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ABSTRACT

Polymer matrix composite (PMC) mechanical properties have been shown to decrease
significantly with the presence of thermal damage. This type of damage typically occurs as a
result of exposure to elevated temperatures from localized heating, such as lightning strikes,
exhaust wash, or improper maintenance/repair procedures. Studies have shown that a particular
type of damage, known as incipient damage, is present even when no visible damage is
observable and can cause significant reduction in mechanical properties. Incipient damage is not
currently readily detected with conventional nondestructive evaluation (NDE) tools. This paper
describes a NDE method that combines mechanical excitation with thermal imaging to detect the
presence of surface and through-the-thickness incipient thermal damage without direct contact to
the part being tested. It compares the results from samples with and without known damage
using the thermo-elastic technique with similar inspection results from ultrasonic C-scan imaging.
These results indicate the thermo-elastic method identifies volumetric incipient damage that the
other techniques have extreme difficulty or fail to detect. In addition, an approach to analyze the
thermo-elastic data to potentially determine the severity of the thermal damage is presented.

KEY WORDS: Nondestructive Evaluation, Degradation, Testing

1 INTRODUCTION/MOTIVATION

The use of non-metallic composite materials continues to increase, especially the use of PMC's
in aerospace applications. The use of composites on the latest large commercial transports is
approaching fifty percent by weight, whereas aluminum is less than fifteen percent by weight [1].
Typical advantages cited for using PMC's in aircraft structures include higher strength-to-weight
ratios, plus enhanced corrosion and fatigue properties when compared to typical metallic



aerospace materials [1]. The damage modes found in PMC's are different when compared to
metallic materials. For example, it is well known that impact damage can cause delaminations in
the layers of PMC's. This type of damage can be readily detected by several inspection
techniques, such as ultrasonics and thermography [2, 3]. These inspection methods typically use
a single mode, such as a mechanical wave for ultrasound or a thermal gradient in thermography,
to interrogate the material and receive some form of indication of damage.

Another source of potential damage to PMC's is thermal exposure. Thermal damage can be
caused by accidental exposure to elevated temperatures beyond the use temperature of the matrix
from a number of sources, such as lightening strikes, exhaust from engines or missiles, or
through rare accidental misapplication of thermal blankets used in repair procedures [4].
Extreme exposure to excessive temperatures will yield damage that can be detected by
conventional inspection techniques, such as ultrasonics and thermography. However, exposure
to less intense thermal loads still causes damage in the PMC and may not be readily detected or
exhibit any features that can be visibly detected. It has been shown in laboratory studies that
PMC's can exhibit decreases in mechanical strength from ten to up to eighty percent from
exposure to elevated temperatures, yet the damage is not visible and is not detected by traditional
nondestructive evaluation (NDE) methods [5]. This type of damage is typically called incipient
damage.

Several reviews have been performed to evaluate multiple NDE techniques to detect incipient
thermal damage [6, 7]. According to these reviews, traditional NDE methods, such as ultrasonic,
electromagnetic, and thermographic, can detect damage when it has progressed to delaminations
or similar types of damage for both surface and sub-surface locations. However, these traditional
techniques do not demonstrate promise for the detection of incipient damage. One method that
has shown significant potential to detect incipient damage is called laser pumped fluorescence [8,
9]. This technique requires interaction between the laser beam and the damaged area, which
requires that there is access to the surface to be inspected. Therefore, it is sensitive to only the
surface damage and cannot provide information regarding subsurface damage.

