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Abstract 
Advanced inspection techniques are currently being assessed to determine if embedded Teflon inserts, epoxy core 
potting, skin-to-core separation and water ingress in honeycomb composite materials can be detected and 
characterized. This paper will describe how to produce realistic and repeatable test samples that can be used to 
assess advanced inspection methods. Computed tomography (CT) is the optimal technique used to detect cell wall 
crushing within the full thickness of the honeycomb structure. This method can also evaluate through the thickness 
of the honeycomb material and determine if disbonds between the core and skin have been successfully produced. 
By deploying a high frequency ultrasonic probe to a mobile scanner, ply to ply variations can be detected. All 
techniques can detect the epoxy core pot within the honeycomb cells. Comparisons between ultrasonic inspection 
methods, computed tomography and active infrared technologies are examined. Reference standard development, 
inspection criteria and deployment challenges encountered while scanning the honeycomb materials using active 
infrared technologies will also be discussed. Finally, the results of using embedded Teflon inserts and water trapped 
in honeycomb cell wall to simulate in-service damage of a solid laminate to honeycomb composite structure will be 
summarized.  
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1. Introduction

Composites are becoming increasingly important in the aerospace sector often replacing 
aluminum in mild corrosive environments. During the last several years, solid laminate to 
honeycomb structures have been studied at Sandia National Laboratories [1, 2].  The geometry of 
a honeycomb composite allows designers to minimize the amount of material used and still 
maintain weight/strength to cost ratios. Composites vary widely within aerospace structures 
however, all contain common features. Honeycomb structures have a uniform two-dimensional 
array of hollow cells sandwiched between two adhesively bonded solid laminates. The cells are 
usually hexagonal in shape and provide a material with minimal density and relative high out-of-
plane compression and shear properties. The layering of the solid laminates provides strength in 
tension. Honeycomb materials are widely used where flat or slightly curved surfaces are needed. 
The high strength-to-weight ratio makes this material useful during the design phase of projects. 
Sandia Laboratories is researching inspection techniques to determine if a variety of methods can 
be used to assess the structure integrity on composite materials after final manufacturing. 

1.1 Baseline Inspection Using Computed Tomography 

Computed tomography is an x-ray technique that generates a thin slice image of an object‟s 
volume. This technique differs from the other described techniques in that the x-ray source lies in 
the same plane as the surface being imaged. Since the plane of the CT image is parallel with the 
beam and the detector scan path, all CT systems require computer algorithms to reconstruct,  
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calculate, locate, and display pixel by pixel attenuation values throughout the specimen. The 
reconstruction is obtained by using the cross sectional slices of the test piece. The CT image 
represents a point-by-point linear attenuation coefficient in each slice which can then be 
correlated to the density. The computer software program Volume Graphics™ is used to 
characterize the honeycomb integrity by displaying planes of reconstructed data through the 
volume. This technique can verify honeycomb structural characteristics after any manufacturing 
step. Processes steps such as core-to-core splices are routinely inspected. The CT technique is 
especially well suited for detecting sub-surface flaws within the honeycomb. The general types 
of defects detected by radiologic examination include blown core, density variation, entrapped 
fluids. Factors that influence image formation, X-ray attenuation and interpretation of the images 
are keys to successful deployment [3]. 

1.2 Ultrasonic Theory and Application 

Ultrasonic transducers transmit low or high frequency sonic waves into a composite sample and 
measure the response returned from the material. A change in the sonic vibrations indicates a 
structural change in the specimen due to a strong anisotropy between the axis and the plane of 
the ply stack [4]. Waves propagate through a material by creating stress and strain on the 
particles within the material. This atomic movement is constrained by the elastic properties of 
the composite. The movement of the atoms is passed along through the densely packed 
molecular structure in the form of mechanical energy. This transfer of energy carries the acoustic 
wave through the material as a plane body wave. Figure 1 displays the stress and strain 
components created by the mechanical movements. The stress (σii) and strain (εii) components of 
any material can be determined by summing the forces and eliminating high order terms. The 
equation is commonly called Hooke‟s Law [5]:  

Figure 1: Axis orientation for a structural element with loads in the direction of the three 
coordinate axes that produce normal stresses σxx, σyy and σzz.  

