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Abstract 
The flight control surfaces of F/A-18 aircraft are composed of carbon/epoxy skin and aluminum honeycomb 
core composite material that has a known susceptibility to water ingress. The rudder has failed in flight due to 
moisture induced bond degradation between skin and core.  Manual through-transmission Ultrasonic Testing 
(UT), applied to the rudder surface, currently identifies disbond as a reduction in received signal amplitude.  
However, water within the honeycomb cells provides significant sound transmission, which may mask disbond.  
In this study, water was first identified within two in-service rudders using thermography.  Precise water 
locations were then mapped by neutron radiography.  Time-base analysis of through-transmission A-scans, 
obtained using squirter technology, permitted discrimination of cell wall signals from signals that had passed 
through water within the cells.  Examination of received cell wall signal intensities, modeled for disbond in the 
presence of water, demonstrated potential for identification of disbond even when water was present.   
 
Keywords: aluminum honeycomb core composite, through-transmission ultrasonics, neutron radiography, 
thermography. 
 

1.  Introduction 
 
The F/A-18, manufactured by McDonnell Douglas, uses a composite honeycomb sandwich 
panel for many of its flight control surfaces.  The two rudders on the F/A-18 are located just 
behind each of two vertical stabilizers.  Water ingress is a potential failure mechanism, as 
moisture introduced within the rudder’s structure can degrade epoxy adhesives that bond the 
carbon epoxy skins to the aluminum honeycomb core, resulting in disbond of the honeycomb 
core [1,2].  Once the disbonded area reaches a critical size, in-flight failure can result where 
the majority of the rudder is torn from its hinges [3].   Fortunately, due to the F/A-18’s twin 
tail design, this type of failure has not resulted in loss of life or air assets.  It is a maintenance 
issue, however, due to a finite supply of rudders and their replacement cost of approximately 
$75,000 from the manufacturer [4]. 
 
The rudder consists of a relatively thick lightweight aluminum honeycomb core bonded with 
structural grade FM300 to two stiff/thin carbon epoxy (AS4/3501-6) skins.  The bonds 
attaching aluminum to the carbon/epoxy face sheet are designated fillet bonds.  The leading 
edge, where the rudder attaches to the aircraft, has a titanium channel that contains holes to 
attach the grounding studs.  The channel is bonded to the core with a foam adhesive FM404-
NA.  The adhesive is porous with respect to transport of water [5], permitting water to move 
by capillary forces and disperse parallel to the leading edge [6].  Water enters the structure 
through points along the leading edge, most likely at the grounding strap attach lugs and 
hinge points [7].  The presence of water, and subsequent interaction with adhesives, results in 
eventual disbonding of the honeycomb structure from the wing skin.  
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Two types of water ingress in honeycomb composites have been suggested [2].  The first is 
liquid water in cells the result of ingress through poor seals around fasteners or directly 
through damaged areas of the face sheets.  The second is moisture, from service environment 
humidity, that has diffused into the structure through the composite skin’s epoxy matrix.  Flat 
wise tension tests on coupons demonstrate that liquid water in cells degrades bonds quickly 
and severely [2].  However, diffused moisture, existing as moistened adhesive, does not cause 
the same degree of disbond and degradation takes longer to occur [2]. 
 
The primary technique used by aircraft maintenance technicians to inspect honeycomb 
composite material is ultrasonic through-transmission inspection.  This may be performed 
manually, with the rudder attached to the aircraft or by application of automated scanning 
systems.  A suitable couplant, such as water or gel, is used between transducer and test 
material to optimize coupling of acoustic energy into the structure. The rudder is 
characterized by slightly nonparallel surfaces with edges that vary in thickness from as thin as 
3 mm at the trailing edge to 29 mm at the top and 61 mm at the bottom of the leading edge, 
where it is attached to the aircraft structure.  This variation in thickness complicates 
interpretation of signals via time-base analysis.   Figure 1 shows a schematic cross section of 
the rudder consisting of dry cells and those partially filled with water in an inspection 
configuration.   Discontinuities in the material will attenuate or reflect the acoustic energy.  
The resulting A-Scan is displayed on an oscilloscope as a function of signal amplitude and 
time [8].  The United States Navy (USN) rudder inspection procedure, which is also applied 
in Canada, relies on the identification of disbond by an observed reduction of the received 
signal amplitude [7].  This technique may be compromised, however, by the presence of 
water within the honeycomb cells, as the additional coupling provided by the water will allow 
a substantial signal amplitude to be transmitted.   
 