Thus, the motivation for the efforts described in this paper is to explore an alternative NDE
technique to detect volumetric incipient thermal damage in PMC's. The technique is based on
using a high-powered ultrasonic signal to interrogate the potential damaged area and monitor this
area with a thermal imaging camera to detect changes in the absorption of the mechanical
ultrasonic energy. This method is based on similar approaches for detecting fatigue cracks in
metallic structures. This method is typically called Sonic Infrared, or Sonic IR [10]. For
metallic structures, the ultrasonic horn is in contact with the part being inspected. The thermal
signature for the fatigue crack appears to be predominantly the result of friction at the crack
surfaces, similar to the heat generated at the interface of a delamination when excited by
vibrothermography [11]. Proof-of-principal of the thermo-elastic method explored in the
reference indicates the ultrasonic horn does not need to be in contact with the sample when
inspecting PMC's [12]. By using mechanical wave excitation, the changes in the behavior of the
material due to incipient thermal damage can be detected. Therefore, this thermo-elastic
technique combines two different NDE modalities, one for interrogation and another for
detection.



This paper will expand on the proof-of-principal results to demonstrate the feasibility of
measuring the changes of the thermo-elastic parameter in uniformly damaged PMC samples to
detect the presence of incipient thermal damage. Two PMC samples were prepared and
inspected before and after uniform thermal damage. A parametric study was performed to
determine the effect of the changes in the excitation power on the inspection results and
additional analysis was performed to determine if the thermo-elastic technique could provide
quantifiable information regarding the severity of the incipient thermal damage. The results of
the NDE inspections were compared to mechanical testing of damaged and undamaged samples.

2 TEST SAMPLES AND INDUCED DAMAGE

The samples used in this studied were prepared using a 16 ply lay-up consisting of Hexcel AS4
carbon fibers in a Cytec 977-3 epoxy resin. Cytec manufactured prepreg was used to prepare the
samples and was cured according to the instructions provided by the supplier of this material.
The 16 ply lay-up had the following quasi-isotropic configuration: [0/+45/-45/90],s. Two
samples were prepared for the NDE experiments. These samples were prepared with a square
geometry measuring 150 mm per side. Initial NDE inspections were performed on these two
samples before exposing them to elevated temperatures. The samples were placed in a pre-
heated oven and exposed to 274°C for 10 minutes and 20 minutes, respectively and cooled
according to procedures preventing shock induced delaminations.

3 EXPERIMENTAL SET-UP AND MEASUREMENTS

Traditional ultrasonic inspections of the two samples before and after thermal exposure were
performed in an ultrasonic immersion inspection tank. The samples were interrogated with a 5
MHz focused transducer with gates to detect the front-wall and back-wall reflectors, plus any
additional reflections from the interior of the sample, which would be an indication of a
delamination or other damage in the sample. The samples were raster scanned at approximately
0.5 mm increments to generate C-scan images of the inspection results.

A schematic of the instrumentation used for the thermo-elastic measurements is shown in Figure
1. The ultrasonic signal is transmitted into the sample using a 20 kHz ultrasonic horn. Note that
the horn does not directly touch the sample, but is placed in close proximity to the sample
surface. Thus, this signal is air-coupled to the sample, which eliminates any risk that the horn
vibrations could generate damage in the composite sample. The ultrasonic signal locally heats
the composite through thermo-elastic absorption. The temperature change in the sample is
measured using a Merlin Mid infrared camera that has a sensitivity of 0.025°C. The camera is
located on the opposite surface from the ultrasonic horn to measure the volumetric heating of the
sample due to the thermo-elastic dampening. The temperature measurements for this study are
relative and therefore the emissivity effects are cancelled. To perform out-of-plane displacement
measurements, a fiber optic displacement sensor was used. The sensor replaced the infrared
camera in the schematic shown in Figure 1. Environmental noise in the displacement sensor
output was filtered using a high pass filter, which consisted of a low-noise pre-amplifier set with
a gain of one. The amplitude of the displacement is measured using a digital oscilloscope.



Measurements were performed at six separate power levels of the ultrasonic horn before and
after inducing thermal damage in the samples. At each power level, measurements were
performed at five different locations on each sample and three measurements were performed at
each location. The measurements before and after thermal exposure were performed at the same
locations on the two samples. The fifteen data points from each power level were averaged to
compare the changes in response as a function of the magnitude of the thermal damage in the
two samples.
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Figure 1. Schematic of experimental instrumentation used to measure the temperature changes
in the samples as a function of excitation power before and after thermal damage.