…………………..…………………….(1) 

The variables そ and た are Lamé‟s constants. The constants are related to the material properties 
of Young‟s modulus E and Poisson‟s ratio ν. 

where:       and ……………………(1a) 



The one dimensional governing equation of motion for ultrasonic wave in the x axis is: 
 
  

……….……...……..……..(2) 

Low-frequency resonant transducers transmit ultrasonic waves that penetrate through the 
laminate weave face and enter the honeycomb cell wall at the node-bond adhesive interface. The 
low frequency response of the transducer can detect disbonds or delaminations between the 
honeycomb and solid laminates. Resonance inspection requires a highly resonant, narrowband 
transducer that can be excited at its natural resonant frequency and creates a tuned continuous 
standing wave. This method also requires an ultrasonic coupling agent (deionized water) 
between the transducer and the composite material. Since the part influences the acoustic 
impedance, relative measurements are made between a flawed and unflawed area. When the 
transducer approaches the edge of the part, a sharp change in resonant frequency occurs at the 
boundary. This condition limits inspection near the edge of the sample. In general, it is not 
advisable to inspect any closer than 3 to 5 mm from an edge. The resonant technique has 
difficulty discerning an internal defect (change in structural stiffness) from the edge of the part. 
The probe does have the ability to detect air gaps caused by pull tabs at the edge of test samples. 
High-frequency ultrasonic transducers have better near surface resolution than low-frequency 
transducers. They are incorporated to detect delaminations between the ply adhesive interfaces. 
To maximize acoustic energy into a material, the air between the ultrasonic transducer and the 
composite is removed. Couplant displaces the air and transfers the acoustic energy from the 
probe into the material. This technique creates a robust and repeatable inspection to interrogate 
the ply interfaces. To avoid immersing the part in water, a small hole is drilled into the probe 
holder. This provides water to the surface of the part and allows the inspection to become 
automated. A delay line is added to the front of the single element transducer to improve near 
surface resolution. This provides a time delay between the acoustic generation and reception of 
reflected energy. The plastic delay line essentially becomes the front surface of the composite.  

1.3 Infrared Theory and Application  

Infrared (IR) inspection uses a video camera to image the surface of the honeycomb after the 
application of a short pulse of heat. If the thermal diffusivity and thickness are known for the 
graphite ply, the acquisition time can be estimated by:  

       Tacq = 2 (L2)/(πα) ……………….……...……………..(3) 

Where: L is the ply thickness (mm) and α is the thermal diffusivity mm2 /sec [6].  

Active Thermography (AT) is defined as a technique where a stimulus is applied to a sample to 
cause it to heat or cool locally. This local energy change will allow the thermal characteristics of 
the sample to be observed by infrared imaging. The difference between active and passive 
thermography is the intentional application of energy that results in a temperature rise or fall in a 
sample, as compared to an otherwise in situ (passive) sample. The time at which temperature 
changes take place is often more important than the amplitude of the temperature change. The 
camera and high-power xenon flash lamps are connected and controlled through an integrated 
computer system. This infrared method is based on accurately detecting changes in the emitted 
energy from the inspection surface during the cooling process. As the emissivity (ε) of the 



surface ply deviates from the black body ε = 1, the camera monitors and records the changes in 
cooling rates. Most composite materials can be inspected without surface preparation. If the 
surface has high optical reflectivity it might be necessary to coat the surface with optically 
opaque high-emissivity water washable paint. A computer processes the digital video data stream 
from the IR camera and displays the resulting images. Infrared imaging requires only a few 
seconds per square meter of surface. Most IR systems are capable of detecting and measuring 
material loss. This technique has been applied to detect: disbonded metal-to-metal aircraft 
doublers and characterize impact damage on ply-by-ply carbon fiber composites [7]. The 
operating parameters affecting detectability include carbon graphite ply surface emissivity, 
optical reflectivity, data acquisition collection rate and duration. Also important to detection is 
flash lamp energy, camera wave length, optic settings and spatial resolution. Camera focusing 
and lens selection can increase the field-of-view. The on axis radiant flux reaching the image 
plane of the camera is defined by: 

