overall thickness as the joint. 

Similarly the frequency of the third mode of the joint approaches that of the 

third mode of a plain plate having the same overall thickness as the joint.

As the adhesive thickness is increased (to above 0.1 mm) the frequencies of

all the modes of the joint decrease and the mode pairing ceases to occur, as

shown in figure 6.2. The reason for this can also be explained by examining the 

corresponding mode shapes of the joint. Figure 6.5a and 6.5b show the fourth 

and fifth mode shapes of the joint with an adhesive thickness of 0.1 mm which 

occur as a pair (see figure 6.2). Except for the increased strain in the adhesive 

in the fifth mode compared with the fourth mode the two shapes are similar, 

the deformed shape of the adherends in both modes corresponding to that of 

the second mode of a single adherend.

Figures 6.6a and 6.6b show the fourth and fifth mode shapes with an adhesive 

thickness of 0.4 mm, however, note that there is a significant difference in 

the scales of the two figures. In the fifth mode the deformed shape of the 

adherend, which largely determines the frequency of the mode, remains the 

same as the adhesive thickness is increased. Hence, the resonant frequency of 

the fifth mode is practically independent of adhesive thickness between 0.1 

and 0.4 mm. In the fourth mode, however, the deformed shape of the adherend 

changes significantly as the adhesive thickness is increased. There is also a 

substantial increase in strain in the adhesive, the calculated total strain 

energy in the adhesive increasing by a factor of approximately 400 as the 

adhesive thickness increases from 0.1 to 0.4 mm.. The deformed shape of the 

adhesive now becomes a significant factor in determining the resonant
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frequency of the joint, (the strain energy in the adhesive now being 

approximately three times that in the adherend), and the fourth and fifth mode 

of the joint are no longer paired, see figure 6.2.

Figure 6.7a, b and c show respectively the predicted mode shapes for the 

second, third and fourth modes of the joint with an adhesive thickness of 0.69 

mm. As can be seen from figures 6.7c and 6.6a, the fourth mode shape of the 

joint changes significantly as the adhesive thickness is increased from 0.4 to

0.69 mm. The calculated strain energy in the adhesive decreases by a factor of 

approximately 5 and the deformed shape of the adherend now approaches that 

of the mode shape of the first mode of a single adherend alone. The frequency 

of the fourth mode, which is again largely determined by deformed shape of 

the adherends, now approaches that of the second and third modes of the joint 

which share a similar adherend deformed shape, see figure 6.7a and b.

3 Predicted Changes In Damping of the Joint

The damping of a particular mode was calculated from the width of the 

resonance peak at the half power points. A convenient method of expressing 

the damping, in moderately damped systems such as this, is to use the Q factor 

which is defined as, see Ewins, (1985)

Q - V W  <6-2>

where fn is the resonant frequency of the joint, and fn1 and fn2 are the

frequencies of the half power points i.e. the points with an amplitude 6 dB 

below the resonant peak. Therefore as the damping, and hence resonant 

bandwidth increases, the Q factor decreases. The frequency interval between 

calculated points on the receptance curve was approximately 2 KHz and the 

bandwidth at the half power points was typically greater than 30 KHz. 

Therefore there were at least fifteen calculated points around the resonant 

peak.

The calculated Q factor of the fourth mode is shown as a function of adhesive 

thickness in Table 6.1. This shows that the damping increases as the adhesive 

thickness is increased to 0.4 mm and that it then decreases slightly as the 

thickness is increased further to 0.69 mm. This change in damping is due to a
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change in energy dissipated in the adhesive and can be explained by examining 

the corresponding mode shapes of the joint.

The calculated mode shape of the fourth mode, with an adhesive thickness of

0.1 mm, see figure 6.5a, shows that there is very little strain in the adhesive, 

the calculated strain energy in the adherends being approximately 200 times 

greater than that in the adhesive. Consequently there is very little energy 

dissipated in the adhesive and the damping of the mode is low (the Q factor is 

530).

There is a significant increase in the strain in the adhesive of this mode as 

the adhesive thickness is increased to 0.4 mm, see figure 6.6a. This is

accompanied by a large increase in damping, the Q factor for this mode 

reducing to 20. As the adhesive thickness is increased further to 0.69 mm the 

strain in the adhesive reduces, see figure 6.7c, and the Q factor increases 

slightly to 25.

4 Dependence of Resonant Frequencies on Specific Stiffness

So far, only the effect of changes in the thickness of a particular adhesive on 

the resonant frequencies of the joint have been considered; it is now 

important to examine the effect of adhesive modulus changes. Figure 6.8 

shows the resonant frequency of the first five modes of an adhesive joint with

1.6 mm thick adherends as a function of specific adhesive stiffness, Es , which 

is defined as

Es = E y i2 (6.3)

where E'2 and l2 are the apparent modulus and the thickness of the adhesive

respectively. In figure 6.8 two sets of curves are shown, one representing the 

typical high modulus adhesive used for the predictions in Section 2 and the 

other curve a typical low modulus (Young's modulus = 0.7 GN/m2 apparent 

modulus (E’2) = 3.6 GN/m2 ) gap filling adhesive. Figure 6.8 shows that, apart

from the first mode of the joint, the resonant frequencies are not purely 

dependent on specific stiffness, but are dependent on adhesive modulus and 

adhesive thickness separately. However, reducing the modulus at constant
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adhesive thickness, or increasing adhesive thickness at constant modulus both 

cause a decrease in the resonant frequencies of all the modes.

Over the ranges of adhesive modulus and thickness considered here, the first 

mode is dependent on specific stiffness alone since the two curves 

representing the different adhesive moduli are coincident, see figure 6.8. In 

this instance, increasing adhesive thickness has exactly the same effect as 

decreasing the modulus by the same percentage.

Since the higher resonant frequencies of the joint are dependent on adhesive 

modulus and thickness separately, provided the resonant frequencies of at 

least two modes (apart from the first mode) are measured, it should be 

possible to distinguish a change in adhesive modulus from a change in adhesive 

thickness.

In contrast, the Fokker Bond Tester, which was discussed in Chapters 2 and 3, 

monitors the resonant frequencies of the first two modes of a probe coupled to 

the joint. It was shown that the frequencies of both these modes are 

practically independent of either modulus or thickness, except when the 

specific stiffness of is very low. At such low specific adhesive stiffnesses 

the Fokker Bond Tester is not sensitive to modulus and thickness separately, 

but to the ratio of adhesive modulus to thickness i.e. to the specific stiffness. 

Consequently, the instrument is not able to distinguish a change in adhesive 

thickness from a change in modulus.

5 Other Factors which Influence the Resonant Frequency of 

a Joint

The resonant frequency of a joint is also dependent on the thickness of the 

adherends, an increase in their thickness causing a decrease in the resonant 

frequencies of all the modes. However, the resonant frequencies have a similar 

general dependence on specific adhesive stiffness to that shown in Figure 6.8 

for a joint with 1.6 mm adherends.

The change in frequency of a particular mode produced by a change in thickness 

of the adherends also depends on the adhesive stiffness. When the specific 

adhesive stiffness is high (greater than approximately 5x104 G N /m 3) the
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frequency response of the joint is dominated by the thickness of the 

adherends, and resonant frequencies approach the asymptotes given by eqn.

(4.43) and described in Section 2. Consequently, when the adherend thickness 

is doubled the overall joint thickness is also approximately doubled and the 

frequency of each mode is roughly halved.

As the specific adhesive stiffness reduces (less than approximately 2x104 

G N/m 3) the resonant frequencies of the joint are no longer dominated by the 

adherends and the dependence of the resonant frequencies of the joint on the 

adherend thickness becomes more complex.

The above analysis has also assumed that the top and bottom adherends are the 

same thickness; if the adherend thicknesses are not equal the frequency 

response of the joint is more complex. The mode pairing described in Section

2.2, which occurs at low adhesive thicknesses, does not occur in the same 

regular pattern. However, mode pairing will occur when the deformed shapes 

of the adherends in consecutive modes are similar.

In practice the thickness of the adherends are likely to be known, and to be 

uniform over the area to be tested. Consequently changes in the measured 

spectrum will only result from changes in the properties of the adhesive layer.

Changes in the density of the adhesive layer have a negligble effect on the 

resonant frequencies of the joint compared with the variations produced by 

changes in adhesive modulus and thickness. This occurs because the mass of 

the adhesive layer does not have major effect in determining the resonant 

frequency of the joint. However, the actual change in resonant frequency due 

to a variation in adhesive density depends on the adhesive thickness and the 

mode of the joint. For example larger changes in frequency occur at greater 

adhesive thicknesses and when there is more deformation in the adhesive. A 

10% increase in adhesive density causes an increase in the frequency of the 

first mode of approximately 4%.

