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Passive thermography is commonly used for composites load testing to detect damage formation as a function of the applied load. The advantages of passive thermography are real time implementation, large area coverage, and noncontact measurement. Passive thermography is able to detect the damage location and size, however, damage depth has been a challenge for quasistatic loading. Recent work has shown that damage formation during loading produces heating that is composed of two heat generation components. The first component is an instantaneous thermal response due to an irreversible thermoelastic strain release due to rapid damage formation. The second component observed is mechanical heating, at the interface of failure, due to fracture damage that produces a transient rise in surface temperature as a function of damage depth. The first component defines the thermal start time for the transient response. A one-dimensional thermal model, that is independent of delamination damage gap spacing, is presented and fitted to the data pixel by pixel, to produce imagery of the damage depth. The percent difference between thermal results, as compared to the ultrasonic measurements of damage length and width, was on average 15%. The percent difference between the thermal results, as compared to the X-ray CT measurements for damage depth was on average 7%. This same processing technique was applied for detection of damage depth during cyclic loading as well.
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INTRODUCTION

The advantages of thermal nondestructive evaluation (NDE) are fast inspection times, large area coverage, and noncontact measurements. Therefore, thermography NDE is commonly used for composite inspection during mechanical loading. The earliest published works discussed the combination of thermal imaging with mechanical vibrations for the detection of damage in composites (Reifsnider and Williams, 1974; Henneke et al., 1979). This was an active thermography inspection where the mechanical loading was controlled and optimized to produce heating over areas of damage. This technique is also known as vibrothermograhy (Reifsnider et al., 1980). Over the years other techniques have been developed where mechanical vibrations were used to detect damage. A lock-in detection technique, where ultrasonic vibrations are synchronized with the IR camera's image acquisition, is used to increase sensitivity for damage detection (Busse et al., 1992; Rantala et al., 1996; Dillenz et al., 1999). In the early 2000s, the term sonic thermography was introduced (Favro et al., 2000). A sonic thermography technique was patented using infrared imaging and acoustic chaos sound energy to actively inspect a structure with mechanical vibrations (Favro et al., 2006) and recently a portable sonic thermography inspection system has been developed (Polimeno et al., 2014).

Unlike active thermography, passive thermography for composites testing does not require control of the mechanical vibrations or loading for the inspection. The infrared camera observes the surface temperature and also perhaps obtains load information. In other words, a mechanical load is applied but is not actively controlled for the purposes of inspection; the thermal camera is passively acquiring data. Passive thermography has been used extensively for composites inspection under both cyclic and quasistatic mechanical load. Various studies have been performed using passive thermography for damage detection in composites during cyclic fatigue (Toubal et al., 2006; Roche et al., 2013a,b; De Finis and Palumbo, 2020). Also, studies have been performed using passive thermography during quasistatic loading (Harizi et al., 2014; Crupi et al., 2015; Zalameda and Winfree, 2018). A major challenge for passive thermography during quasistatic loading, as compared to cyclic loading, is to detect the small nonrepetitive temperature changes. During composites testing, other techniques have been combined with passive thermography to improve damage detection. These techniques include acoustic emission and digital image correlation (Ringermacher et al., 2009; Kordatos et al., 2013; Crupi et al., 2015; Munoz et al., 2015; Zalameda et al., 2017). In addition, passive thermography has been used to determine fatigue limits on composites during load testing (La Rosa and Risitano, 2000; Montesano et al., 2012; Vergani and Colombo, 2014; Munoz et al., 2015). Most of these efforts mainly focused on coupon level testing, however, there have been studies performed using passive thermography on more complex structures such as composite cylinders and hat stiffened panels (Zalameda et al., 2012; Bisagni et al., 2014).