2. Theory 
 
2.1 Ultrasound 
 
The application of through-transmission ultrasonic testing for rudder inspection involves 
using separate aligned transducers (transmitter and receiver), with one on either side of the 
test material as shown in Figure 1.  Ultrasound is transmitted via a couplant to the carbon 
fiber/epoxy wing skin, through FM300 epoxy adhesive, aluminum honeycomb core and 
water, if it is present within the cells or within a disbond, and back out through the structure. 
 

 
Figure 1. Schematic Side View of Aluminum Honeycomb Cells with and without Water 
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Acoustic energy is reflected or attenuated within the structure’s components.  Furthermore, 
the receiving transducer collects only that acoustic energy transmitted through the body of the 
sample that it is in line with to receive.  Through-transmission UT is most often used to 
record time and loss of signal amplitude.  For certain applications, this can be useful since a 
reduction in observed signal amplitude is sufficient to indicate an irregularity [9]. 
 
Evaluation of the ultrasonic signal is most easily conducted using an A-Scan display, where 
location of signals on the time-base is a function of distance and velocity of sound through 
the constituent materials [10].  The longitudinal sound velocities within the various 
components making up the rudder are shown in Table 1.  Identification of the presence of 
water within the honeycomb structure is facilitated by the 4.3 times greater velocity of sound 
through the aluminum cell walls than though water, as shown in Table 1, resulting in a 
comparative later arrival of a second signal when water is present within cells. 

 
 Table 1: Properties of materials (velocity of sound, density, and acoustic impedance) 

Material 
Velocity of 

Sound 
v (m/s) 

Density 
 (kg/m3) 

Acoustic Impedance, 
Z= v (kg/m2s) [11] 

Aluminum 6320 2700 17 x 106 

Water (20 °C) [12] 1483 998 1.48 x 106 

Air (20 °C) [12] 343 1.204 413 

Epoxy (Hysol C8-4143/3404) 2850 1580 4.52 x 106 

Carbon Fibre/Epoxy Skin [13] 7600 1450 1.1 x 107 

 
As sound propagates through the composite material it is affected by the various material 
properties and interfaces between the composite constituents.  At an interface, a fraction of 
the sound will pass through and the remainder will be reflected.  The amount transmitted 
depends on the angle of incidence at the interface and the acoustic impedance (Z) of the two 
materials.  Acoustic impedance, Z, is the product of density, , and velocity of sound, v, 
within the material, Z= v [11].  Densities and impedances of materials in the composite 
structure are shown in Table 1.  For normal incidence the intensity, IT , ultrasonic energy per 
unit area per unit time, transmitted across the boundary, expressed as a percentage in terms of 
source material, with impedance Z1, and receiving material, with impedance Z2, is [10]: 
 

4 1 2

1 2
2 100% .     (1) 

 
As can be observed from Equation 1, maximum ultrasonic energy transfer between two 
media occurs when their respective impedances are most closely matched [10].   Sound 
intensities transmitted across various interfaces within the composite rudder, estimated using 
Equation 1, show that maximum transmission occurs between Carbon Fiber/Epoxy wing skin 
and Epoxy (83%), followed by water to Epoxy (75%), aluminum to Epoxy (66.4%) and 
aluminum to water (30%).  Air, which simulates a dry disbond condition only transmits 
0.01% of the sound intensity. 

 
The total signal intensity transmitted through the structure may be estimated as the product of 
transmitted intensities at each interface given by: 
 

∏   100%.    (2) 



Note that these estimates do not take into account internal reflections between layers within 
the composite structure.  These may be expected to slightly increase the transmitted signal 
amplitude as well as contribute to spread of the signal in time.  Transmission is also affected 
by the non-parallel surfaces of the rudder, which may introduce a 2° off-normal incident 
beam under ideal conditions.  The aluminum honeycomb structure is made up of thin walls 
with thickness on the order of 0.03 mm (0.001”), limiting beam spread as the ultrasound is 
channeled along the thin laminar sheets of the honeycomb.  Since the honeycomb varies in 
thickness over the rudder cross-section, attenuation is also a factor.  The exponential decay of 
acoustic pressure with distance through the core may be expressed as [10]: 
 