Following the completion of the NDE measurements, both thermally exposed and undamaged
samples were tested to determine the interlaminar shear strength according to ASTM Standard
D-6272-02 [13]. The results of these mechanical tests were used to correlate the effect of the
heat damage determined by the thermo-elastic measurements with the loss of mechanical

strength.



4 RESULTS OF EXPERIMENTS — ANALYSIS AND DISCUSSION

The results from the ultrasonic C-scan inspections both before and after thermal exposure
indicated there was no major damage in the samples, such as delaminations. Figure 2 shows the
ultrasonic amplitude C-scan image for the sample exposed to 274°C for 20 minutes. There are
several small reflectors in the sample that were correlated to surface features. No significant
internal damage was detected in this sample, which represents the sample with the greatest
amount of thermal exposure in this study.

Figure 2. Amplitude ultrasonic C-scan image of the sample subjected to 20 minutes at 274° C.

The results from the interlaminar shear strength tests determined that the sample exposed to 10
minutes of the elevated temperature had an interlaminar shear strength reduction of 39 percent.
For the sample exposed for 20 minutes, the decrease was 50 percent. These results, when
combined with the ultrasonic C-scan results, confirm the thermal exposure was sufficient to
induce incipient thermal damage in the composite samples, but was not sufficient to generate
damage sufficiently severe to be detected visually or by ultrasonic C-scan inspections.



For the thermo-elastic measurements, the fifteen data points for each power level of the
ultrasonic horn were averaged for the measured displacement of the sample surface and the
temperature rise relative to the temperature before the application of the ultrasonic energy. The
average temperature rise is plotted as a function of displacement for the six power levels. The
results of plotting these data for the undamaged state and for the sample exposed to 20 minutes
of elevated temperature are shown in Figure 3. Note that the temperature rise is less for the
damaged sample when compared to the undamaged sample, whereas the magnitude of the
displacement is greater for the damaged sample. This implies that the incipient thermal damage
has generated a change in the matrix and/or matrix/fiber interface that allows more energy from
the ultrasonic horn to be transmitted through the sample as less energy is being absorbed and
converted to thermal energy by the damaged composite. Additional analysis is required to
determine the degradation mechanism that correlates the decrease in interlaminar shear strength
with the observed changes in the thermo-elastic behavior of the PMC.
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Figure 3. Plot of the average temperature rise as a function of sample displacement for six power
levels of the ultrasonic horn for the sample exposed to 274°C for 20 minutes.

The curves shown in Figure 3, which are fitted to the experimental data, are quadratic. The
change in the coefficients between the undamaged and damaged state for this graph is 43 percent.
For the sample exposed to the same temperature for 10 minutes, the change in the coefficient
was 29 percent. These results confirm the feasibility of using the change in the coefficients as a
method to determine the severity of the incipient thermal damage present in PMC's. Additional



work on a broad range of samples would be required to determine the statistical scattering in
these results, which will determine if this type measurement can be used to reliably quantify the
amount of incipient thermal damage present in a polymer matrix composite.

5 SUMMARY

The results presented in this paper demonstrate the feasibility of using a thermo-elastic NDE
technique to detect incipient volumetric thermal damage in PMC's, which has not been
extensively demonstrated by other NDE techniques. The technique uses low frequency non-
contact ultrasonic excitation to interrogate the PMC and measures the temperature changes
generated by the thermo-elastic interaction in the PMC to determine if incipient thermal damage
is present. The feasibility of this technique was demonstrated on two carbon fiber reinforced
polymer matrix composites. The samples were 16 plies thick with a quasi-isotropic lay-up.
Initial measurements, including ultrasonic C-scan images, were performed on the samples before
they were thermally damaged by placing them in an oven at 274°C for 10 and 20 minutes.
Ultrasonic C-scan images taken after the thermal exposure confirmed that no delaminations or
other visible damage was present in the samples.

