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ABSTRACT   

Certification of adhesively bonded structures is currently a challenge for aircraft manufacturers. The ability to certify 

bonds in primary structure can reduce dependence on fasteners, thus enabling more efficient manufacturing.  For example, 

drilling holes and installing fasteners in bonded joints can be a potentially significant bottleneck in airframe manufacturing.  

In addition, fasteners increase the airframe weight and can add stress concentration areas.  Reducing fastener count can 

accelerate manufacturing and improve aircraft performance.  NASA is currently investigating nondestructive evaluation 

(NDE) techniques to assess bond integrity.  For example, bond thickness influences bond strength, and therefore, NDE 

techniques are being investigated to determine bond thickness.  For bonded metal structures, there is a large difference in 

the thermal diffusivity between the 7075 aluminum alloy metal adherends and aircraft grade adhesive.  Multi-layered 

thermal models show a large variation in the thermal response for bondline adhesive thicknesses that vary from 100 to 300 

microns for adherend thicknesses of 0.163 cm.  Experimental through transmission thermal measurements reveal promise 

to quantitatively characterize the bondline thickness. Results were validated with X-ray computed tomography and optical 

microscopy measurements, and influence of porosity on the thermal model and measurements are investigated. 
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1. INTRODUCTION  

The ability to certify bonds in primary load bearing aircraft structures can reduce dependence on fasteners and will enable 

more efficient manufacturing.  For example, drilling holes and installing fasteners in bonded joints can be a potentially 

significant bottleneck in airframe manufacturing.  In addition, fasteners increase the airframe weight and can add stress 

concentration areas.  Reducing fastener count can accelerate manufacturing and improve aircraft performance.  NASA is 

currently investigating nondestructive evaluation (NDE) techniques to assess bond integrity.  Studies have shown 

experimentally that adhesive bondline thickness can significantly affect the strength of the bonded structure [1-3].  In 

addition, a recently developed phased based ultrasonic method has shown promise for the detection of adhesion between 

the adherend and adhesive interface by measuring the interfacial stiffness [4-5].  This method also requires measurement 

of bondline thickness.  

 

Nondestructive techniques such as ultrasound and X-ray computed tomography (CT) are commonly used to measure 

bondline thickness; however, they have drawbacks.  For example, ultrasound requires mechanical contact and a coupling 

medium to perform the inspection.  Recent advances in air coupled and laser ultrasound have shown promise; however, 

coupling of the energy can still be an issue.  Air coupled UT has limited temporal resolution due to the requirement of low  

frequencies (approximately around a MHz or less) to reduce air impedance mismatches [6].  For laser ultrasound, higher 

energies can be required to induce thermoelastic heating to produce ultrasonic waves and, therefore, surface ablation can 

be a potential issue in addition to eye safety precautions [7].  X-ray CT can nondestructively measure bondline thickness; 
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however, X-ray CT takes a long time for measurement, has radiation safety precautions, and is only able to inspect small 

volumes for high resolution measurements.   

 

In this paper we study thermal NDE for the measurement of bondline thickness.  The advantages of this NDE technique 

are it is safe, noncontact and able to inspect large areas rapidly.  The application of thermal NDE techniques for the 

assessment of bond defects has been studied as early as 1985 by Green [8] and others such as Safai and Limerick [9-10]. 

The thermal NDE setup used is through transmission where the sample is positioned between the heat source and infrared 

camera. The aluminum samples studied were a bonded single lap joint (SLJ) configuration wherein the aluminum adherend 

surfaces were grit blasted at certain locations to enhance the surface emissivity and minimize in-plane heat flow.  The 

thermal inspection method is sensitive to the adhesive thickness due to the large difference in the thermal diffusivity 

between the aluminum adherends and aircraft grade adhesive, and therefore, a thermal inspection technique reveals 

promise to quantitatively characterize the bondline.   Thermal NDE estimation of bondline thickness is validated with X-

ray computed tomography and optical microscopy measurements. 

 

2. THERMAL INSPECTION SETUP AND BONDED SAMPLE CONFIGURATION 

2.1 Thermal Inspection Setup 

The through transmission thermal inspection setup is shown in Figure 1. The thermal inspection system shown has the 

flash lamps and infrared camera configured on the opposite side with the sample in between.  The commercially available 

inspection system is configured around an infrared camera with a 1344 x 784 indium antimonide (InSb) array operating in 

the 3 - 5 micron infrared band.  The image acquisition data framerate is set to 120 frames per second.  A 25 mm focal 

length germanium lens is used.  The camera’s noise equivalent temperature difference is less than 0.025 Kelvin.  Dual 

photographic flash lamps powered by two 4800 joule power supplies are placed at the bottom of the inspection system.   