The frequency of the higher modes of the joint are much less sensitive to 

changes in adhesive density, a 10% change causing less than 0.5% change in any 

of the modes below 10 MHz.
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6 Conclusions

A simple receptance model has been used to show how the first eleven through 

thickness modes a typical joint, with 1.6 mm thick aluminium adherends and a 

high modulus adhesive, are dependent upon the adhesive thickness. The 

frequency of each mode was predicted to decrease when the adhesive 

thickness is increased. Similarly, it has been shown that a reduction in 

adhesive modulus also reduces the frequency of each mode.

Apart from the first mode, the resonant frequencies of joint are not dependent 

on the specific stiffness of the adhesive alone, but on the modulus and 

thickness of the adhesive separately. Consequently, by measuring the 

frequency of at least two modes (apart from the first mode) it should be 

possible to distinguish changes in adhesive modulus from variations in 

adhesive thickness. This is important if the method is to be used to monitor 

the cohesive properties of adhesive joints.
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Adhesive 
Thickness (l2)

mm

Q

Factor

Calculated Total Strain 
Energy in the Adhesive

(relative to that at an 
Adhesive thickness of 0.1 mm)

0.1 530 1

0.4 20 390

0.7 25 84

Table 6.1 Predicted Q Factor of the Fourth
Mode for Various Thicknesses of 
Adhesive
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Top
Adherend

Adhesive Bottom
Adherend

Figure 6.1 Schematic Representation of Model 
used for the Reception Analysis
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Figure 6.2 Frequency of First Eleven Through
Thickness or Longitudinal Modes of a 
Joint as a Function of Adhesive 
Thickness (1.6 mm thick aluminium 
adherends)
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Adhesive

Figure 6.3 First Longitudinal or Through
Thickness Mode Shapes (a) joint with 
0.1 mm thick adhesive (b) plain plate having 
same overall thickness as the joint
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Adhesive

(b)

Adhesive

Figure 6.4 Longitudinal or Through Thickness
Mode Shapes of a Joint with 0.1 mm 
Thick Adhesive lal second mode (b) third 
mode
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Adhesive

(b)

Adhesive

Figure 6.5 Longitudinal or Through Thickness
Mode Shapes of a Joint with 0.1 mm 
Thick Adhesive fa) fourth mode (b) fifth 
mode
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Adhesive

Figure

(a)

(b)

Adhesive

6.6 Longitudinal or Through Thickness 
Mode Shapes of a Joint with 0.4 mm 
Thick Adhesive (a) fourth mode (b) fifth 
mode
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Adhesive

Figure 6.7 Longitudinal or Through Thickness
Mode Shapes of a Joint with 0.69 mm 
Thick Adhesive (a) second mode (b) third 
mode (c) fourth mode
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CHAPTER 7
Experimentally Measured Spectra of Adhesive Joints

1 In tro d u c tio n

The resonant frequencies of two sets of joints were measured over a wide 

range of adhesive thicknesses using ultrasonic spectroscopy. The specimens 

used were single lap joints with nominally 1.6 mm thick aluminium adherends 

which were prepared by grit blasting and degreasing, making them similar to 

the joints used in the investigation of the Fokker Bond Tester; details of the 

adhesives used are given in the Appendix. A typical high modulus epoxy, which 

would be specified for joints designed to carry high stresses, was used for one 

set of joints, a rubbery gap filling adhesive being used for the other set. 

Variations in adhesive thickness were obtained by shimming the joint while it 

cured.

Two ultrasonic probes were used to test the joints because the bandwidth of 

the probe described in Chapter 5 (10 MHz Nortec), and used for the work on the 

plain plate, was insufficient to excite the first mode of the joint which occurs 

at a frequency of 0.3 to 0.75 MHz. The second probe (a Wells Krautkramer H1N) 

had a centre frequency of approximately 1 MHz and a useable bandwidth (20 dB 

below the maximum) of approximately 0.3 to 1.75 MHz, see figure 7.1. It could 

therefore be used to excite modes of the joint below the useable bandwidth of 

the higher frequency probe.

Both probes were used in pulse echo mode with the same set-up described in 

Chapter 5, the probe to joint distance being approximately 90 mm. Figures 7.2 

and 7.3 show the measured time histories from a typical joint with 1.6 mm 

thick aluminium adherends using the low frequency probe (H1N) and the high 

frequency probe (10 MHz Nortec) respectively. Even when the higher frequency 

probe was used it was not possible to resolve the echoes from the top of the 

joint and the top adhesive.

Some authors (Lloyd and Wadhawani, 1978) suggest editing the digitised data 

from the joint by removing the large echo from the top of the joint that is in 

anti-phase to the other main echoes. The resonant frequencies of the joint
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then appear as maxima in the spectrum since the main echoes then have the 

same phase.

However, as there was no clear distinction in the time domain between the 

echo from the top face and the subsequent echoes, the top face echo could not 

be edited accurately from the remaining echoes. Consequently, the spectrum 

was calculated without editing the digitised data and the resonant frequencies 

of the joint occured as minima in the spectra, see Chapter 4.

2 Through Thickness Modes of the Joint

2.1 Dependence of the Resonant Frequencies of a Joint on the 

Adhesive Thickness

Figure 7.4 shows the predicted and measured frequencies of the first eleven 

through thickness modes of the single lap joints as a function of adhesive 

thickness. The joints were made with 1.6 mm thick adherends and a high 

modulus adhesive (Type B, apparent modulus = 7.2 GN/m2, see the Appendix). 

The adhesive thickness of each joint was determined from the overall joint 

thickness in the area where the test was carried out.

The resonant frequencies of the first mode were determined using the lower 

frequency probe (HIN) whereas the frequencies of the second mode and above 

were obtained using the higher frequency probe (10 MHz Nortec). Figure 7.4 

shows that there is very good agreement between the predicted and measured 

values of the through thickness resonant frequencies of the joint. There are 

less points shown for the first mode than for the higher modes because 

measurements were only taken at one position in the overlap of the joint. 

Measurements for the higher modes were typically taken at three positions 

within the overlap.

Figure 7.5a shows the spectrum, using the high frequency probe, of a typical 

joint with an adhesive thickness of 0.43 mm. Figure 7.5b shows the spectrum 

of a similar joint but with an adhesive thickness of 0.53 mm. The frequency of 

each mode shown in figure 7.5b is less than that of the corresponding mode 

shown in figure 7.5a owing to the increase in thickness of the adhesive. For 

example the tenth mode occurs at a frequency of 7.85 MHz in figure 7.5a this 

then decreases to 7.17 MHz when the adhesive thickness is increased to 0.53
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mm (see figure 7.5b). As the adhesive thickness is increased further, to 0.62 

mm, the frequency of the tenth mode decreases to 6.55 MHz, see figure 7.5c.

Figure 7.6 shows the predicted and measured frequencies of the first eleven 

through thickness modes of the joints made with the low modulus adhesive 

(Type C, apparent modulus = 3.6 GN/m2, see the Appendix) as a function of 

adhesive thickness. This shows that for a given adhesive thickness, the 

resonant frequency of each mode is lower than that made with the high 

modulus adhesive, see figure 7.4. For example, when the adhesive thickness is 

0.43 mm the tenth mode occurs at 6.38 MHz in the case of the low modulus 

adhesive, and at 7.85 MHz in the case of the high modulus adhesive.

To demonstrate the effect of a change in adherend thickness, figure 7.7 shows 

the predicted and experimentally measured through thickness resonant 

frequencies of single lap joints made with the high modulus adhesive and 1.55 

mm thick adherends in the range of adhesive thickness of 0.1 to 0.2 mm. The 

solid curve represents the predicted frequencies for the joints with 1.55 mm 

thick adherends while the dashed line shows the frequencies for the 1.6 mm 

thick adherends. Figure 7.7 shows that there is good agreement between the 

predicted and measured values of the resonant frequencies for both 

thicknesses of adherend. In addition, figure 7.7 shows that the approximately 

3% decrease in thickness of the adherends causes a similar increase in the 

resonant frequency of all the modes of the joint in this thickness range.

2.2  Damp in g

In addition to showing how the frequency of the modes change adhesive 

thickness, figure 7.5 also shows how the apparent damping or widths of the 

resonant peaks change with adhesive thickness. For example, there is a large 

increase in the resonant width, and hence damping, of the tenth mode, when 

the thickness is increased from 0.43 to 0.53 mm, see figure 7.5a and 7.5b. 