The samples were evaluated using the new thermo-elastic technique. Multiple locations of each
sample were tested with six different power settings of the ultrasonic horn. The temperature
changes in the samples as a result of this excitation were analyzed as a function of the
displacement of the region of the composite excited by the ultrasonic horn. The quadratic
relationship between the temperature change and sample displacement were found to change
with increasing thermal exposure, indicating this technique was sensitive to the magnitude of
incipient thermal damage in these samples. The presence of this damage was confirmed by
measuring the interlaminar shear strength, which was found to decrease as a function of
increasing thermal exposure. The analysis of the experimental data demonstrate the feasibility of
using this technique to detect incipient thermal damage and indicates the potential to quantify the
magnitude of the thermal damage before it can be detected by conventional NDE methods.

6 ACKNOWLEDGMENTS

The authors would like to acknowledge the assistance provided by Richard Riebel and Nicholas
Kreitinger. This work was performed on-site in the NDE Branch, Materials and Manufacturing
Directorate, Air Force Research Laboratory at Wright-Patterson AFB, OH with the support of
the on-site contract number F33615-03-C-5219.

7 REFERENCES

1. R. Griffiths, "Boeing sets pace for composite usage in large civil aircraft,"
http://www.compositesworld.com/hpc/issues/2005/May/865/1

2.  A.C. Wey and L.W. Kessler, "Ultrasonic Imaging of Damage Progression in Composite
Laminates,"” Proceedings of the 1992 Ultrasonics Symposium, p777, (1992).

3. E.A.Lindgren, et. al.. Proceedings of SPIE Thermosense, (1997).




10.

11.

12.

13.

C.J. Janke, et al, "Composite Heat Damage Assessment,” Conference on
Characterization and NDE of Heat Damage in Graphite Epoxy Composites, NTIAC, pp
76-96, 1993

Frame, B. J., et al, "Composite Heat Damage, Part 1. Mechanical Testing of IM6/3501-
06 Laminates, Part 2. Nondestructive Evaluation Studies of IM6/3501-06 Laminates,"
ORNL/ATD-33, Oak Ridge National Laboratory, Oak Ridge, TN, 1990

G. A. Matzkanin, "Nondestructive Characterization of Heat Damage in Graphite/Epoxy
Composite: A State-of-the-Art Report,” http://www.ntiac.com/gamsoar.html

G. A. Matzkanin, and G. P. Hansen "Heat Damage in Graphite Epoxy Composites:
Degradation, Measurement and Detection: A State-of-the-Art Report,” NTIAC, (1998).
W. G. Fisher, K. E. Meyer, E. A. Wachter, D. R. Perl and P. J. Kulowitch, Mater. Eval.,
Sept 1997, p726

G. L. Powel, N. R. Smyrl, C. J. Janke, E. A. Watcher, W. G. Fisher, J. Lucania, M.
Milosevic and G. Auth, "Nondestructive Inspection of Graphite-Epoxy Laminates for
Heat Damage Using Drift and LPF Spectroscopies,” Conference on Conference on
Characterization and NDE of Heat Damage in Graphite Epoxy Composites, NTIAC,
1993.

X. Han, W. Li, Z. Zeng, L.D. Favro, and R.L. Thomas, "Acoustic Chaos and Sonic
Infrared Imaging," Applied Physics Letters, 81, 17, 3188, (Oct, 2002)

E.G. Henneke, K.L. Reifsnider, W.W. Stinchcomb, "Thermography, an NDI Method
for Damage Detection,” Journal of Metals, pp 11-15, (Sept. 1979).

S. Sathish, J. Welter, R. Reibel, C. Buynak, "Thermo-elastic Characterization of Heat
Damage in Carbon Fiber Epoxy Composites,” Rev. Prog. QNDE, 25, p1015, (2005).
C.E. Browning, F.L. Abrams, and J.M. Whitney, "A Four-Point Shear Test for
Graphite/Epoxy Composites, Special Technical Publication 787, p54, ASTM, (1983).





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