 

 
 

Figure 1: Picture of through transmission thermal inspection system. 

 

 

2.2 Single Lap Joint Bonded Sample Configuration 

The bonded samples were configured for shear mechanical loading.  The SLJ samples were bonded using 229 micron 

diameter wire to control the bondline thickness.  The adherends were 1.625 mm thick 7075-T6 aluminum.  The adherends 

were 25.4 mm wide and approximately 101.6 mm long, and were bonded with a 12.7 mm overlap, as shown in Figure 2.  

Three layers of aircraft grade adhesive film were used during the bonding process.  To enhance thermal inspection ability, 

the samples were grit blasted (220 micron grit) on alternate outer adhered surfaces, as shown in Figure 2.  This was 

necessary to increase the absorption/emissivity on both the surfaces facing the camera and the flash lamps.  Grit blasting 

one side of each adherend forced the conduction of the heat from the bottom adherend (facing the flash lamps) through 



 

 
 

 

the bonded interface toward the top adherend facing the infrared camera, thus minimizing in-plane heat flow.  The 

emissivity of the bare aluminum adherend is measured in comparison to the grit blasted surface as shown in Table 1. Grit 

blasting the surface enhances emissivity by a factor of over 3, improving the flash lamp energy absorption and the infrared 

camera’s ability to detect the transient thermal response through the bonded region.  For comparison, the emissivity of a 

flat black painted surface is also shown in Table 1.  Flat black paint improves the aluminum surface emissivity by a factor 

of almost 7; however, the thermal diffusivity of flat black paint is typically much lower than the thermal diffusivity of 

aluminum and closer to the thermal diffusivity of the adhesive.  The addition of flat black paint layers would most likely 

cause errors in the estimate of adhesive thickness.  Although grit blasting the aluminum surface slightly alters the adherend 

thickness, the small changes in thickness were found to be negligible due to the thermal response being dominated by the 

adhesive thermal properties and thickness. 

 

The SLJ samples were chemically treated to obtain 6 different levels of bond strength using different concentrations of 3- 

Glycidoxypropyltrimethoxysilane (y-GPS) and Propyltrimethoxysilane (PTMO), as described by Barroeta-Robles [11].  

The y-GPS is a reactive agent and the PTMO is a non-reactive agent and therefore is used to chemically degrade the bond.  

A total of six samples were thermally inspected.  These samples concentration levels varied: 100% y-GPS/ 0% PTMO 

(G100-P0), 70% y-GPS/ 30% PTMO (G70-P30), 50% y-GPS/ 50% PTMO (G50-P50), 30% y-GPS/ 70% PTMO (G30-

P70), 25% y-GPS/ 75% PTMO (G25-P75) and 20% y-GPS/ 80% PTMO (G20-P80).   

 

 

 
Figure 2: Drawing of SLJ sample configuration. 

 

 

Table 1: Comparison of Measured Surface Emissivity 

 

Sample Average Surface Temperature 

(Celsius) 

Measured Emissivity 

Unpainted Aluminum Surface 55.6 0.132 +/- 0.0032 

Grit Blasted Aluminum 

Surface 

45.7 0.478 +/- 0.0079 

Painted Aluminum Surface 34.3 0.90 +/- 0.0080 

 

3. THERMAL MODELING AND MEASUREMENT RESULTS 

For bonded metal structures, there is a large difference (factor of over 400) in the thermal diffusivity between the 7075- 

6 aluminum alloy metal adherends and aircraft grade adhesive.  For small adhesive bondline thicknesses as compared to 

the aluminum adherend thickness, the thermal response will be dominated by the adhesive thermal conductivity and the 

bondline thickness. 

 
3.1 Thermal Modeling 

A three layer one dimensional thermal model is used to estimate the bondline thickness.  The layers include the two 

adherend layers with an adhesive layer in between.  The matrix method in the Laplace domain, given by equation (1), is 

used to solve for the thermal response, assuming perfect thermal contact between the layers and no convection losses [12],  

where V1 is the front surface temperature facing the camera, V0 is the back surface temperature facing the flash heat source, 

F is the input heat flux at the back surface, l2 and l1 are the equivalent adherend thicknesses, K is the aluminum thermal 



 

 
 

 

conductivity, q = √𝑠 𝛼⁄  , where 𝛼 is the aluminum thermal diffusivity, Ka is the adhesive thermal conductivity, la is the 

adhesive or bondline thickness, qa = √𝑠 𝛼𝑎⁄  , 𝛼𝑎  is the adhesive thermal diffusivity, F is the input heat flux, and s is the 