Recent work has shown that rapid growth damage formation during quasistatic loading of a single stringer panel produces heating that is composed of two heat generation components (Winfree et al., 2019). The first component is an instantaneous response due to an irreversible thermoelastic strain release due to rapid damage formation. The second component observed is mechanical heating due to fracture damage (separation of layers) that produces a heat flux at the interface of failure (Huanga et al., 2019). This produces a transient rise in surface temperature as a function of damage depth. The first component defines the thermal start time for the transient response. A one-dimensional thermal model is presented that takes into account both the instantaneous and fracture heating. This model is independent of the gap spacing between the delaminated layers. The one-dimensional thermal model was fitted to the data pixel by pixel, to produce imagery of the damage depth. The quasistatic thermal inspection results are compared to ultrasonic and X-ray CT data for damage size, shape and depth with relatively good agreement. It has been observed also, that during fatigue loading, similar rapid growth damage occurs. This rapid growth damage is challenging to detect during cyclic loading because the thermoelastic response is dominant. This paper discusses a data processing technique to detect and image the damage depth of the rapid growth damage for periodic or cyclic loading. Finally, these results show that passive thermography is able to detect the damage location, size, and depth during composites load testing. This will provide valuable information during load testing to precisely control the damage growth at various composite laminar interfaces and determine when the loading should be stopped to document the damage progression using ultrasonics or X-ray CT. The damage progression inspection database can then be used to validate test articles and damage progression models (Rose et al., 2013; Clay, 2017).



EXPERIMENTAL


Composite Samples Tested

The stiffened composite panel skin is 12 plies with a thickness of 0.22 cm, the stiffener flange is 12 plies thick with a thickness of 0.24 cm. The stiffener hat top is 16 plies with a thickness of 0.32 cm. The stiffener is a woven composite. Figures 1A–C show the stiffened composite panel stringer side, a painted specimen, and a cross sectional view, respectively. The overall panel dimensions are 25.4 × 25.4 cm. This panel is used for the quasistatic loading. The applied quasistatic loads are up to 1,000 pounds. The single stringer panel, used for fatigue loading, has the same geometry and thickness. Figures 1D,E show the stiffened composite panel skin side and stiffener side, respectively. The dimensions of the panel are width 21.6 cm and length 51.3 cm. The maximum applied cyclic fatigue loads are ~25,000 pounds for the single stringer panel. The frequency of the loading is 2 Hz.


[image: Figure 1]
FIGURE 1. (A-E) composite single stringer hat stiffened panels used for quasistatic and fatigue loading.




Passive Thermography Systems for Quasistatic and Fatigue Loading

The test setups shown in Figures 2A,B are the quasistatic and fatigue loading configurations, respectively. The basic system consists of an IR camera operating in the 3–5 μm IR band and an image data acquisition computer. The IR camera is configured with 25 mm germanium optics. The focal plane array size of the camera is 640 × 512. The passive inspection captured the thermal variations during the loading. The setup required a Plexiglas® shield to filter out spurious IR background sources (not shown in Figure 2). The camera frame rate is externally triggered and operated at up to 180 Hz. The load signal is also acquired using a USB based 12-bit data acquisition module. For each infrared camera frame, a load value is acquired. Furthermore, real time averaging, a delayed image subtraction, and real-time contrast adjustment are used to enhance detection of the small thermal transient signatures due to the damage (Zalameda and Winfree, 2018). The processed imagery is displayed in real time (~1 Hz) for the operator during testing. Without this processing, the faint thermal signatures that indicate damage would be difficult to detect in real time.


[image: Figure 2]
FIGURE 2. (A,B) passive thermography test setup used for quasistatic (left image) and fatigue loading (right image).





MEASUREMENT RESULTS


Passive Thermography Results From Quasistatic Loading

Digital image processing is required to both enhance detection of thermal damage events and to facilitate comparison of the thermal inspection imagery to the ultrasonic or X-ray CT data. Typical parameters of 10 frames were boxcar averaged and a delay subtraction between the most recent averaged frame and the 100th averaged frame were used for real-time processing to produce the output image. The delayed subtraction removed fixed background infrared radiation while increasing sensitivity to changes. Additionally, for comparison to ultrasonic data, an image perspective transformation was used. The image perspective transformation was used to correct for the infrared camera view angle since the optical line of sight was not normal. The image correction is performed by defining four points mapped to a new set of four desired points (normal view) (Chan, 2012).