                                                                        ……………………..………………(4) 

where: Le (α,T) is the spectral radiant sterance (watts/ m2 Sr um) [8]. This value is invariant for 
an optical system that has no absorption, scattering or reflections; Steradian is the cone solid 
angle (radians); Ao is the aperture area (m2); R1 is the distance from the object to the lens (m); As 
is the source area (m2) Tsys is system transmittance; and Tatm is the intervening atmospheric 
transmittance between the source and the infrared system. To determine the pixel field of view 
size as well as document the IR camera characteristics within the field, an object must be placed 
in the camera field of view. The number of pixels that span the object are then counted. The pixel 
size (field of view) equals the object length divided by the number of pixels. The inspection 
setup will also need to document the ply thickness, surface characteristics and composition of the 
ply layers. Change in geometry and thermophysical characteristics of a rejectable flaw should 
always be considered when designing samples and developing a procedure. It should be 
recognized that flat-bottomed holes represent the best case scenario for detection. Neither sound 
waves nor heat will travel through air effectively or efficiently. 

2. Sample Design and Characterization 

The first engineered sample was designed to: 1) ensure that a one-dimensional heat flow from 
the ply surface into the honeycomb interface is the primary cooling mechanism 2) allow portable 
automated inspection platforms enough surface scanning area. This first sample was not 
designed to characterize the minimal detectable flaw size. The height and width of the inspection 
surface is significantly greater than thickness. Figure 2 demonstrates five engineered defects 
within the composite. The sample was constructed with a 12.7 mm thick Nomex™ (HRH-10 
Aerospace Grade) sandwiched between three plies of carbon graphite fiber weave sheet ([-45, 0, 
90] W37-282). The composite panel dimensions are 20.32 cm by 20.32 cm. The flaw types are: 
disbonds, which are loss in adhesion between the laminate and the honeycomb core (sometimes 
called core disbond), interply delaminations, which are loss in adhesion between adjacent plies 
of carbon laminate and simulated repairs which is epoxy filled honeycomb. An assessment of 
each inspection technique was conducted to determine if an inspection criterion can be 
established.  



Figure 3 displays the top and side view of the first engineering sample. Core material was 
removed and excessive epoxy was poured into the hole and allowed to cure. This created a 2.54 
cm diameter simulated repair. The four additional flaws are located on one side of the specimen. 
The flaws have the following dimensions: 1) 2.54 cm diameter honeycomb removal; 2) 1.27 by 
1.27 cm square honeycomb removal 3) 2.54 by 2.54 cm square Teflon insert and 4) 1.27 cm 
diameter Teflon insert. The two inserts were placed between the adhesive bond layers and coated 
with mold release to simulate a disbond. Inserts are used because it is thought to provide a 
realistic flaw response. It has been documented that the signal response from inserts may not 
provide a sufficient signal to create a calibration threshold [9]. To help assess reference standard 
development and inspection criteria limits, the specimen was design with the above type of 
embedded engineered flaws. The second sample used during this research is a sample cut from a 
secondary load bearing surface of a general use commercial aircraft. It has naturally occurring 
skin to core separation and ply damage. To simulate water ingress an elastomer was placed at the 
ply to honeycomb surface. This elastic polymer is designed specifically for ultrasonic probes. 
The acoustic impedance is nearly the same as water. Its attenuation coefficient is lower than most 
elastomers and plastics. Additionally, the second sample had cells saturated with water and 
scanned with the IR camera. This technique works well for development of the technique but 
cannot be used for a long term reference standard.  Figure 4 show the composite sample and the 
placement of the elastomer. 
 

 

 

 

Figure 2. Composite sample created with 
defined engineered flaws that simulate 
disbonds and delaminations. 