However, when the thickness is increased further to 0.62 mm, see figure 7.5c, 

the resonant width of the tenth mode does not change significantly.

The spectra shown in figure 7.5 were produced using a sampling frequency of 

50 MHz, hence the spacing between the spectral lines is approximately 5 KHz, 

see table 5.1. Therefore, there are at least ten measured points between the
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half power points of each minima seen in figure 7.5, so the observed changes 

in resonant width are not simply due to inadequate frequency resolution being 

employed.

The change in damping with thickness is due to a change in the strain energy in 

the adhesive and can be explained by examining the corresponding mode shapes 

of the joint, see figure 7.8. In the case of the tenth mode the calculated strain 

energy in the adhesive increases by a factor of approximately 15 when the 

adhesive thickness increases from 0.43 to 0.53 mm. When the adhesive 

thickness is increased further to 0.62 mm the strain energy in the adhesive is 

approximately halved.

Table 7.1 shows how the predicted damping (Q factor) of the tenth mode, 

calculated using the method described in Chapter 6, changes as the adhesive 

thickness is increased. This shows that there is good agreement between the 

observed changes in damping of the tenth mode and the predicted values, e.g. 

the predicted Q factor decreases from 256 to 62 when the adhesive thickness 

is increased from 0.43 to 0.53 mm.

Other modes of the joint, for example the twelfth (see figure 7.5), show a 

decrease in apparent damping as the adhesive thickness decreases. This is 

also explained by a change in the strain energy in the adhesive, the strain 

energy in the twelth mode decreasing as the adhesive thickness increases 

from 0.43 to 0.62 mm.

2.3 Dependence of the Resonant Frequencies of the Joint on its

Cohesive _ Propei lies
2.3.1 First Mode of the Joint

Figure 7.9 shows the predicted and measured resonant frequency of the first 

mode of the joint as a function of specific adhesive stiffness, the 

experimental results representing data from joints made with both a high and 

low modulus adhesive. The specific stiffness, Es , of the joint was calculated

from the independently measured apparent modulus and the thickness; the 

adhesive thickness was determined by measuring the overall joint thickness 

and subtracting the adherend thicknesses.

page 171



It was shown in Chapter 6 that the first through thickness resonant frequency 

of the joint is not dependent on the adhesive thickness and modulus separately 

but on the specific adhesive stiffness, defined as the ratio of the apparent 

adhesive modulus to its thickness. Figure 7.9 shows that there is good 

agreement between the measured frequencies of the first mode and the 

frequencies predicted using the receptance model described in Chapter 6. In 

particular, the measured resonant frequencies of the joints made with the 

different adhesive moduli fall on the same curve.

The chain line seen in figure 7.9 represents the resonant frequency of the 

mass-spring-mass model for the first mode of the joint given by eqn. (6.1). 

This shows that at low specific stiffnesses (less than 104 GN/m3) there is 

good agreement between the two models: the mass-spring-mass model gives 

frequencies that are less than 5% higher than those given by the receptance 

model. However, at higher adhesive stiffnesses, (greater than 104 GN/m3), the 

mass-spring-mass model gives frequencies that are significantly higher than 

the receptance model. This occurs because the adherends do not behave as 

rigid masses at specific adhesive stiffness greater than 104 GN/m3, and the 

adherend stiffness influences the resonant frequency of the mode. Indeed, at 

very high adhesive stiffness (greater than approximately 106 GN/m3) the 

resonant frequency of the first mode approaches that of the first mode of a 

plain plate having the same overall thickness as the joint (approximately 1 

MHz in this case).

2.3.2 Higher Modes of the Joint

Figure 7.10 shows the results, for the sixth and seventh modes, seen in figure

7.4 and 7.6 plotted as a function of specific stiffness instead of thickness. 

The specific stiffness of each joint was calculated from the measured 

apparent adhesive modulus and thickness in a similar way to that described 

above for the first mode of the joint.

As can be seen from figure 7.10, there is good agreement between the 

measured resonant frequencies of the joint and those predicted using the 

receptance model described in Chapter 6 for both values of modulus. The other 

measured modes of the joint also show good agreement with predicted 

frequencies, (see figure 6.8) but for clarity have not been shown in figure 7.10.
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Figure 7.10 also shows that the resonant frequencies of joints having the same 

specific stiffness, but having different adhesive moduli and thicknesses, are 

not the same. Consequently it should be possible to distinguish changes in 

adhesive thickness from those in adhesive modulus by measuring the 

frequencies of the higher modes of the joint.

3 Shear Modes of the Joint

Although the experimental work was done with the probe at normal incidence, 

the probes used generated edge waves which have been shown to excite shear 

modes of the component under test even at normal incidence, see Chapter 5. 

Consequently, in addition to the through thickness modes of the joint seen in 

figures 7.5a-c there are also some shear modes of the joint, marked SA, SB.

The frequencies of the shear modes of the joint can be predicted using the 

same model as that used to predict the longitudinal or through thickness 

modes of the joint described in Chapter 6, the apparent shear moduli of the 

adhesive and adherend being used instead of the apparent longitudinal moduli. 

However, in practice, only two of the predicted shear modes are clearly seen 

in the measured spectra, and it is likely that these appear because they 

involve a neglible amount of shear deformation in the adhesive, and hence are 

relatively lightly damped. The shear modes of the joint that involve larger 

amounts of shear deformation are likely to be heavily damped since the 

material damping is greater for the shear modes than the longitudinal modes 

(Madigosky and Fiorito, 1979).

4 C onclusions

It has been shown that there is good agreement between the measured 

resonant frequencies of the through thickness modes of a joint and the 

predicted values obtained from the receptance model described in Chapter 6. 

The model has also been used to explain qualitatively the changes in apparent 

damping of the resonances that occur as the adhesive stiffness changes.

The results in the first mode show that its resonant frequency is only 

dependent on the specific stiffness of the adhesive i.e. a given percentage 

increase in adhesive thickness has exactly the same effect as a given
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percentage decrease in modulus (see Chapter 6). It has been demonstrated that, 

apart from the first mode, the measured resonant frequencies of the joint are 

dependent on the adhesive modulus and stiffness separately. Therefore, the 

results confirm that ultrasonic spectroscopy should be able to distinguish 

changes in adhesive thickness from those in modulus whereas the Fokker Bond 

Tester cannot, see Chapters 2 and 3.

page 174



Adhesive 
Thickness (12)

mm

Q

Factor

Calculated Total Strain 
Energy in the Adhesive

(relative to that at an 
Adhesive thickness of 0.43 mm)

0.43 256 1

0.53 62 15.5

0.62 92 6.7

Table 7.1 Predicted Q Factor of the Tenth Mode
for Various Thicknesses of the 
Adhesive
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Figure 7.1 Frequency Response of 1 MHz
Krautkramer Transducer
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Figure 7.2 Measured Time History from a Joint
having =0.2 mm Thick Adhesive using 
the 1 MHz Probe (1.6 mm thick adherends)
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Figure 7.3 Measured Time History from a Joint
having =0.2 mm Thick Adhesive using 
the 10 MHz Probe f1.6 mm thick 
adherends)
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Figure 7.4 Measured Frequency of First Eleven
Through Thickness Modes of a Joint as 
a Function of Adhesive Thickness
(1.6 mm thick aluminium adherends and 
apparent adhesive modulus of 7.2 GN/m2)
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Figure 7.5 Examples of Measured Spectra (1.6mm 
thick aluminium adherends and apparent 
adhesive modulus of 7.9 GN/m2)
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Figure 7.6 Measured Frequency of First Eleven
Through Thickness Modes of a Joint as 
a Function of Adhesive Thickness
(1.6 mm thick aluminium adherends and 
apparent adhesive modulus of 3.6 GN/m2)
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Figure 7.7 Measured Frequency of First Eleven
Through Thickness Modes of a Joint as 
a Function of Adhesive Thickness
(apparent adhesive modulus of 7.2 GN/m2)
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Adhesive

Figure 7.8 Longitudinal or Through Thickness
Mode Shapes of Joint (a) 0.43 mm thick 
adhesive (b) 0.53mm thick adhesive 
(c) 0.62 mm thick adhesive
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Figure 7.9 Frequency of First Through Thickness
Mode of the Joint as a Function of 
Specific Adhesive Stiffness
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Figure 7.10 Frequency of Sixth and Seventh
Through Thickness Modes of the Joint 
as a Function of Specific Adhesive 
Thickness
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CHAPTER 8
Estimation of the Adhesive Modulus and Thickness from the 

Measured Resonant Frequencies

1 In tro d u c tio n

In Chapter 7 it has been shown that there is a good correlation between the 

predicted spectra, calculated using the independently measured apparent 

adhesive modulus and thickness, and the experimentally measured spectra. In 

particular, it was shown that, apart from the first mode, the through 

thickness resonant frequencies of the joint depend on adhesive modulus and 

thickness separately. Therefore, by measuring the frequency of at least two 

modes of the joint it should be possible to determine both the adhesive 

modulus and thickness.