      (3) 
 
where P is the acoustic pressure at the second reference location, P0 is the original acoustic 
pressure at the source, α is the attenuation coefficient in (dB per metre) and L is the distance 
travelled by the ultrasonic pulse from source to second reference location.   The attenuation 
coefficient for bulk 6061-T6511 aluminum is 90 dB/m [10] and for water at 2.25 MHz can be 
calculated from [14] as 1.1 dB/m.  Therefore, attenuation in the aluminum honeycomb core is 
expected to be greater.  Note also that the thin walled core may cause additional attenuation 
due to its small cross-sectional area normal to the beam.  The intensity defined in Equation 1 
may be related to maximum pressure amplitude Pmax and is given as [15]: 
 

.      (4) 

 
Therefore calculations of the intensity may be related to the peak amplitude squared and the 
impedance of the medium in which the ultrasound is traveling. 
  
2.2 Thermography 

 
Infrared thermography is used to measure and evaluate temperature variations in a material 
and represent them visually.  In aerospace composite materials, with components that are 
properly bonded, laminated and free of inclusions, thermal characteristics such as diffusivity, 
conductivity and capacitance will be uniform across the surface.  For regions where 
disbonding, delaminations or inclusions occur such as in the presence of water, varying 
thermal characteristics will be represented as a change in thermal signature on the image [16].   
 
When a material is at a temperature that is different from its surroundings, a thermal gradient 
will arise that drives heat energy to equilibrium. The rate at which heat energy moves is a 
function of the thermal diffusivity of the material given by [16]: 

  



      (5) 

 
where  is the thermal conductivity (W/m-K), ρ the density (kg/m3) and cp the specific heat 
capacity (J/kg-K).  Equation 5 with values from reference [12] can be used to obtain the 
thermal diffusivity at 0°C of water (1.33310-7 m2/s) and ice (1.3810-6 m2/s), and that of 
aluminum (1.02910-4 m2/s), the relevant materials for examining thermographic variations 
in rudders with water ingress. Note that water has the lowest thermal diffusivity and highest 
heat capacity and therefore, is expected to have a greater effect on thermographic imaging. 
Therefore, the presence of water within cells of the honeycomb composite changes thermal 
properties in that area of the material.  As a result, if a rudder is frozen and then allowed to 



return to room temperature, regions in which ice is present will warm more slowly than those 
without ice or water.  The ice regions will then thaw, requiring a larger amount of heat (latent 
heat of fusion), and finally, warm to room temperature, but more slowly than areas with only 
aluminum.  If a thermographic image is captured during this process, the result will be areas 
with a dark color that correspond to the lower temperatures that occur due to the presence of 
ice or water.  Air forces that fly and maintain the F/A-8 incorporate this process by placing 
the rudder in a freezer until the water inside the cells freezes.  The rudder is then placed at 
room temperature.  The temperature of the structure will rise faster in regions without water, 
producing differences in temperature between regions with and without water. 
 
2.3 Neutron Radiography 
 
Neutron Radiography is an imaging technique which involves using neutrons to perform 
radiography on a test subject.  Although neutron accelerators and radioisotopes provide a 
relatively portable source of neutrons, nuclear reactors provide a greater neutron flux, and 
therefore produce higher quality and more accurate images [5].  As neutrons travel through 
the material, they are attenuated according to the elements encountered in their path.  The 
neutrons release their energy to a recording device placed behind the test object, producing a 
two dimensional image of the test object [5].   In contrast to X-radiography, where the 
attenuation of X-rays is a result of the target material’s atomic number, neutrons are most 
strongly attenuated by elements with high mass attenuation coefficients such as Hydrogen 
(H), Boron (B), Gadolinium (Gd) and Indium (In) [17].  Neutron radiography is useful for the 
location of water in the honeycomb structure, since water is composed of a 2/3 atomic 
fraction of hydrogen.  Aluminum and other materials in the structure have a weaker 
interaction and therefore, have a less dominant presence in the image [18]. 
 
3.  Experimental Technique 
 
Through transmission ultrasonic C-Scan and thermography on a rudder removed from service 
due to water ingress were performed at the Quality Engineering and Test Establishment 
(QETE) in Hull, Quebec.  Neutron radiography examination and accompanying images were 
produced using the 20 kW Safe LOW Power c(K)ritical Experiment (SLOWPOKE-2) reactor 
at the Royal Military College of Canada (RMC).   
 