Figure 3. The panel is composed of Nomex™ 
honeycomb sandwiched between two graphite 
carbon skins. 

 

          

 

 
Figure 4 displays the front a back side of a sample cut from a general use commercial aircraft 
showing honeycomb structure and ply tearing. An elastomer square is placed at the ply to 
honeycomb interface.  



2.1 Baseline Characterization of Samples with Computed Tomography 

Computed tomography (CT) collects penetrating radiation measurements from the sample‟s x-
ray opacity using flat amorphous silicon digital detector array. The source and detector remained 
constant while the part is scanned and indexed. The slices are then collected and mapped 
together to create a two dimensional CT-density map. The fraction of the x-ray beam that is 
attenuated is directly related to the density and thickness of the material through which the beam 
has traveled. Volume Graphics™ generates three-dimensional images from the set of two-
dimensional measurements at different scanning angles. The reconstruction algorithm uses a 
transform technique which creates a continuous set of voxels arranged in a three-dimensional 
grid. Each voxel represents a specific area of the composite honeycomb structure. The “gray” 
values assigned by the software program correlates to the material properties of the area. Figure 
5 shows the texture of the surface of the weave. Figure 6 displays the laminate to bondline 
interface. The honeycomb cell structure is well defined.  

Figure 5. Computed tomography slice of the 
front surface showing the 3 ply layup. 

Figure 6. Computed tomography slice of 
the skin-to-honeycomb interface. 

Figure 7 displays the material removed to create a skin to core disbond. As the CT slice 
continues through the honeycomb, crushed and condensed core damage is detected at 
approximately half way through the sample. Figure 8 displays the front and side view at the core 
damage site. A 2048 by 2048 pixel amorphous silicon panel with a 0.20 by 0.20 mm pixel pitch 
was used to collect the x-ray opacity. The panel to detector distance was placed at 1.5 meter to 
create an approximate 1-to-1.2 scale. This creates a 0.2 mm by 0.2 mm pixel pitch with an 
optimum voxel size of 0.163 mm. The x-ray parameters are: 160 Kilovolts and 4.4 µA.  

2.2 Characterization of Samples with Ultrasonic Inspection 

Ultrasonic inspections were performed on the first engineered sample in order to observe 
capabilities and limitations of the system as well as determine if these types of engineered flaws 
will make suitable reference standards. The first sample was ultrasonically inspected using a 6.35 
mm diameter probe operating at 5 MHz. The gate was adjusted to follow the front surface and 
stop close to the backwall of the laminate weave skin. Figure 9 displays the inspection set-up 
using an advanced automated ultrasonic scanning system MAUS V™. A pictorial representation 
of the sound wave entering the sample and its A-scan display is also shown. Figure 10 is an 



amplitude c-scan image of the laminate skin to the honeycomb. This image detects the change in 
acoustic density between the plies. Figure 11 shows the ultrasonic inspection results using c-scan 
depth gate display with a clear indication of the large square insert located at the top right. The 
12.7 mm insert is barely detectable. The core crushing in the middle of the honeycomb and 
disbond between the ply and honeycomb cannot be detected reliability. 
 

            
   

 
Figure 7. Computed tomography slice of the 
skin to core separation. 

 
Figure 8. Computed tomography slice of the 
front and side view of cell wall crushing. 

 

   

      

 

Figure 9. A 5 MHz probe coupled the advanced automated ultrasonic scanning system MAUS 
V™. Water, a low-viscosity coupling material, is forced through a small tube near the probe tip 
and transferred to the inspection surface. 
 
A resonant inspection was also conducted on the sample. Large signal variations were found at 
the surface, bondline and between the face and honeycomb using resonant inspection. These 
variations may be the result of irregularities in the composite weave material or the fabrication 
process. Figures 12 and 13 reveal that resonant inspection has some limitations in defining the 
shape/borders. It is possible to detect the presence of a flaw in the phase plot. The phase change 
can indicate either a change in depth or thickness of the ply. The epoxy filled core was easily 
detected. The signal to noise ratio from the Teflon inserts is too low to be a reference standard. 