In order to use ultrasonic spectroscopy for the non-destructive tesing of 

adhesive joints it is necessary to obtain values for the adhesive modulus and 

thickness from the experimentally measured spectrum. Therefore, to evaluate 

the sensitivity of ultrasonic spectroscopy for measuring adhesive modulus and 

thickness, it was decided that the independently measured values of these 

properties should be compared with those determined from the measured 

spectra. No attempt will be made to correlate the changes in the measured 

spectra with the failure strength of the joint at this stage.

2 Determination of Cohesive Properties f ro m  the__Measured

Spectra

A unique solution for the adhesive modulus and thickness can theoretically be 

achieved by measuring the frequency of only two modes of the joint. However, 

the equations for adhesive modulus and thickness are ill conditioned, so any 

scatter in the experimental results would produce inaccuracies in the 

calculated values of adhesive modulus and thickness.

Consequently, to increase the accuracy of the calculated adhesive modulus and 

thickness, the frequencies of more than two modes (apart from the first) are 

measured. If the frequencies of n (where n is greater than 2) modes are
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measured there will be n equations in two variables, the adhesive thickness 

and modulus. Since there is no solution to the set of n equations, the adhesive 

modulus and thickness are determined by calculating the square of the error 

between the predicted and measured values over a range of adhesive 

thicknesses (l2) and moduli (E'2). The values of adhesive modulus and thickness 

are then taken as those which give the minimum error. The error function, 

Er(E'2,l2). is defined as follows :-

Er(E’2,l2)

n=q

£  [( fn(E*2,l2) -
n=P

(8 .1)

where fn(E '2,l2) is the predicted resonant frequency of the nth longitudinal

mode of the joint, fn* is the measured frequency of the nth mode and, p and q

are the start and finish modes for the summation procedure. However the 

modes used in the summation procedure need not be consecutive.

The resonant frequency of some modes of the joint are more dependent on 

changes in adhesive thickness and modulus than others, which influences the 

choice of start and finish modes used in eqn. (8.1). For example, figure 7.7 

shows that at adhesive thickness of between 0.1-0.2 mm and an apparent 

modulus of approximately 7.2 GN/m2 the lowest seven modes are practically 

independent of adhesive thickness. Consequently, the frequencies of these 

modes cannot be used successfully to determine the adhesive thickness. 

However, the eighth and tenth modes show a stronger dependence on adhesive 

thickness and can be used to determine the adhesive thickness more 

accurately.

The predicted frequencies, fn(E'2,l2), used in equation (8.1) were calculated for 

a wide range of adhesive thickness (l2 = 0.1-0.7 mm) and apparent modulus (E'2

= 2.8-8 GN/m2), thus covering the entire range of cohesive properties of the 

joints used for the results seen in Chapter 7. The interval in adhesive

thickness used in the calculations was 0.01 mm and that in the apparent 

modulus was approximately equal to 0.7 GN/m2 i.e. 10% of the apparent 

modulus of the high modulus adhesive.
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Table 8.1 shows an example of part of the error matrix, calculated using eqn.

(8.1), from the predicted and experimental resonant frequencies for a typical 

joint. In this instance the experimental values are taken from a joint 

manufactured using a high modulus adhesive (apparent modulus « 7.2 GN/m2) 

and having a bond line thickness of approximately 0.38 mm.

The frequencies of the fourth to the eleventh modes of the joints were used to 

produce the matrix shown in table 8.1 (i.e. p=4 and q=11 in eqn. (8.1) ), since 

these modes occured at frequencies that were strongly excited by the high 

frequency (10 MHz Nortec) transducer and hence could be accurately measured. 

The second and third modes of the joint were also excited by this transducer; 

however, figure 6.8 shows that the frequencies of these two modes are 

relatively independent of the adhesive thickness and modulus over a wide 

range of these properties.

Table 8.1 shows that there is a value of the adhesive thickness which produces 

a minimum in the error function at each value of modulus, thus forming a 

"trough" of minima across the error matrix. The adhesive modulus and 

thickness are taken to be the combination which produces the smallest error 

throughout the whole matrix. In this instance the minimum error occurs at an 

apparent modulus of 7.2 GN/m2 and an adhesive thickness of 0.38 mm.

This procedure was used to determine values of the adhesive modulus and 

thickness from the experimental results presented in Chapter 7. The

calculated values of modulus and thickness were then plotted as functions of 

the independently measured values.

Figure 8.1 shows the calculated adhesive thicknesses of the joints, 

manufactured from all the adhesive types (see the Appendix for details), as a 

function of the independently measured adhesive thicknesses. This shows that 

the results from all the adhesive types lie close to a line of unit slope passing 

through the origin.

The lines having gradients of 0.9 and 1.1, seen in figure 8.1, show that the

maximum error between the calculated and independently measured bondline

thickness is approximately 10%. However, it is important to note that the

error involved in the independent measurement of adhesive thickness can equal
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or exceed 10%, particularly, when the adhesive thickness is low. For example, 

although the adhesive thickness was independently determined to an accuracy 

of greater than 0.02 mm by measuring the overall thickness of the joint, this 

would result in an error of greater than 10% at bond line thicknesses of below 

0.2 mm.

Also, the thicknesses of the joints were found to be non-uniform, there being a 

difference between the maximum and minimum values of up to 0.1 mm. Since it 

was difficult to ensure that the spectrum was obtained at exactly the same 

point at which the thickness was measured, further errors (up to 5%) could be 

introduced in the independently measured adhesive thickness.

Figure 8.2 shows the calculated adhesive modulus as a function of the value 

measured independently on a bulk specimen manufactured under the same 

conditions as the joint (see the Appendix). Since it is more difficult to vary 

the modulus of the adhesive experimentally than to vary its thickness, the 

measured values of modulus seen in figure 8.2, form three groups 

corresponding to the three adhesive moduli detailed in the Appendix. However, 

figure 8.2 shows that the results from joints having a wide range of adhesive 

thickness and modulus lie close to the line of unit slope passing through the 

origin.

In this instance, the maximum error between the calculated apparent modulus 

and the independently measured value is approximately 20%; the error in the 

independently measured value of the apparent adhesive moduli is typically less 

than 3 - 5%, see the Appendix for details.

3 Determination of Adhesive Porosity from Measured Spectra

The results presented so far have only considered changes in the cohesive 

properties of the adhesive i.e. a change in apparent modulus or thickness of the 

adhesive, the joints having no other types of defect. It is also important to 

detect porosity in a joint since it is likely to indicate a fault in the 

manufacturing process control. Under many circumstances conventional 

ultrasonic time domain techniques can be used to find porosity; however, when 

either the impedance of the adhesive is low, or when the adhesive is thin (less
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than approximately 0.2 mm), porosity, like disbonds and voids, becomes 

difficult to detect, see Chapter 1.

Porosity of the adhesive in joints with metallic adherends is typically caused 

by inadequate degassing of the adhesive, or by air trapped between the 

adherends when the joint is made. Consequently, the volume of the adhesive in 

the adhesive layer is reduced. Figure 8.3 shows a typical example of porosity 

(approximately 25% reduction in area) caused by air trapped between the 

adherends.

Since the volume of the adhesive is reduced by porosity, the apparent modulus 

of the adhesive layer, measured over an area which is significantly greater 

than that of a single bubble, will also be reduced. Similarly, the apparent 

density of the adhesive layer will also be reduced. For example, 20% porosity 

of the adhesive causes 20% reduction in apparent modulus and density of the 

adhesive layer.

Since the frequency response of the joint is relatively insensitive to changes 

in density of the adhesive (see Chapter 6), small amounts of porosity 

producing less than a 10% change in density, have a similar effect on the 

resonant frequencies of the joint to that of a reduction in apparent modulus. 

Larger amounts of porosity (>10%) have a more complex effect on the resonant 

frequencies of the joint, and it is no longer possible to model the effect 

simply by assuming a change in apparent modulus. However, in practice it was 

found that it was very difficult to distinguish quite large degrees of porosity 

(approximately 20%) from similar changes in apparent modulus using the 

resonant frequencies of the joint.