Laplace transform parameter. 
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Solving equation (1) for V1 gives the front surface temperature response to estimate the bondline thickness (la).  This 

equation is given in (2) as:  
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Equation (2) was also modified, to take into account porosity in the bondline, where the porosity is modeled as square 

elements within a medium [13], which in our case is the adhesive.   This equation is given in (3) as: 
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where Kadhesive is the thermal conductivity of the adhesive, 𝜃 is the volume fraction of the air filled pores, and Kpore is the 

thermal conductivity of air.  The values used for this model are presented in Table 2 and the input heat flux, F, is estimated 

to be 1.71 calorie/sec cm2 [14].   Using these values, a series of temperature time curves were calculated by varying the 

adhesive thickness, la, from 0 to 1,000 microns in increments of 2 microns then numerically inverting equations (2) and 

(3) to the time domain [15].  These time domain curves were normalized to the maximum temperature and stored for least 

squares error minimization to the measured time temperature curves for the estimation of bondline thickness.  Example 

time temperature curves are shown in Figure 3 for adhesive thickness values of 0, 100, 200, and 300 microns.  As shown 

in Figure 3, for 0 micron thickness the temperature reaches a maximum well within 0.2 seconds, for 100 micron adhesive 

thickness the maximum temperature is reached in approximately 1.5 seconds, for 200 micron adhesive thickness the 

 

Table 2: Model Variable Values at Room Temperature 

 

Input Values Value Notes 

7075-T6 Aluminum Thermal 

Diffusivity, 𝛼 

0.50 cm2/sec Laboratory Measured [16] 

7075-T6 Aluminum Thermal 

Conductivity, K 

0.32 calorie/oC cm sec Calculated from Measured 

Diffusivity, α, using Density 

and Specific Heat from [17] 

Cured Adhesive Thermal 

Diffusivity, 𝛼𝑎 

 0.0011 cm2/sec Estimated from In-house 

Modeling Efforts Compared 

to Experiments 

Cured Adhesive Thermal 

Conductivity, 𝐾𝑎 

0.000426 calorie/ oC cm sec Calculated from Diffusivity, 

𝛼𝑎, using Density and 

Specific Heat from In-house 

Modeling Efforts  

Air Thermal Conductivity, 
𝐾𝑝𝑜𝑟𝑒 

0.000061 calorie/ oC cm sec From [18] 

 



 

 
 

 

maximum temperature is reached in approximately 3 seconds, and for 300 micron adhesive thickness the maximum 

temperature is reached in approximately 4.5 seconds.  These results show that for small changes in adhesive thickness a 

large variation in the thermal response is achieved. 

 

 
 

Figure 3: Thermal model response for adhesive thicknesses of 0, 100, 200 and 300 microns. 

 

3.2 Thermal Measurements 

Through transmission thermal measurements were performed on six bonded SLJ samples.  The samples were configured 

side by side with the top surface facing the infrared camera as shown in Figure 4(a).  Shown in Figure 4(b) is the 

measurement setup with the flash lamp light shield which prevents heating of the top adherend.  Even though the back 

side of the top adherend was not grit blasted, the measured emissivity of 0.132 would allow some heating; therefore, a 

flash lamp light shield was utilized.  This ensured that the bottom adherend would only be heated and therefore in-plane 

heat flow would be minimized.  The light shield is required for the lap joint configuration, however for flat bonded plates 

this would not be necessary.    

The infrared camera’s frame rate was set to 120 Hz and total number of acquired images were 1200 frames for a total 

inspection time of 10 seconds.  For processing, the acquired frames were then boxcar averaged with a window of 4 frames, 

thus providing an effective frame rate of 30 Hz and a background camera frame, before the flash, was subtracted from the 

subsequent frames.  A single pixel point temperature versus time response is plotted, Figure 5, along with a curve fit using 

equation (2).  Both the model output and measured temperature were normalized to the maximum temperature within the 

time window of the curve fit (0.367 to 8.33 seconds).  The start time of 0.367 seconds was necessary to remove the residual 

interaction between the infrared camera and the flash lamps after firing and the late time of 8.33 seconds allowed capture 

of 90% of the maximum steady state temperature. This time window was sufficient to capture the transient rise which is 

of interest.  The series of normalized temperature time curves, produced by varying the adhesive thickness from 0 to 1,000 

microns, were compared to the measured data pixel by pixel by minimizing the mean squared difference error to measure 

bondline thickness for a given porosity level. For this single pixel point case, in Figure 5, the measured bondline thickness  

 

 

 

Figure 4: Picture of sample layout for thermal inspection (a) and a side view drawing (b). 