            

Figure 10. Screen display of c-scan image.  
The signal amplitude in the gate is recorded. 

Figure 11. Screen display of c-scan image. 
The signal depth within the gate is recorded. 

 

  
 
Figure 12. Screen display of c-scan image. 
The amplitude response for a resonant probe 
is recorded. 

 
Figure 13. Screen display of c-scan image. The 
phase response for a resonant probe is recorded. 

2.3 Characterization of Samples with Infrared Inspection 

Active IR technology was deployed to assess its ability to detect disbond and delaminations 
between the laminate and composite honeycomb interface and determine if these types of 
engineering defects can be used as reference standards. A commercially available IR system 
from Thermal Wave Imaging was used during this investigation [10]. In both passive and active 
infrared inspection the camera is sensitive to radiation emitted from the surface of the composite 
surface. In most all cases, passive IR inspection yields no useful information about the skin-to-
honeycomb bondline. When active IR techniques are used the camera can extract information 
about the plies beneath the surface. The technique can only infer subsurface structure 
information by how the top surface heats or cools. The flash lamp and IR camera are both 
located on the same side of the composite specimen. Prior to the thermal pulse, the surface is in 
equilibrium with its surroundings. During the short excitation pulse the surface temperature rises. 
Any subsurface feature will either allow thermal energy to flow or restrict it. When using flash 
thermography to inspect a composite surface, energy is delivered to the surface from a pulse of 
light from the plasma discharge in a Xenon filled quartz flash-tube. Energy is provided by a 



capacitor bank being discharged. The duration of the charge is in the range of 2 -5 milliseconds. 
To increase the detectability of composite structures, a precise control of the flash duration and 
timing with respect to the integration time of the camera has been developed. To better 
understand where artifacts and variations in the processed infrared images come from, a 
subsystem analysis was conducted. The AC coupling effects, scene content, gain levels of the 
camera, and line to line interpolations were studied in order to optimize the set-up. To obtain the 
best image quality, the background temperatures and reflections were kept to a minimum. To 
avoid recording IR camera saturation, data collection was delayed by 0.15 seconds. The camera 
frame rate was 59.9 Hz with a capture time of 21.2 seconds. The diffusion rates into the skin are 
uneven due to the weave of the plies. Build up near the laminate to honeycomb interfaces is also 
a factor. To assist with data analysis, a Thermographic Signal Reconstruction (TSR) algorithm 
was applied to the saved images [11, 12]. The algorithm fits the raw log-log data with a 
smoothing function and uses the replica for additional processing. Once the equations of fit are 
placed in the log domain, a transform can be created and stored. Presently, the two most useful 
functions are the first and second derivative. Figures 14 – 16 illustrate pixel intensity per time, 
along with the first and second derivatives of each chosen pixel within the collection window. 
Any data point (pixel intensity) within the collection time can be displayed. As time increases, 
the thermal response throughout the laminate/honeycomb interface can be analyzed. The thermal 
behavior of Teflon is similar to composite plies. The thermal energy passes through the Teflon 
and does not completly block heat.  Delaminations obstruct the flow of heat in the ply and cause 
the surface to appear warmer. If signal processing is used the operator can remove background 
noise which reduces signal artifacts. Signal analysis can also enhance and isolate areas of interest 
by reviewing the inflection points.  Previous investigations have shown flaw dimensions increase 
in fiberglass and carbon composites when the laminate thickness increases [13].  

   

   

Figure 14a. Log of 
reconstructed intensity per 
time (0.55 seconds). 

Figure 14b. First derivative 
of reconstructed intensity per 
time (0.55 seconds). 

Figure 14c. Second derivative 
of reconstructed intensity per 
time (0.55 seconds). 



   

   
Figure 15a. Log of 
reconstructed intensity per 
time (1.1 seconds). 

Figure 15b. First derivative 
of reconstructed intensity per 
time (1.1 seconds). 

Figure 15c. Second derivative 
of reconstructed intensity per 
time (1.1 seconds). 
 