The apparent damping or widths of the resonances (see Chapter 7) were found 

to be a more reliable indication of porosity than the change in frequency. 

Figures 8.4a and 8.5b show the spectra from two similar joints, manufactured 

with the same adhesive, and having similar adhesive thickness. Figure 8.4a 

shows the spectrum of the joint having no porosity and figure 8.5b shows the 

spectrum of the joint having approximately 20% porosity. The spectra show 

that, for example, the apparent damping of the eighth and tenth modes has 

increased significantly in the presence of porosity. It is also difficult to 

locate the resonant frequencies of some modes, for example the fourth, where
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there is porosity.

This increase in damping appears to effect the modes at higher frequencies 

more than the lower ones, and is due to an increase in the apparent material 

damping of the adhesive. This occurs because the ultrasonic pulses are 

scattered by the air bubbles, thus reducing the amplitude of the echoes 

received from the joint.

4 D iscussion

Figure 8.5 shows the specific stiffness of the joint calculated from the 

adhesive modulus and thickness, determined using the method described in 

Section 2, as a function of the adhesive thickness, also determined using the 

method described in Section 2, for all the joints tested. The curves on figure

8.5 are lines of constant modulus, and represent the values of apparent moduli 

used to evaluate the error matrix. This shows that joints having similar

adhesive stiffness, but manufactured from adhesives with different moduli, 

and hence having different strengths, can be distinguished clearly using 

ultrasonic spectroscopy.

In practice, a plot of specific stiffness against adhesive thickness could be 

used to specify pass and fail limits in a non-destructive test. For example 

joints which had adhesive thicknesses outside of a predetermined range, 

regardless of their modulus, could be distinguished and rejected. Similarly, 

joints with the correct specific stiffness but having a low modulus, perhaps 

resulting from an incorrect cure cycle, could also be distinguished.

It is important to note that, since it is not possible to resolve echoes from 

the top and bottom of the adhesive using commonly available ultrasonic 

transducers, when the adhesive thickness is less than approximately 0.5 mm 

(see Chapter 1), a similar result cannot be achieved using time domain based 

techniques. In addition, when the impedance of the adhesive is low relative to 

the adherends the echoes from the bottom of the adhesive become very small 

and are difficult to monitor. Changes in the magnitude of echoes from the 

bottom of the adhesive, due to variations in the cohesive properties, are then 

easily masked by echoes from other parts of the joint.
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It can be readily shown however, that ultrasonic spectroscopy can be used to 

increase the effective resolution of a typical ultrasonic probe. For example, 

the maximum useable frequency of the higher frequency probe, used in the 

experimental work described in Chapter 5 was found to be approximately 10 

MHz. From eqn. (4.43) it can be shown that the minimum thickness of an 

aluminium plate to have its first through thickness resonance at or below 10 

MHz is approximately 0.3 mm. However, in the time domain it was found that 

resolution of the separate echoes from an aluminium plate, using the same 

probe, became d ifficu lt at approximately 1.5 mm (see figure 7.3). 

Consequently, the minimum thickness of plate that can be distinguished is 

approximately five times less when the frequency domain is used than when 

the time domain is used.

Using conventional techniques, it is also difficult to distinguish porosity when 

the adhesive is thin (<0.5mm) or its impedance is very low. Whilst initial 

work has shown that it is difficult to quantify the extent of the porosity using 

ultrasonic spectroscopy, it has been shown that changes in the apparent 

damping can be used as an indication of its presence. For example, the 

impedance of the Type C adhesive was low («1.9x106 Kg/s.m2) relative to that 

of the adherends («17.3x106 Kg/s.m2) and this prevented the joints from being 

C-Scanned in the conventional manner, see Chapter 1. However, by obtaining 

the spectrum of the echoes the adhesive modulus and thickness could be 

determined and porosity could be identified using the apparent damping of the 

resonances.

To test adhesive thicknesses below the minimum examined here (0.1 mm) the 

frequencies of modes above 10 MHz need to be measured. This is necessary 

because the modes in the range 1-10 MHz are practically independent of 

adhesive thickness at bond line thicknesses less than 0.1 mm, and hence 

cannot be used to determine the adhesive thickness. However, the modes above 

10 MHz are more dependent on changes in adhesive thickness at thin bond lines, 

and so can be used to determine the adhesive thickness.

5 Conclusions

It has been shown that the cohesive properties of a joint (i.e. the adhesive 

modulus and thickness) can be independently determined using ultrasonic
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spectroscopy. This enables joints which have the same specific adhesive 

stiffness yet have different adhesive moduli and hence strengths to be 

distinguished.

Current work has shown that changes in adhesive thickness of approximately 

10% and of adhesive modulus of approximately 20% can be detected separately 

in joints having specific stiffnesses upto 8x104 GN/m3. However it is likely 

that these limits could be reduced by using a more sophisticated error 

function than that employed here (eqn. 8.1). Further work needs to be carried 

out in this topic.

At present ultrasonic spectroscopy can be used to give a check on the cohesive 

properties of the adhesive, a change in its modulus or thickness from the 

"normal" values indicating a fault in the curing process. No attempt has been 

made to correlate the changes of the spectra with the failure strengths of the 

joint at this stage. It is therefore esssentially a check on the process control 

rather than a direct prediction of joint strength. Nevertheless, such a test is 

valuable since there is at present no means of determining the cohesive 

properties of a joint non-destructively.
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Figure 8.3 Example of Adhesive Porosity.
(a) surface of adhesive, (b) surface of 
adherend.
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PART FOUR

CONCLUSIONS AND FURTHER WORK



CHAPTER 9
The Non-destructive Evaluation of Adhesion Strength

1 In tro d u c tio n

It has been shown (see Chapter 8) that the basis of a technique to 

non-destructively evaluate the cohesive strength of a jo int has been 

developed. However, there is still no reliable non-destructive test for the 

adhesion strength of a bond. Standard practice in the aerospace industry is to 

exercise great care on the surface preparation of the adherends, or possibly to 

test the adherend surface prior to bonding (Schliekelmann, 1972; Sutliff, 

1978). Whilst this approach has been shown to produce satisfactory results it 

is widely acknowledged (see, for example, Stone, 1985) that the use of 

adhesive jo in ts, in more critical areas of a structure, requires a 

non-destructive test for adhesion strength which can be used after bonding.

It has been shown (Kinloch, 1983) that both surface contamination and the 

incorrect surface pre-treatment of the adherends are likely to result in poor 

resistance to environmental attack. Consequently, it is important that a test 

for adhesion strength should detect both faults after manufacture. Once the 

joint is in service it is then important to be able to monitor the progress of 

any environmental degradation which weakens the adhesion layer.

The problems of developing a test for the adhesion strength of the joint are 

severe since the strength is highly dependent on the properties of the very thin 

layer (up to 5 pm) between the bulk adhesive and adherends. Whilst no new 

experimental results are presented here, the model used to examine changes in 

the cohesive properties of the joint (see Chapter 6) has been modified so that 

the suitability of methods for the detection of poor adhesion properties can be 

assessed.

2 Previous work on adhesion

Previous attempts at developing a test for adhesion strength have 

concentrated on measuring the stiffness of the adhesion zone and relating this
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to the failure strength. This was done on the grounds that a defective adhesion 

layer e.g. resulting from environmental degradation or surface contamination 

will be more compliant than a correct adhesion layer.

In order to determine the influence of the stiffness of the adhesion layer on 

the resonant frequencies and amplitudes of the joint, the model described in 

Chapter 6 was adapted in a similar way to that used by Tattersall (1973) and 

Lloyd and Wadhwani (1978). Figure 9.1 shows the new model, the adhesion 

layer being modelled by a spring-damper element between the top adherend and 

the adhesive. The damping factor for the adhesion layer, tia, was assumed to be 

relatively light and to be equal to that of the adherend i.e. 0.001.

It is very difficult to determine a value of adhesion stiffness to use in the 

model since it is almost impossible to measure it independently. However, the 

stiffness of a sound adhesion layer can be estimated by assuming that it can 

be modelled as a plain layer of finite thickness, tA, having a modulus, EA, and

an area, A, between the adherend and adhesive. The stiffness KA of such a 

layer would be given as follows

KA = A E A/tA (9.1)

The area A, over which the deformation of the joint and the adhesion layer 

occurs, has been assumed to be equal to that of the ultrasonic probe (Woriton, 

1962). The modulus, EA, of a sound adhesion layer can be estimated as being at

least that of the surface oxide, which, if aluminium adherends are assumed, is 

of the order of 100 GN/m2. The thickness of the adhesion layer will be 

approximately equal to that of the oxide (or oxide and primer if a primer is 

employed). However, the oxide thickness can vary over a large range (0.04 to 2 

p.m) and is dependent on the type of surface preparation used (Stone,1985; 

Kinloch, 1983). Consequently, to establish a lower bound of the adhesion 

stiffness, it has been assumed that the thickness of the layer is no greater 

than 2 n.m. Using these values in eqn. (9.1) gives a value of adhesion layer 

stiffness between 1012 and 1013N/m.