The ultrasonic system at QETE utilized a water-jet through-transmission (squirter[9]) set-up 
as schematically represented in Figure 1.  Ultrasonic energy was coupled from the transmit 
probe via the water jet through the component and via a second water jet to the receive 
transducer. The data acquisition and analysis system along with ultrasonic module was 
manufactured by TecScan (Boucherville, Quebec).  The ultrasonic Panametrics transducers 
were 12.7 mm (0.5”) in diameter with 2.25 MHz centre frequency.  Transducers were 
precisely aligned using swivel gimbals in order to maximize through transmission energy.  
Total estimated path length for the ultrasound was fixed at 309 mm, unlike manual through-
transmission inspection, where ultrasound coupled directly to the component material with 
coupling gel [7], experiences a varying path length as the thickness of the rudder changes.   
 
Initial detection of water ingress was determined by application of thermography. The 
Infrared images of the rudder indicated the approximate locations of water ingress within the 
honeycomb core.  The Infrared camera used was the FLIR ThermaCam P60, manufactured 
by FLIR Systems.  The P60 camera uses 320 x 240 pixel Focal plane array (FPA) uncooled 
microbolometer detector and has a thermal sensitivity of up to 0.06°C at a temperature of 



30°C.  A full colour 640 x 480 pixel digital video camera is built in to allow for image 
capture. The P60 is capable of measuring temperature in a range from -40°C to +120°C with 
an accuracy of ± 2°C or ± 2% [19]. 
 
Neutron Radiography images were obtained by placing the rudder on a positioning table and 
capturing digital images using a Charge Coupling Device (CCD) camera.  This produced a 
map of the exact locations of water ingress within the honeycomb cells of the rudder’s core.   
  
4.  Results 
 
Two rudders removed from service and identified here as Rudder #1 and Rudder #2, were 
examined for water ingress and potential disbond using thermography, neutron radiography 
and through-transmission ultrasonics. 
 
In the field, thermographic images are used to provide initial evidence of the presence of 
water within the rudder.  Figures 2a and 2b show thermographic images of the outboard 
portion of Rudder #1 after it was removed from a freezer and permitted to warm to room 
temperature.  Figure 2a shows an image with a temperature scale between -2 and 23°C.  
Figure 2b, taken 2 minutes after Figure 2a, is characterized by temperatures between 1 and 
23°C.  As Figure 2a includes temperatures below 0°C, it likely captures regions of ice.  In 
Figure 2b temperatures are above 0 °C and therefore the indicated thermograph is attributed 
to water only.  As water has the lowest thermal diffusivity (Equation 5) and highest heat 
capacity [12] the distinction between regions with and without water are more clearly 
resolved in this image than when water is frozen as in Figure 2a.  The temperature gradient is 
not however, isolated to just the cells filled with water.  The heat will diffuse through the 
structure and appear as broader areas of temperature difference, which may be interpreted as 
larger regions of water ingress than actually exists. When comparing the visual results of 
Figure 2a and 2b, there are clear similarities in the shape of the area of water ingress as 
observed in Neutron Radiography and Ultrasonic measurements, which follow.  However, the 
resolution of the thermographic image is far less.   

 
Neutron Radiography was carried out on the rudders and the resulting images were 
assembled as shown in Figure 3 below.  The images demonstrate location and relative 
amount of water as darker regions within the honeycomb cells for a given exposure [20].  
Less exposure (darker) is due to Neutron attenuation by hydrogen (water) contained within 
the cells of the rudder.  Consistent with Figure 2, the bulk of the water occurs near the upper 
hinge, as in the majority of the rudders that have been studied [21].  Additional water has also 
migrated towards the centre of the upper portion of the rudder, with a pattern that is similar to 
the thermography images shown in Figure 2.  Figure 3 will be used again for comparison 
with ultrasonic results. 
 
Through-transmission ultrasonic C-Scans of the rudder section were generated from A-Scans.  
C-Scans are based on representation of the maximum signal amplitude within a given time 
interval or gate by an amplitude dependent color scale and are plotted as a function of 
horizontal and vertical position [10].   Figure 4 shows an ultrasonic C-scan of the rudder 
gated for water only.  Observed patterns of water ingress are in agreement with those 
observed in the higher resolution neutron radiograph results.  Figure 5 shows an ultrasonic C-
scan of the rudder gated for the aluminum path signal.   The resultant peak amplitude pattern 
is modified in regions near the rudder hinges most generally associated with areas of disbond.  
This will be discussed further for Rudder #2 below.   