 

 
 

 

 

 

Figure 5: Single pixel plot of measured thermal response and model fit. 

 

was 228 microns for 0% porosity in the adhesive bondline.  Shown in Figure 6 are the bonded region thermal inspection 

images of bondline thickness (0% porosity) for all six samples arranged as shown in Figure 4(a).  The bondline thickness 

histogram and thermal estimation of bondline thickness images for all six samples are shown in Figure 7.  It is evident that 

the bondline thickness estimates are being affected by other factors as shown in the histograms and the variation in 

thickness estimation mean and standard deviation as shown in Table 3.  Also shown in Table 3, are the thermal estimation 

of bondline thickness with porosity of 7.5%.  The thermal thickness estimation is affected by the presence of porosity.  For 

example, for model porosity 𝜃 = 0%, this can increase the thermally measured thickness estimates.  Porosity variation will 

be addressed in the next section using X-ray computed tomography (CT) measurements which indicated significant 

porosity in the bondline and the optical microscopy analysis which showed an increasing bondline thickness variation 

from top to bottom. 

 

Figure 6: Thermal bondline inspection image for all six SLJ specimens. 

 

4. COMPARISON OF THERMAL MEASUREMENTS TO X-RAY CT 

To validate the thermal measurement of effective bondline thickness and to measure porosity, high resolution X-ray CT  

inspections were performed on all six SLJ specimens.  The resolution in the X, Y, and Z directions was 20 microns.  The 

X-ray CT data was obtained by stacking all six specimens and scanning only the bondline region (2.54 cm3 volume). 

 

4.1 High Resolution X-ray CT Porosity Results 

The X-ray CT pore images, in Figure 8 (dark areas are pores), were calculated by averaging 11 planar slices across the 

bondline.  To assist with smoothing the uneven X-ray intensities a nineth order polynomial was fitted in both the X and Y 

direction for each row or column and then subtracted.  The segmentation was performed using a machine learning 

algorithm trained on multiple X-ray CT data sets [19].  The X-ray CT segmented imagery for porosity volume fraction 

across the bondline is shown in Figure 8.  The segmented porosity or density images range from 0 to 1.  For areas of high 

porosity, the density values would be less (dark areas) as compared to low porosity.  The porosity was random and a result 

of bonding under low vacuum conditions. 



 

 
 

 

 
 

Figure 7: Thermal effective thickness images with respective histograms of bondline thickness. 

 

 

 

 
 

 

Figure 8: X-ray CT results for porosity volume fraction in the adhesive bondline. 



 

 
 

 

4.2 High Resolution X-ray CT and Optical Microscopy Bondline Thickness Results 

The X-ray CT data was analyzed for bondline thickness like the technique used to segment the porosity using the machine 

learning algorithm [19].  The method differentiates between the metal adherend, porosity, and adhesive.  Bondline 

thickness was estimated from X-ray computed tomography (CT) data using a multi-step image processing approach. 

Following segmentation of the CT volume, as described previously, the segmented bondline was eroded by two voxels 

using binary erosion to remove boundary effects, and a thickness map was generated in which each pixel's grayscale value 

represents the local bondline thickness in voxels. This thickness map was then smoothed using a positive-masked Gaussian 

filter with a radius of 50 pixels (1.0 mm window), which computes a normalized weighted Gaussian average using only 

strictly positive pixels in each local neighborhood, thereby preventing background or void regions from biasing the filtered 

result. The filtered thickness map was subsequently scaled by a factor of 19.9 µm/voxel to convert the voxel-based 

thickness values to physical units, matching the image pixel resolution of 19.9 µm. The resulting image provides a spatially 

smooth estimate of bondline thickness, suitable for quantitative analysis.  An example image is shown in Figure 9 for the 

G20-P80 sample.  The mode 1, value determined from the histogram, is 230.4 microns and the variance is to within half a 

voxel.  The X-ray CT bondline thickness measurements are compared to the thermal bondline thickness estimates in Table 

3.  The plot in Figure 10 compares the thermal and X-ray CT estimation of bondline thickness to the X-ray CT measured 

porosity.  Overall, the thermal estimation of bondline thickness appears consistently higher, when the thermal model is not 

corrected for porosity as compared to the X-ray CT mean bondline thickness measurements.  This appears to indicate that 

the thermal conductivity material property value of the adhesive is high.  For higher porosity levels, the thermal bondline  

 

Figure 9: X-ray CT result example for the adhesive bondline thickness imaging for the G20-P80 sample. 

 

 

Table 3: Comparison of X-ray CT to Thermal NDE for Bondline Thickness Estimates. 