Although it is assumed that a weak adhesion layer will have a lower stiffness,
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it is very difficult to determine a typical value of KA for a defective adhesion

zone. In practice it is likely that contamination or incorrect surface 

preparation will cause only a marginal decrease in the stiffness of the 

adhesion layer. However, environmental degradation, which causes hydration 

of the oxide layer and the rupture of secondary bonds at the adhesive/adherend 

interface (Kinloch, 1983), is likely to cause a greater reduction in the 

adhesion stiffness.

The lower bound of the adhesion stiffness of a defective adhesion layer can be 

estimated in a similar way to that used for the sound adhesion layer. In this 

instance the modulus of the adhesion zone, EA, is assumed to be equal to that 

of the adhesive i.e. of the order of 10 GN/m2 and the thickness of the layer is 

assumed to be no greater than 0.02 mm (20p.m). Using these values in eqn (9.1) 

and assuming the area (A) is the same as that previously used, produces an 

estimate of the lower limit for the adhesion stiffness of a defective adhesion 

zone equal to 5 x 1010 N/m.

The predictions reported in Chapter 6 were made with the assumption that the 

adhesion stiffness was infinite. Analysis of the model shown in figure 9.1 

shows that reducing this stiffness to the value of its estimated lower bound 

for a good adhesion zone (1012N/m) has a negligible effect on the resonant 

frequencies of any mode below 10 MHz.

It can be shown that reducing the stiffness to 1011 N/m causes small 

reductions (up to 1%) in the resonant frequencies of some modes. However, no 

significant change was seen in the first two modes. Therefore, it seems likely 

that the results of Alers et al. (1977), who used changes in frequency of the 

first mode to predict adhesion quality, were marred by inadequate correction 

for bond line thickness variations.

The resonant frequencies of the higher modes are more sensitive to changes in 

adhesion stiffness; however the extent of the change in frequency depends on 

the particular mode. Figure 9.2 shows how the resonant frequenicies of the 

eighth and ninth modes varies as a function of adhesion stiffness. This shows 

that the frequency of the ninth mode is practically independent of adhesion 

stiffness over a very wide range (1010 -1015 N/m), whereas the frequency of 

the eighth mode is more sensitive to stiffness since it decreases by
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approximately 1% when the stiffness is reduced to 1011 N/m, and by 

approximately 3% when the stiffness is reduced further to 5 x 1010 N/m. 

However, even when the stiffness is at the lower limit of a defective adhesion 

zone (5 x 1010 N/m) the change in resonant frequency is small, and in practice 

would easily be masked by changes in the cohesive properties.

The different dependence of the resonant frequencies of the two modes is 

explained by examining their mode shapes. Figure 9.3 shows the predicted 

modes shapes of the eighth and ninth modes of the joint assuming that the 

adhesion stiffness is infinite. Figure 9.3a shows that the strain in the region 

of the adhesion zone in the eighth mode, given by 3ux/dx, is considerably

greater than that in the ninth mode (see figure 9.3b); in this instance the 

strain across the adhesion zone in the ninth mode is negligble. Consequently, 

the eighth mode is more sensitive to changes in stiffness of the adesion layer 

than the ninth mode.

The resonant amplitudes, see Chapter 6, show a more pronounced dependence 

on adhesion stiffness than the resonant frequencies. As the adhesion stiffness 

changes from 1011 N/m to 1010 N/m, the predicted amplitudes of particular 

modes change by up to approximately 8%. However, there is no obvious pattern 

to the changes in amplitude, both increases and decreases being predicted. 

Consequently, in a practical test such changes in amplitude could easily be 

mistaken for changes in cohesive properties or porosity (see Chapter 8) of the 

adhesive.

2.1 Environm ental Degradation

So far only the effect of changes in the stiffness of the adhesion layer on the 

frequency response of the joint has been considered. As mentioned earlier, an 

important mechanism in the degradation of the adhesion strength of a joint is 

the hydration of the oxide layer. In addition to reducing the modulus of the 

oxide layer, water also reduces the adhesive modulus, an effect commonly 

called plasticisation (Kinloch, 1983). In joints with metallic adherends this 

initially occurs along the adhesion layer owing to the high surface free 

energies of metals (Kinloch, 1983), and results in a zone of adhesive with a 

reduced modulus along both interfaces of the adhesive with the adherends.
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Since the thickness of such a zone of reduced adhesive modulus is likely to be 

considerably greater than that of the adhesion layer, the overall change in 

joint stiffness when the adhesive is exposed to moisture will also be greater 

than that due to the adhesion layer alone. Indeed, after prolonged exposure to 

moisture it is likely that the whole of the adhesive layer will have a reduced 

modulus (Comyn, 1983).

As the size of the zone of reduced adhesive modulus increases it can be 

modelled as a change in the cohesive properties of the adhesive, in a similar 

way to that described in Chapters 6, 7 and 8 for bulk changes in adhesive 

modulus and thickness. Consequently, it is possible that the reduced adhesion 

strength of a joint due to hydro-thermal degradation or exposure to moisture 

could be identified more easily as a result of the changes in the cohesive 

properties of the joint rather than the adhesion properties. However, such a 

test would only be suitable for use in-service since there would be no 

significant change in joint stiffness due to moisture immediately after 

manufacture.

Lloyd and Wadhawani (1978) showed that joints which had been 

hydro-thermally degraded and failed in the adhesion layer could be identified 

if the spectra of different groups of echoes were compared. This was achieved 

by editing the time domain into small groups of echoes and calculating the 

spectrum of each individual group. The amplitude of the spectra at particular 

frequencies was then used to distinguish joints with with poor adhesion.

The change in spectra appears to be due to variations in the reflection and 

transmission coefficients at the adhesive/adherend interface which occur 

when the joint is subjected to environmental degradation. However, in practice 

such a technique is only likely to be suitable for joints with very thick 

adherends and adhesives since otherwise it is very difficult to edit the 

individual echoes (see Chapters 1 and 7 ).

3 Areas for Future Work on Adhesion

Although it appears that changes in adhesive stiffness, resulting from 

contamination or the incorrect surface pretreatment of the adherends, are 

unlikely to be large enough to affect the modes below 10 MHz, intial work by
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other authors suggests that the modes at higher frequencies are more 

sensitive. For example Nestleroth et al. (1985) suggest that the response of 

the joint between 25-30 MHz can be used to detect more subtle changes in 

adhesion stiffness. Consequently, this is an area that needs to be investigated 

further.

Further work is also required for the development of a more detailed model of 

the adhesion layer. For example, it has been shown that surface contamination 

permits local slipping, parallel to the plane of the interface, between the 

adhesive and adherend. This results in a change of the reflection and 

transmission coefficients (see Chapter 4) for the adhesive/adherend interface 

(Kuhn and Lutsch, 1961; Graff, 1975). The different reflection and 

transmission coefficients would then be detected (Rohklin and Marom, 1986) 

either from the time domain or, more probably, from the frequency domain.

Pilarski (1985) has also shown that the use of interface (Stonely) waves, (see, 

for example, Graff, 1975), can be used to detect a contaminant between two 

solids in contact. However, further work needs to be done to determine their 

sensitivity to contamination in joints, and to find methods for exciting and 

receiving them in practice.

4 C onclusions

At present there are no non-destructive methods for evaluating the adhesion 

strength of a joint. The problem is currently overcome by careful control of 

the surface preparation procedures and possible also by testing the surface of 

the adherends prior to bonding.

It is possible that the reduction in adhesion strength resulting from 

hydro-thermal degradation or the ingress of moisture can be detected more 

easily by the associated reduction in the modulus of the adhesive. However, 

other work would be required to determine the extent of the change in the 

modulus of the adhesive and to evaluate the resulting changes in the spectrum.