Figure 3 shows the instantaneous thermal response at 0.125 s. The thermally detected small delamination is similar in size and shape to the ultrasonic inspection. The thermal data were acquired at 80 Hz. Each averaged frame represented 0.125 s. The damage is semielliptical as confirmed by both the thermal and ultrasonic inspection images. The instantaneous heating component can be seen more clearly in Figure 4 where a single pixel is plotted over the damaged region center as a function of time. The instantaneous surface temperature increase occurs at ~79.8 s. Afterward, there is a significant transient increase in temperature occurring after 81.0 s. This heating is due to the fracture heating at the failure interface. This heat diffuses to the surface and the thermal time to reach maximum temperature is a function of damage depth and thermal diffusivity. Similarly, in Figure 5, the instantaneous thermal response for the large delamination failure is shown at 0.056 s. The thermally detected damage is similar in size and shape to the ultrasonic inspection. The thermal data were acquired at 180 Hz for the large delamination. Each averaged frame represented 0.056 s. The instantaneous heating component can be seen in Figure 6 where a single pixel is plotted over the damaged region center as a function of time. The instantaneous surface temperature increase occurs at ~41.7 s. Afterward, there is a dominant transient increase in temperature occurring after 43 s.


[image: Figure 3]
FIGURE 3. Comparison of instantaneous heating image to ultrasonic inspection for small delamination.



[image: Figure 4]
FIGURE 4. Single pixel plot of surface heating showing instantaneous heating response for small delamination.



[image: Figure 5]
FIGURE 5. Comparison of instantaneous heating image to ultrasonic inspection for large delamination.



[image: Figure 6]
FIGURE 6. Single pixel plot of surface heating showing instantaneous heating response for large delamination.




Passive Thermography Results From Fatigue Loading

One area of interest is to capture the rapid temperature increase that results from damage events during fatigue loading. This can be masked by the significantly larger periodic temperature response due to the cyclic loading. The left images of Figure 7 display the thermoelastic response of the sample due to cyclic loading. These images are generated by averaging 10 frames and subtracting the averaged frames corresponding to the maximum and minimum temperature within a given cycle. For example, for 80 Hz acquisition frame rate and 10 frames averaged, there will be four average frames per cycle for a loading frequency of 2 Hz and two of those frames representing the maximum and minimum temperature will be subtracted. If the number of averages is adjusted to 40 frames, this will remove the periodic response. This can be viewed as a notch filter to remove the thermal response at 2 Hz in addition to any harmonic responses. The rapid growth thermal response is typically fracture damage at a given depth, which requires the heat to diffuse to the surface and will be typically much longer than the loading cycle time of 0.5 s. The most recent averaged frame is subtracted from the 30th averaged frame. The delay subtraction is sufficient to capture thermal transients that last 15 s or less. The notch filtered images with the delay subtraction, for the same data window, are shown in the right images of Figure 7. Using this processing, the periodic response at 2 Hz is removed thus revealing heating from sudden damage growth (indicated by the red arrows) and is not detectable in the periodic response left images. The periodic temperature response is plotted along with the filtered temperature response over the damage growth area (4 × 4 pixels average) in Figure 8. The periodic temperature response is removed to reveal the rapid growth damage temperature response. The instantaneous thermal heating is then used to determine the start time for the transient response. Using a thermal model, the depth of the damage can then be determined, and this is discussed in the next section.


[image: Figure 7]
FIGURE 7. Single stringer composite panel analysis results showing periodic heating (left images) and rapid growth heating detection (right images).



[image: Figure 8]
FIGURE 8. Single stringer composite panel with periodic and filtered temperature response.