 

 
Figure 2. Thermography Image of Rudder a) Initial and b) 2 Minutes Later (Temperature Scale in °C).  

 

 
Figure 3. Compiled Images of Neutron Radiography of Rudder #1 (Rudder Top is to the Left) 

 

 
Figure 4. Through Transmission C-Scan of Rudder #1 Gated to Show Water Signal (Rudder Top is to Left) 

 

 
Figure 5. Through Transmission C-Scan of Rudder #1 Gated to Show Aluminum Signal (Rudder Top is to Left)
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Positions with and without water, were selected for display of A-scans from Rudder #1.  The 
positions were located along a line approximately 40 mm from the leading edge in order to 
maintain similar core thickness.  Figures 6a through 6d show A-scans with gates set between 
45 and 56 µs, the nominal position for time of signals that have passed through water within 
cells.  Figure 6a shows an A-Scan from a location where water was absent.  In Figure 6b the 
aluminum honeycomb signal amplitude is weak, indicating poor coupling of sound that may 
be attributed to degraded bonding.  Figure 6c shows two signals, the first associated with 
aluminum and the second occurring later in time and therefore associated with water in the 
cell.  Figure 6d shows two signal amplitudes, but with the aluminum signal considerably 
weaker than that observed in Figure 6c at about the same thickness of rudder. 
 

 
Figure 6a. A-Scan With No Water Taken at 40 mm from Leading Edge and 90 mm from Top 
 

 
Figure 6b. A-Scan Showing Disbond at 40 mm from Leading Edge and 40 mm from Top 

 

 
Figure 6c.  A-Scan Showing Aluminum and Water Signals at 40 mm from Leading Edge and 

350 mm from Top of Rudder 
 

 
Figure 6d. A-Scan Showing Reduced Aluminum and Water Signal Taken at 40 mm from 

Leading Edge and 530 mm from Top of Rudder 
  

Aluminum 
Water 



A second rudder, Rudder #2, with more localized water ingress, was also examined.  Figure 7 
shows the infrared thermography, neutron radiography and through-transmission ultrasonic 
C-Scans gated separately for water and aluminum prior to drying out the rudder (pre-dry) and 
after the rudder had been dried out (post-dry), following a vacuum bag procedure described 
in [5].  Thermography, neutron radiography and ultrasound show water ingress between the 
two hinges along the titanium spar. Thermography again shows a much more dispersive 
representation of water ingress than either of the other two techniques.  The highest 
resolution, allowing identification of water in separate cells, is provided by neutron 
radiography. Unfortunately, the quality of the ultrasound signal, gated for aluminum, did not 
permit the clear identification of reduced coupling observed in Rudder #1.  However, a post-
dry C-Scan, permitted clear identification of regions of disbond, identified as a suppression of 
the through-transmitted signal.  The extent of this region closely matched that of regions 
where water was observed within Rudder #2 as observed in Figure 7c. 
 
5.  Analysis and Interpretation 
 
The water-jet system provides a fixed path length for through-transmission ultrasound in the 
rudder, in contrast to the application of surface transducers where the variable rudder 
thickness results in a more significant variation of signal arrival times.  The fixed path length 
permits the clear differentiation between aluminum and water path signals in A-Scans when 
water is present, since the changing rudder thickness can be more easily compensated for. 
 
The reduction in amplitude of the ultrasound signal within the composite structure can be 
examined in light of the various interfaces between composite components within the rudder, 
the presence of water with and without disbond and the attenuation of the signal through the 
varying thickness of the honeycomb.  Figure 1 is used to depict possible scenarios for 
reduction in through-transmission amplitude.  These may be combined with representative A-
scans in Figure 6a through 6d resulting in the following proposed paths for ultrasound: 
  

1) Intact bond at epoxy-to-aluminum interface and no water in cell (Figure 6a). 
2) Complete disbond with no water present in cell (Figure 6b). 
3) Intact bond with epoxy-to-aluminum interface at the water-filled cell (Figure 6c). 
4) Disbond between honeycomb and carbon/epoxy skin with water in the cell, 

implying an epoxy-to-water and water-to-aluminum path for sound (Figure 6d).  
 