The detection of surface contamination or incorrect pre-treatment of the 

adherend surface after bonding is likely to require considerable research 

effort, though a number of promising areas have been identified. These involve
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examining the sensitivity of the through thickness modes of the joint to small 

changes in adhesive stiffness at frequencies between 25-30 MHz. Also, further 

work is required to examine the effects of small changes in the reflection and 

transmission coefficients for the adherend/adhesive interface, and to 

investigate the use of interface waves for detecting changes in the adhesion 

layer.
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Figure 9.3 Through Thickness Mode Shapes of the 
Joint_(a) eighth mode (b) ninth mode
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CHAPTER 10  
Conclusions

Three main types of defect that are commonly found in adhesive joints have 

been identified. The first type is complete voids, porosity and disbonds in the 

adhesive layer. The second type of defect is poor cohesive strength i.e. a weak 

adhesive layer whilst the final type is low adhesion strength, or a weak bond 

between the adhesive and the adherends.

A full review of currently available non-destructive testing techniques has 

shown that there are many methods available for locating voids and disbonds. 

However, it is important to determine the minimum size of defect to be 

detected since it is likely to be more difficult and expensive to find small 

defects, such as adhesive porosity, than it is to find gross voiding of the 

adhesive. Also, difficulties can be encountered in practice when the adhesive 

is very thin (<0.1-0.2 mm), or when it changes in thickness across a joint.

The detection of poor cohesive strength is much more difficult than the 

detection of voids and disbonds in the adhesive. The cohesive strength of an 

adhesive joint is dependent on many variables such as the adhesive thickness 

and its modulus and toughness. For example, the modulus of a particular 

adhesive is typically dependent on the cure cycle and on the correct mixing of 

hardener and resin yet it can correlate strongly with the cohesive strength of 

the joint (Alers et al, 1977). The dependence of joint strength on adhesive 

thickness is less clear; however, very thin or thick bondlines can both cause a 

reduction in strength (Ciba-Geigy, 1982). Consequently, joints which have the 

same specific adhesive stiffness but d ifferent adhesive moduli and 

thicknesses are likely not to have the same strength.

The review has shown that there is only one commercially available 

instrument, the Fokker Bond Tester Mk II, that attempts to measure the 

cohesive strength of a joint. However, an investigation into the sensitivity of 

the instrument has shown that it is not able to detect typical changes in 

adhesive modulus and thickness, and hence cohesive strength, unless the 

specific stiffness, defined as the ratio of apparent adhesive modulus to its
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thickness, is less than 1-2 x 104 G N /m 3. It has also been shown that even 

when the instrument is used on joints of very low specific stiffness, it is only 

sensitive to the ratio of adhesive modulus to thickness, not modulus and 

thickness spearately. Consequently it is unlikely to give an adequate

prediction of cohesive strength. In practice most joints commonly used in 

engineering primary structure which are made from the higher modulus epoxy 

adhesives will have specific stiffnesses of 2-3 x 104 G N /m 3 or greater.

Consequently there is the need for the development of alternative techniques 

to give a non-destructive prediction the cohesive strength of a joint.

The review identified ultrasonic spectroscopy as a promising technique for 

the non-destructive evaluation of the cohesive properties of a joint. This 

technique uses the same basic principle as the Fokker Bond Tester, in that it 

measures the through thickness resonant frequencies and amplitudes of

resonant response of the joint, but it is able to monitor many more modes than 

the Fokker Bond Tester.

A thorough investigation of ultrasonic spectroscopy has shown that although 

the first mode of the joint is only sensitive to the ratio of adhesive modulus 

to thickness i.e. specific stiffness, the higher modes are dependent on the 

modulus and thickness separately. It has been demonstrated that

measurements of the resonant frequencies of a number (eight in the results 

presented here) of modes of the joint (except the first) can be used to 

determine the adhesive modulus and thickness separately. Consequently, it is 

possible to distinguish joints which have a satisfactory specific stiffness but 

have a low adhesive modulus, perhaps resulting from an incorrect cure cycle, 

from those which are correctly cured.

The work reported here has shown that changes in adhesive thickness of 

approximately 10%, and of adhesive modulus of approximately 20%, can be 

detected separately in joints with specific stiffness of up to 8 x 104 G N /m 3. 

This sensitivity could be increased by measuring the frequencies of more 

modes of the joint and by refining the calculation procedure. At present, 

therefore, ultrasonic spectroscopy can be used to give a check on the cohesive 

properties of the adhesive, a change in its modulus or thickness from the 

''normal” value indicating a fault in the production process.
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It is theoretically possible to obtain similar results to those obtained here 

using the frequency domain by employing measurements in the time domain. 

However, changes in the time domain can be very subtle, and to date it has not 

been possible to distinguish changes in adhesive thickness from those in 

modulus. One of the main reasons for this is that typical adhesive thicknesses 

(0.05-0.2 mm) are beyond the resolution of most commercially available 

ultrasonic probes. This means that the changes in magnitude of the echoes 

from the top and bottom interface of the adhesive, that could be used to 

determine its cohesive properties, are masked by the echoes from other parts 

of the joint which overlap those from the interfaces.

It has also been shown that ultrasonic spectroscopy can be useful for 

determining the presence of defects such as disbonds, voids and porosity when 

their detection is difficult using time domain methods i.e. when the adhesive 

is thin (less than approximately 0.2 mm). Similarly, when the impedance of 

the adhesive is low, and either the echoes from the bottom of the adhesive are 

small, or there is a negligible change in the amplitude of echoes in the time 

domain between a voided and a sound joint, ultrasonic spectroscopy can be 

used to detect the defect.

At present there are no techniques available to detect poor adhesion strength 

non-destructively, however, a number of promising areas have been identified 

which merit further research.
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APPENDIX

Details of Adhesives and Modulus Determination

1 Description of the Adhesives

In order achieve a range of adhesive modulus it was decided to add an ATBN 

rubber (HYCAR 1300X16 manufactured by BF Goodrich Chemical UK) in different 

proportions to typical epoxy resins. Three different adhesive mixes, refered to 

here as adhesive Types A, B and C, were used to represent the range of 

adhesive modulus likely to be encountered in practice.

The Type A adhesive was a typical epoxy resin, MY750 (manufactured by 

Ciba-Geigy), with no added rubber. This represented an adhesive with the 

highest modulus likely to be used in practice, the Young's Modulus being 

approximately 5 GN/m2. The Type B adhesive comprised the same epoxy resin, 

MY750, mixed with a small proportion of the rubber (13% by mass). This was 

used to represent an adhesive having a 10% reduction in modulus compared to 

Type A. It had a moderately high modulus but was typical of the modulus that 

might be expected if a high modulus adhesive had been slightly mis-cured. The 

Type C adhesive was made by mixing a large proportion of rubber (62% by 

mass) with a different epoxy resin, GY292 (Ciba-Geigy), which had a lower 

modulus than MY750. This then represented either a rubbery, gap filling 

adhesive, or an adhesive having the modulus that might be expected if an epoxy 

adhesive had been very poorly cured.

In each instance a hardener, HY932 (Ciba-Geigy), was added to the base resin, 

or mixture of resin and rubber. Although other hardeners could be used, it was 

found that HY932 gave the most satisfactory working viscosity, usable life 

and cure cycle for the adhesives. The proportion of hardener used was 30%, by 

mass, of the base resin. The adhesive mixes were then thoroughly degassed in 

a vacuum chamber before being cured at 120°C for 3 hours.

2 Measurement of Adhesive _Modulus

2.1 Basic— Method

It was decided to determine the modulus of the adhesive by measuring the 

longitudinal wave velocity in the bulk specimen. This was done, using a pulse
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from an ultrasonic probe, so that the stress state in the bulk specimen was 

similar to that in the adhesive of the joint during its through thickness 

vibration. The modulus (E'2 ) can then be calculated from the longitudinal wave

velocity, c2, and the density of the adhesive, p2, as follows

E’2 = c22p2 (A.1)

However, in this instance eqn. (A.1) gives an effective or apparent modulus 

rather than a true Young's Modulus of the adhesive. This occurs because the 

wavelength in the adhesive («2 mm at 1MHz) is less than the dimensions of the 

bulk specimen perpendicular to the path of the incident wave (Kolsky, 1963). 

Therefore, the deformation of the adhesive is likely to be confined to a small 

area compared to the area of the bulk specimen. Consequently, there will be a 

constraining effect from the surrounding undeformed material and the modulus 

will appear higher than the true Young's modulus.