ONE-DIMENSIONAL MODELING OF DAMAGE HEATING


Series Solution for Instantaneous and Subsurface Heat Source

A one-dimensional solution was developed by Winfree et al. (2019) that models both the instantaneous and subsurface heating with perfect contact between layers and no convection losses. This model uses a series solution derived from the method of images and takes into account an instantaneous subsurface planar heat source buried between two layers (Carslaw and Jaeger, 1986). The analytic series solution is given as:

[image: image]

where the buried source Q is the total energy per unit area, l is the depth of the source, t is time, K is thermal conductivity, α is the thermal diffusivity, and L is the total thickness of the layer. This time domain solution assumes there is no contact resistance at the buried heat source. The Laplace transform for a buried heat source at an interface with a contact resistance is given by

[image: image]

where R is the contact resistance at the interface. The contact resistance R is equal to the air gap spacing divided by the thermal conductivity of air. Equation (2) is numerically inverted using the fixed Talbot algorithm (Talbot, 1979) to produce the time domain response. The thermal conductivity value used for air is 0.00026 W/cm/K. Other parameters used in Equation (2) were: Q is 1.0 Watt/cm2, l is 0.22 cm, and L is 0.40 cm. The composite thermal conductivity was estimated to be K = 0.0045 W/cm/K (Colombo et al., 2011). The thermal diffusivity of the woven composite flange was measured previously using a two-sided thermal flash technique (Winfree and Heath, 1998). The thermal diffusivity value, α, measured was 0.0042 cm2/s. Equation (1) is equivalent to Equation (2) if the contact resistance is set to zero. Both equations are solved using the following parameters: Q = 1.0 Watt/cm2, α = 0.0042 cm2/s, l = 0.1 cm, L = 0.2 cm, and K = 0.0045 W/cm/K. Equation (2) is numerically inverted using the fixed talbot algorithm (Chan, 2012) and this is equivalent to Equation (1) for infinite terms in the series. The number of terms to be used in the series solution of Equation (1) has to be determined to accurately simulate the one-dimensional heat flow. The root mean squared difference between Equation (2) and Equation (1) for series terms incremented from N = 1, 2, 3, 4, and 5 are 0.174, 0.00604, 0.00069, 2.395 × 10−7 and 2.42 × 10−10, respectively. The root mean squared difference error converges rapidly for N > 2 and therefore, N = 3 terms were sufficient to accurately simulate the one-dimensional heat flow for Equation (1). A comparison between the set of responses between Equations (1) and (2) are shown in Figure 9. The set of responses for Equation (2) is calculated for contact resistances representing air gap spacing distances of 0, 10, 20, and 40 μm. The Equation (2) responses are fits of the responses with Equation (1), where the parameters of the fit were l and Q. As can be seen from the figure, the data fits well with a maximum root mean square difference error of 0.041 for the 40 μm gap spacing. The values for the depth ranged from 0.22 (for no gap) to 0.20 (for 40 μm gap spacing) with an averaged error of 4.5%. Therefore, Equation (1) is adequate for estimation of the depth, since a more accurate estimation would require knowledge of the contact resistance or gap spacing. The instantaneous increase in surface temperature is assumed to be thermoelastic heating due to the change in curvature of the layer. The instantaneous thermoelastic energy density due to a change in curvature of a layer as a function of depth z, E(z), is given as:

[image: image]

The variables of Equation (3) are: σ is the linear thermal expansion coefficient, ∅ is the change in radius of curvature, c is the heat capacity, ρ is the density, E0 is the instantaneous thermoelastic energy density and L is again the total layer thickness. The change in radius of curvature is related to a change in strain thus providing the change in relative temperature. The instantaneous temperature response due to thermoelastic heating can then be found by convolving Equation (1) with Equation (3) and is given as:

[image: image]

where p is the damage depth integration term. Solving for Equation (4) reveals the equation:

[image: image]

The total surface temperature response can then be given as the linear combination of the instantaneous thermoelastic heating, Equation (5) with the subsurface heating given in Equation (1). This is given as:

[image: image]

where again l is the depth of damage. The temperature response equation assumes no convection losses and the heat flux generated is considered instantaneous. For a known thermal diffusivity, Equation (6) can be used to determine the damage depth, pixel by pixel, by minimizing the squared difference between the model and measured response using a three parameter fit of damage depth l, the instantaneous thermoelastic energy density E0, and the equilibrium temperature term Q α /K. Equation (6) is plotted in Figure 10 for l varied at damage depths of 0.20, 0.25, and 0.30 cm and with E0 = 1.0 Watt/cm2 and the overall thickness L = 0.40 cm. For Equation (6), as expected for the early times, the temperature response is dominated by the instantaneous thermal heating. For the later times the thermal response is dominated by the transient heating. As shown in Figure 10, Equation (6) predicts if the damage is deeper, the temperature will take more time to come to an equilibrium value as expected.