   

   
Figure 16a. Log of 
reconstructed intensity per 
time (4.6 seconds). 

Figure 16b. First derivative 
of reconstructed intensity per 
time (4.6 seconds). 

Figure 16c. Second   derivative 
of reconstructed intensity per 
time (4.6 seconds). 

 
To identify trapped water reliability in honeycomb cells the inspector cannot rely on visual 
inspection. Fluid ingress into the bondline will affect the structural integrity of the composite. If 
fluid is not detected and removed it will destroy the cell walls by allowing trapped water to 
degrade the composite material [14, 15]. The advantage of using IR to detect water is that the 
inspection surface appears cooler than the surrounding area. One challenge in detecting water is 
that sealant also appears cooler that the surrounding area. The thermal behavior of Aqualene™ is 



different from composite materials and starts to mimic thermophysical properties of water. Water 
is added to the cell structure and allowed to dwell. Active IR images are taken of the sample. 
Figures 17 – 20 with the associated plots, illustrate pixel intensity per time, along with the first 
derivative of each chosen pixel within the collection window. An Aqualene™ square is added to 
the bondline and can be seen visually as a small square in the upper right hand corner of the 
below images.  

Figure 17. Log of reconstructed intensity per 
time in seconds). 

Figure 18. First derivative of reconstructed 
intensity per time in seconds. 

Figure 19. Log of reconstructed intensity per 
time in seconds. 

Figure 20. First derivative of reconstructed 
intensity per time in seconds. 



When a first derivative is applied to the data, the hot spots move toward the maximum point. If 
the second derivative is applied to the data, the changes in surface temperature will appear earlier 
in time. Delaminations near the edge are hot compared to the surroundings. The initial slope of 
the logarithmic temperature time line should be approximately -0.50. The knee may bend either 
higher or lower than the straight line due to the ply thickness. Each layer acts as a thermal 
insulator or heat sink. If the knee is not present in the log plot the acquisition duration must be 
increased. There are two options to expand the acquisition time: 1) increase the number of 
frames or 2) decrease the rate at which the frames are acquired. Figure 21 displays an infrared 
time history of water ingress into the honeycomb cells.  

Figure 21. First derivative of reconstructed intensity per time. These six images were taken at 
different soak times from left to right (0, 5, 18 minutes, top row and 53, 74, and 178 minutes, 
bottom row). This allows the water to migrate through the composite. 

3. Conclusions

Core potting is an excellent way to produce a reference standard that will represent splices or 
honeycomb repairs. All inspection techniques were able to detect this manufacturing process. 
Resonant inspection and computed tomography could not reliably detect the embedded inserts 
between the plies. Ultrasonic resonant inspection can detect near surface disbonds in the laminate 
bonded to honeycomb but may not be able to establish a reference standard threshold. High 
frequency ultrasonics can detect the embedded inserts in the plies with a high signal-to-noise 
ratio.  

Honeycomb removal at the bondline to create a core disbond was identifiable with computed 
tomography and infrared inspection. The thermal properties of the epoxy and air are significantly 
different from the honeycomb and carbon graphite plies, however thermal properties of Teflon 



are not. The use of signal processing algorithms greatly enhances the detectability of flaws that 
are hidden in the raw infrared image. The TSR greatly aids with the evaluation and 
characterization of indications in the sample. Flashed thermography can identify flaws within the 
first three plies and the bondline interface. The detectability of a Teflon insert embedded into the 
plies will depend on its size, depth from the surface and the degree to which its thermal 
properties differ from the surroundings. 
 
The use of representative test samples allows the signal process software to characterize fluid 
ingress into honeycomb cells and track the migration path. The elastomer material has material 
properties that almost simulate the thermophysical behavior of water ingress into honeycomb cell 
walls. The only difference in thermal behavior is found in the first and second derivatives. In the 
IR image stack subsurface flaws obstruct the flow of heat. This results in a higher temperature 
value than nearby intact surrounding areas. Water acts as a heat sink and appears cooler than the 
surrounding intact areas. 
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