The Young’s (E) and apparent (E') moduli are related via the Poisson's ratio (v) 

as follows (Kolsky, 1963)

E' = E (1-v) / [(1-2v )(v +1)] (A.2)

For example, the Young's modulus and Poisson’s Ratio of aluminium are 68.9 

GN/m2 and 0.355 respectively; therefore using eqn. (A.2), the apparent modulus 

can be calculated as 113 GN/m2. This is in good agreement with the value of 

apparent modulus of 111 GN/m2 which was calculated, using eqn. (A.1), from 

wave velocity (6400 m/s), measured on a bulk specimen, and the density (2720 

kg/m 3).

The apparent modulus can also differ from the true Young's modulus because 

the apparent modulus is measured dynamically rather than statically. 

Consequently, viscoelastic materials, such as many polymers and adhesives, 

appear to become more rigid as the measurement frequency increases.

2.2 Measurement of the Wave Velocity In the Adhesive

The wave velocity in the adhesive was measured from bulk specimens
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(approximately 3 x 30 x 100 mm) of the adhesive which were manufactured at 

the same time as the joints. The longitudinal velocity in the adhesive, c2, can 

be conveniently determined from the through thickness resonant frequencies 

of the bulk specimen. These frequencies, FLn, occur when the thickness, l2, is

equal to an integer number of half wavelengths (see eqn. (1.6)). By rearranging 

eqn. (1.6) it can readily be shown that the product of resonant frequency and 

thickness is a simple linear function of the mode number, n, i.e.

Fln • '2 = n -C2 /2 (A.3)

Consequently, by plotting the mode number against the product of measured 

frequency and thickness the longitudinal velocity, over a considerable 

frequency range, can be determined from the gradient of the graph.

Figure A.1 shows a typical example of a spectrum between 0-6 MHz from a 

bulk specimen of adhesive Type A, obtained using the technique described in 

Chapter 5. Figure A.2 shows the product of resonant frequency, obtained from 

figure A.1, and thickness plotted as a function of mode number. This shows 

that the points lie very close to the line representing a longitudinal velocity 

of 2610 m/s. Since the experimental points do not significantly deviate from 

the line as the frequency is increased, it can be assumed that the longitudinal 

velocity is practically independent of frequency in the range of measurement 

of 0.5-5 MHz.

Figure A.2 also shows the results for the Type B and C adhesives, the 

longitudinal velocities corresponding to 2520 m/s and 1850 m/s respectively. 

Whilst the longitudinal velocity for the Type B adhesive appears to be 

independent of frequency, the results for the Type C adhesive show some 

deviation from the line representing a longitudinal velocity of 1850 m/s. This 

apparent increase in longitudinal velocity with frequency (approximately 3% 

over the frequency range 300 kHz to 3 MHz) is probably due to the viscoelastic 

nature of the Type C adhesive.

The accuracy of the measured longitudinal velocity is controlled by the 

measurement errors in the resonant frequency and the thickness. The error in 

the resonant frequency, provided the damping is not too great and it becomes 

difficult to determine the position of the minimum, is equal to the spacing
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between spectral lines in the spectrum (2.5 kHz in this instance). 

Consequently, the percentage error in the measured resonant frequency is less 

than 0.3%.

The thickness of the bulk specimen (approximately 3 mm) was determined to 

an accuracy of greater than 0.02 mm, thus giving an error of approximately 

0.7%. However, the thickness of the specimens was found to be non-uniform, 

there being a taper of up to 0.1 mm in 60 mm. Consequently, since it was 

difficult ensure that the spectrum was obtained at exactly the same point at 

which the measurement was taken, further errors of up to 0.3% could be 

introduced. Therefore, the maximum error in longitudinal velocity was 1.3%. 

The density of the adhesive was determined from the mass and volume of the 

bulk specimen after having machined its edges to obtain a regular shape. The 

errors in the measured mass and volume of the bulk specimen were 

approximately 0.2% and 0.8% respectively; the overall error in the density was 

therefore approximately 1%.

The apparent modulus of the adhesive could therefore be determined, using eqn. 

(A.1), to an accuracy of approximately 3-4% from the measured adhesive 

properties. The measured adhesive properties and the apparent moduli, 

determined using the above method, for all three adhesive types are shown in 

table A.1. The variation of the adhesive properties between different batches 

of the same adhesive type were found to be within the experimental 

measurement error.

3 Determination of Adhesive Modulus at Low Frequencies

Table A.1 also shows the adhesive modulus (Eres) measured using the resonant

bar technique at frequencies of approximately 5 kHz (Adams and Coppendale, 

1976) on 3 mm thick sections of adhesive cut from the bulk specimens. Adams 

and Coppendale showed that provided the adhesive thickness used was greater 

than approximately 1 mm, the measured modulus (Eres) approached the true

Young's modulus for the adhesive. If, however the modulus was frequency 

dependent over the frequency range 0-5 kHz the measured modulus would not 

be the same as the static modulus.

For adhesive Types A and B the ratio between the apparent (measured between
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500 kHz and 5 MHz) and resonant bar modulus (measured at around 5 kHz) is 

approximately 1.5, which corresponds to a typical Poisson’s ratio for such 

adhesives of approximately 0.34 (Adams et a l, 1978), see eqn. (A.2). Therefore 

the modulus of the Type A and B adhesives appears to be effectively 

independent of frequency over a wide frequency range (from 5 kHz to 5 MHz).

The modulus of the Type C adhesive is more dependent on frequency there being 

a significant increase in the ratio of the apparent to the resonant bar modulus, 

to approximately 5, compared to the Type A and B adhesives. This indicates 

that there is a large increase in the stiffness of the adhesive as the frequency 

rises from 5 kHz to 300 kHz. This frequency dependent behaviour results from 

the large proportion of rubber (62% by mass) used in this adhesive. Figure A.2 

shows that while there is a small (approximately 3%) increase in longitudinal 

velocity between 300 kHz and 3 MHz the frequency dependent behaviour of the 

adhesive is less pronounced than at lower frequencies and therefore it is not 

significant in the spectroscopy predictions.
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Figure A.1 Example of Spectrum from a Bulk
Specimen of Adhesive Type A
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APPENDIX 
Receptance Analysis

A important feature of receptance analysis is the ability to predict the 

frequency response of complex systems by the addition of simple sub-systems, 

in the models of the joint or probe and joint considered here a single variable

i.e. linear displacement in the through thickness direction of the joint is 

common to the sub-systems which form the basis for the model.

B
Receptances

!
i
i

i
i
i
i

■ i

ui-Fi Ub2’ Fb2 Uc2’ * c2

The above figure shows two sub-systems (B and C) which are linked at 

position 2 to form the system A. The displacement, u2> is common to

sub-systems B and C. The dynamic response of the system A can be readily 

calculated from the known responses of the sub-systems B and C. For example, 

suppose the motion at position 3 due to a force input at position 1 i.e. a31 is to 

be calculated.

“ 31 = U3/F1 (B.1)

By considering the sub-systems B and C separately the following equations can 

be written, for example from displacement compatibility at position 2 :-

Ub2 =  Uc2 (B.2)

Since no external force is applied at position 2,
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Fc2 + F b2 = °  '(B.3)

Also, denoting the receptances of system B alone by pjj,

Ub2 ~ 2̂1 F1 + P22 Fb2 (5 -4)

Since no external force is applied to system C,

^c2 =  T22 Fc2

U3 =  ^32 Fc2 (B .6 )

where y22 and y32 are the receptances of system C by itself. From eqns. (B.2), 

(B.4) and (B.5),

P21 F i +  P22 Fb2 =  ?22 Fc2 (b -7 )

But from eqn. (B.3),

So eqn. (B.7) becomes

P21 F1 = Fc2 ^22 + P22)

F c2 =  P2 I F 1  ̂ ^ 2 2  +  ^22^ (® ’®)
Hence, from eqn. (B.6),

u3 = T32 P21 Fi  ̂^22 + P22) S0,

Ct31 =  U g/F ^  Ygg +  P22̂  S)

Resonance of the complete system (A) occurs when a31-» °°  eqn. (B.9) shows

that this occurs when y22 + P22 = Alternatively, if a 31 is plotted as a 

function of frequency the relative response or receptance at different 

frequencies can be determined e.g. maximas and minimas in a31 correspond to 

resonances and antiresonances of the system (A) respectively.

The receptance of systems comprising more than two sub-systems can be 

determined by adding together the receptance of pairs of sub-sytstems and is 

described in more detail by Bishop and Johnson (1960).

Whilst the receptance between two ends of a system has been derived here it 

is also possible to evaluate the receptance between an end and a point within 

the structure in a similar manner. This enables the relative displacements of a 

structure to be determined and hence its deformed shap^ (mode shape) at a 

particular frequency can be calculated. Again, further details of this technique 

are given by Bishop and Johnson (1960).
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