While the presence of a dry disbond will severely limit the amount of sound transmitted, as 
demonstrated by a comparison of Figures 6a and 6b, the introduction of water in the disbond 
will facilitate transmission of sound through the composite structure.  However, the change 
and addition of an interface for water within a disbond (case 4 above) will result in reduced 
signal amplitudes.  This is demonstrated by a comparison of relative transmitted sound 
intensity between cases 3 and 4 using Equation 2.  Under conditions of disbond in the 
presence of water, the epoxy-to-aluminum interface in Case 3 (intact bond) is replaced by 
epoxy-to-water and water-to-aluminum interfaces as described for Case 4.  The ratio of 
through transmission intensity in Case 3, I3T, to the Case 4 intensity, I4T, becomes a ratio of 
epoxy-to-aluminum interface intensity, Iepoxy/aluminum, to the product of intensities of epoxy-to-
water and water-to-aluminum, Iepoxy/waterIwater/aluminum.  Since the other interfaces remain 
unchanged, the ratio of through-transmission intensities becomes:  
 

∏

∏
/

/ /

.

. .
3   (7) 



 

 

 

 

 
Figure 7.  Comparison of a) Infrared Thermography, b) Neutron Radiography and Through-

Transmission Ultrasound C-Scans c) Gated for Water, d) Gated for Aluminum, and e) Post-dry C-Scan 
for Rudder #2 (Top of Rudder is to the Left) 

  

b) Neutron Radiography 
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where I3Ti and I4Ti are the transmitted intensities at the i
th interface for each case.  These 

calculations indicate that although the presence of water acts as a couplant for sound through 
the rudder, it only couples approximately one third of the sound intensity that a fully intact 
epoxy bond would.  Equation 7 may be written in terms of a ratio of maximum pressures 
using Equation 4 and noting that receive transducer impedance, z, is constant for received 
signal responses.  Therefore, in the case that disbond with water is present the relative 
maximum amplitudes are reduced by the factor ⁄ √3 1.7. This reduction 
may be seen in an examination of relative aluminum signal amplitudes shown in Figures 6c 
and 6d (1.2/0.7=1.7), corresponding to cases 3 and 4 above, and is reflected in the C-Scan, 
Figure 5, which shows regions of reduced aluminum signal amplitude near the hinge area.  
Note that the central rudder region, where substantial water was detected, is not present in 
Figure 5, suggesting that disbond has not occurred although water is present.  The central 
region therefore, may be a result of diffusion ingress of water a mechanism suggested by 
Radtke et al. [2]. While reduced coupling for through-transmitted signals, resulting in lower 
signal amplitudes, may be indicative of fillet bond degradation, further study is required to 
relate signal amplitudes to remaining bond strength. 
 
6.  Conclusions 
 
As the presence of water is a degradation mechanism within composite structures, its 
detection may be used to identify potentially compromised structures.  In this study of two 
F/A-18 rudders water within honeycomb cells was observed with highest resolution using 
neutron radiography, followed by through-transmission ultrasonics and finally thermography, 
where water indications were much more diffusive.  Association of earlier-in-time ultrasonic 
signals within A-scans with the aluminum honeycomb component of the structure permitted 
their differentiation from the later-in-time water signals.  The first rudder in the study was 
characterized by significant water ingress, observed in its hinge region and its central top 
section.  The second rudder demonstrated water primarily at the leading edge between its two 
uppermost hinge locations.  Water removal, by drying of the second rudder, confirmed 
presence of disbond in the hinge region, where significant direct water ingress had occurred. 
  
A model of the effect on peak ultrasonic signal amplitude, under conditions of disbond 
between FM73 epoxy adhesive and aluminum, in the presence of water, was developed.  The 
model predicted a 60% reduction in observed peak signal amplitude when disbond in the 
presence of water occurred.  Qualitative evaluation based on examination of C-Scans gated 
for aluminum path signals provided evidence of reduced peak amplitudes of this order in the 
hinge region of both rudders.  In the central portion of the first rudder, where water was also 
observed and presumed to be present by diffusion rather than direct ingress, reduced 
amplitudes were not present, suggesting that bonds in this region could be intact.  These 
results suggest that the presence of disbond may be identified by observation of a relative 
reduction in ultrasonic signal amplitude. 
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