 
Sample X-ray CT 

Thickness 

Mode 1 

Histogram 

Value 

(microns) 

X-ray CT 

Thickness 

Mean and 

Standard 

Deviation 

(microns) 

X-ray 

CT 

Volume 

Porosity 

(percent) 

Thermal 

Thickness 

Mode 1 

Histogram 

Value 

(microns) 

𝜃 = 0% 

Porosity 

Thermal 

Thickness 

Mean and 

Standard 

Deviation 

(microns) 

𝜃 = 0% 

Porosity 

Thermal 

Thickness 

Mode 1 

Histogram 

Value 

(microns) 

𝜃  = 7.5% 

Porosity 

Thermal 

Thickness 

Mean and 

Standard 

Deviation 

(microns) 

𝜃  = 7.5% 

Porosity 

G100-

P0 

246.7 239.5 +/-15.6 2.51 265.4 288.8+/-

58.6 

213.4 246.0+/-

52.6 

G70-

P30 

240.0 231.5 +/-10.5 7.48 273.3 299.7 +/-

84.4 

215.8 256.6 +/-

76.7 

G50-

P50 

239.2 237.4 +/-28.4 7.91 251.2 260.2 +/-

72.5 

210.2 221.5 +/-

64.9 

G30-

P70 

244.1 242.8 +/-13.1 6.93 191.3 271.4 +/-

89.4 

151.5 231.6 +/-

80.1 

G25-

P75 

241.6 245.5 +/-12.2 3.18 241.8 271.6 +/-

44.7 

208.7 230.4 +/-

39.5 

G20-

P80 

230.4 231.5 +/-14.1 1.00 234.9 261.0 +/-

43.5 

194.5 221.3+/-

38.3 



 

 
 

 

thickness measurements are affected by porosity, which explains the wider bondline thickness standard deviations as 

shown in the Figure 10 plot.  When correcting for porosity, (𝜃 = 7.5%) in the thermal model, the thermal estimation 

measurements compared to the X-ray CT are improved slightly as shown in Table 3 and the plot in Figure 10 when 

comparing the image mean values.   

 
 

Figure 10: X-ray CT bondline thickness estimation compared to thermal measurements as a function of X-ray CT measured porosity. 

 

High resolution optical microscopy side view images were obtained for all the samples, and an example image is shown 

in Figure 11 for the G20-P80 sample.  For a known pixel resolution, the bondline thickness was determined.  Shown in 

Figure 11 is a plot of the subtle change in increasing bondline thickness from right (approximately 200 microns) to left 

(approximately 240 microns) with a mean of 218.3 +/- 13.7 microns.  This change (evident in all the samples) is most 

likely due to excess adhesive that has been compressed out unevenly during cure since the edge dam was used on the 

thicker side.  It appears that the X-ray CT image reveals the subtle change in bondline thickness from top to bottom, 

whereas the thermal imagery clearly shows the increasing thickness from top to bottom as shown in Figure 7. 

 

 
 

Figure 11: Optical microscopy image showing bondline thickness for the G20-P80 sample. 

 

5. CONCLUSIONS 

We demonstrated a thermal inspection technique for the estimation of bondline thickness in bonded metal adherends.  

Thermal inspection was greatly enhanced by grit blasting the surface.  The wide variation in the thermal bondline thickness 

measurement is due to porosity in the bondline as confirmed with X-ray CT measurements.  For porosity greater than 6 

percent the thermally estimated bondline thickness error values were significant.  The wide variation in the thermally 

measured bondline thickness can be used as an indication of significant porosity as shown in the thermally measured 

thickness histograms in Figure 7.  Adjusting the porosity within the thermal model provided slightly improved agreement 

to the X-ray CT bondline thickness measurements as shown in Table 3 and the Figure 11 plot. Spatially registering the X-

ray CT measurement of porosity to the thermal measurements would provide a methodology to more accurately thermally 

estimate effective bondline thickness.  If the porosity level is low then the thermal measurement technique can potentially 

be an effective way to nondestructively estimate effective bondline thickness, especially since the thermal measurement 

can estimate the bondline thickness over a very large surface area given the thermal inspection is an imaging technique.  

For a voxel resolution of approximately 19.9 microns, it was necessary to scan over a 2.54 cm3 volume thus limiting X-



 

 
 

 

ray CT to small coupons; however, the X-ray CT can separate between the porosity and bondline thickness.  Lastly, the 

thermal inspection was able to show the slightly increasing bondline thickness from top to bottom even for significant 

porosity levels as shown in Figure 7 and validated with the optical microscopy result in Figure 11.   
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