[image: Figure 9]
FIGURE 9. Comparison between the series solution of Equation (1) and the numerically inverted results of Equation (2) for various air gap spacing.



[image: Figure 10]
FIGURE 10. Temporal temperature plots of Equation (6) showing thermal response variation for varying damage depths.





MEASUREMENT RESULTS


Quasistatic Load Damage Depth Imaging

Equation (6) was used to reduce the thermal data into a depth map image by fitting the thermal data pixel by pixel by minimizing the squared difference between the model and measured response using a three parameter fit of damage depth l, the instantaneous thermoelastic energy density E0, and the equilibrium temperature term Q α /K. The thermal diffusivity was measured previously and the value used for the model fit was 0.0042 cm2/s. Example model fits to the thermal data, for a single pixel point (located approximately in the damage center) for the both the small and large delaminations, are displayed in Figure 11.


[image: Figure 11]
FIGURE 11. Examples of model curve fit to data for both small delamination and large delamination.


The thermally determined depth map images, obtained from the curve fitting for both the small delamination and large delamination, are displayed in Figure 12. A comparison between the ultrasonic and thermal measurement of the delamination size is shown in Table 1. The percent difference between thermal results, as compared to the ultrasonic measurements of damage length and width, was on average 15%. For the large delamination, the size and shape compares relatively well between the ultrasonic and thermal measurements. The large delamination maximum length and width for the ultrasonic measurements are length = 10.7 cm and width = 1.7 cm and the maximum length and width for the thermal measurements are length = 10.9 cm and width = 1.9 cm. The thermal measurements are slightly larger most likely due to in-plane heat flow. For the small delamination, the size and shape did not compare well between the ultrasonic and thermal measurements with an averaged percent difference of 23.6%. The small delamination maximum length and width for the ultrasonic measurements are length = 7.1 cm and width = 0.7 cm and the maximum length and width for the thermal measurements are length = 6.3 cm and width = 1.0 cm. The thermal length measurement is smaller as compared to the ultrasonic measurements. A possible reason for this is the small delamination fracture did not produce a significant amount of thermal energy that could be detected by the infrared camera. This can be seen in the instantaneous thermal image shown in Figure 3 where the thermal signature is not as pronounced on the right side of the delamination. This could be due to the change in curvature and heating during fracture was not significant enough to produce detectable heating. The maximum width of the thermal measurement was larger than the ultrasonic measurement and this again is most likely due to in-plane heat flow.


[image: Figure 12]
FIGURE 12. Comparison of curve fit depth map imaging to ultrasonic inspections for both small delamination and large delamination.



Table 1. Comparison of thermal to ultrasound measurement of delamination.

[image: Table 1]

Shown in Figures 13, 14 are the respective line plots and X-ray CT cross-section imagery for both the small delamination and large delamination. A comparison between the X-ray CT and thermally measured crack depths are summarized in Table 2. For the small delamination, the crack depth is measured ~0.1 cm from the edge of the stiffener flange toward the hat at three different points A, B, and C, which are defined as left (1.2 cm from center), center, and right (1.2 cm from center), respectively. The X-ray CT imagery represents a subsection of the crack and not the full length due to field of view and resolution trade-offs. The X-ray CT measured depth for points A, B, and C appears to vary between 0.20 and 0.25 cm over the damaged area. This is confirmed from the thermal measurement results for points A, B, and C, which shows the crack depth varying between 0.20 and 0.23 cm at these three points. Also note the thermally measured depth away from the damage gives erroneous values due to the lack of a thermal response. For the large delamination, the crack depth is measured ~1 cm from the edge of the stiffener flange toward the hat at three different points A, B, and C, which are defined as left (2.5 cm from center), center, and right (2.5 cm from center), respectively. The X-ray CT imagery represents a subsection of the crack and not the full length due to field of view and resolution trade-offs. The X-ray CT measured depth for points A, B, and C, appears to vary between 0.24 and 0.29 cm over the damaged area. This is confirmed from the thermal measurement results for points A, B, and C which shows the crack depth varying between 0.24 and 0.30 cm at these three points. From the X-ray CT image it is clearly seen that the damage depth is deeper in the center (point B) and the depth slightly decreases away from the center. Also the X-ray CT clearly shows some cracks at multiple interfaces which cannot be detected using this thermal technique. This is a limitation since the thermal model accounts for one planar heat flux source. For both the small and large delamination, the percent difference between the thermal results, as compared to the X-ray CT measurements for damage depth was on average 7%. This difference error appears typical especially since the thermal model did not take into account the gap spacing which is unknown during load testing.


[image: Figure 13]
FIGURE 13. Thermal damage depth image and line plot for small delamination with comparison to X-ray CT cross section slice. At three different locations (A–C).



[image: Figure 14]
FIGURE 14. Thermal damage depth image and line plot for large delamination with comparison to X-ray CT cross section slice. At three different locations (A–C).



Table 2. Comparison of thermal to X-ray CT for damage depth.

[image: Table 2]



Periodic Load Damage Depth Imaging

The thermal response due to periodic loading is dominated by thermoelastic heating. Applying the notch filter, as discussed in section Passive Thermography Results from Fatigue Loading, removes the periodic thermoelastic heating and reveals the heating due to rapid growth damage. The rapid growth damage contains the instantaneous and transient thermal responses. Shown in Figure 15 is an example model fit of Equation (6) to the thermal data for an area of 4 × 4 pixel points (located by the arrow in Figure 15) over the delamination. Again, by fitting the thermal model to the data, pixel by pixel, the thermal data can be reduced to a depth map image revealing the damage depth. This is shown in Figure 16. The thermally measured depth image reveals damage at depths around 0.19 cm. The thermal data were obtained during load testing and the loading was not stopped for ultrasound or X-ray CT characterization and therefore, no comparisons can be made for validation. Unlike the static loading measurements, the thermal data were acquired with the camera facing the panel's skin side. The skin thickness is ~0.22 cm thick. The damage depth of 0.19 cm would indicate the rapid growth damage would be near the skin stringer interface.


[image: Figure 15]
FIGURE 15. Example model fit to the filtered thermal data.



[image: Figure 16]
FIGURE 16. Model fit damage depth image with line plot showing damage depth values.





CONCLUSIONS

Passive thermography has been shown to be an effective real time NDE inspection technique to detect rapid growth (severe degradation) damage in a composite single stringer test panel during both quasistatic and cyclic loading. The size, shape, location, and depth of the damage can be detected. A one-dimensional thermal model, that is independent of delamination damage gap spacing, is presented and fitted to the data pixel by pixel, to produce imagery of the damage size and depth. The percent difference between thermal results, as compared to the ultrasonic measurements of damage length and width, was on average 15%.

A limitation of this technique is the potentially low signal to noise of the thermal signatures. For example, large errors were obtained for the small delamination length and width measurements (average of 23.6%). This is likely due to both the instantaneous and transient heating were small as compared to the large delamination. This is confirmed by the X-ray CT data which shows a much larger fracture as compared to the small delamination. The percent difference between the thermal results, as compared to the X-ray CT measurements for damage depth was on average 7%. This percent difference error is expected since the model did not take into account the gap spacing. The application of the notch filter allows for the measurement of rapid growth damage size and depth during cyclic loading. Of particular interest during composites testing is determining when the damage has transitioned to another interface. Future work could involve rapidly determining the depth of the damage as it appears during loading. This would require a more sophisticated processing technique. One approach is to use a denoising algorithm along with the use of Parkers method (Parker et al., 1961) for rapid determination of damage depth. This could be potentially helpful to structural test engineers by providing real time NDE of damage depth during composites load testing.
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