1.5.1. INFRARED THERMOGRAPHIC NONDESTRUCTIVE
TESTING OF COMPOSITE MATERIALS:
DETERMINING THERMAL PROPERTIES,
DETECTING AND CHARACTERIZING HIDDEN DEFECTS

Vavilov V., Tomsk Polytechnic University, Tomsk, Russia

Due to permanent improvement of thermal resolution and imaging speed of infrared
(IR) imagers, the last decade has been characterized by growing applications of IR ther-
mographic non-destructive testing (IR TNDT) in the inspection of metals. However, non-
metals, particularly, composite materials and honeycombs are still considered as the most
successful objects for applying TNDT techniques. First of all, this is explained by the
difficulties which are met when applying ‘traditional’ NDT methods to these materials.

In this paper, a closed-up approach to IR TNDT of composite structures is pre-
sented, including the determination of thermal properties, defect detection and characteri-
zation of defect parameters. The discussed experimental results have been mainly ob-
tained on graphite/epoxy composites, which are widely used on aero space and other ar-
eas, by using the IR TNDT software package developed by Innovation Inc. (Russia).

The knowledge of composite thermal properties is necessary when determining de-
fect detection limits and, particularly, when characterizing defects. The classical thermal
properties of materials are the thermal conductivity A, the heat capacity C and the density
p. If temperature of composites may sharply change, the two last parameters are typically
replaced with the thermal diffusivity @ = A / Cp. It is important that, in the case of com-
posites, both parameters A and a can be significantly anisotropic, i.€. one should take into
account their corresponding spatial components, such as ay, a,, a..

A transverse (through-the-thickness) component a, is typically determined by ap-
plying the Parker’s (flash) technique. When using IR thermography in the inspection of
‘thick’ (up to 15 mm-thick) composites, there are two points of interest: 1) the conversion
of standard IR images into images of diffusivity distributions, and 2) the necessity of ap-
plying square pulse, rather than flash, heating and taking into account some additional
factors, in particular, surface heat exchange and lateral diffusion phenomena. In our study,
all these parameters can be introduced into consideration by using the ThermoCalc-6L
modeling program. Determining a. is illustrated by fig. 1.
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Fig. 1. Determining thermal diffusivity of a conical graphite/epoxy composite sample
by applying IR TNDT (left — IR image, square area for averaging a.;
right — Parker’s temperature response used for calculating a.)
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Fig. 2. Determining diffusivity lateral components of a graphite/epoxy composite:
(a) — slit heat mask; (b) — Fourier spectrum clearly showing the carrier frequency;
(¢) — logarithmic temperature evolution curve at the carrier frequency,
of which slope is numerically equal to a,

A rather new area of academic and applied interest is the determination of diffusiv-
ity lateral components a,, @,. The appropriate technique is based on using the 2D Fourier
transform applied to surface temperature distributions. This technique can be imple-
mented in both one- and two-sided IR TNDT procedures being independent on material
semi-transparency and surface heat exchange. The problem can be simulated by using the
ThermoCalc-30L program which allows modeling a composite which consists of up to
30 layers (plies) arbitrarily tilted in regard each to other. The main problem to solve when
applying the Fourier transform technique is choosing an optimum spatial frequency for
calculating a,, a,. Our most trust-worthy results have been obtained by using a slit-mask
technique which, unlike arbitrary heating, allows the easy choice of a proper carrier spa-
tial frequency. The steps of the slit-mask procedure are shown in fig. 2.

Since thermal properties of materials are determined, defect detection limits can be
evaluated by comparing significant detection parameters, such as temperature signals and
contrasts, and experimental estimates of noise adherent to particular materials. In applica-
tion to graphite/epoxy composites, the IR TNDT detection limits can be evaluated by
applying the following rules: 1) surface temperature must not exceed 100°C, 2) tempera-
ture signals over defects must exceed temperature resolution of used IR imagers, and
3) temperature contrasts must be higher than 2 — 4 % that is a threshold noise value for
graphite epoxy composites. The example of a defect map obtained at particular statistical
decision-making parameters is given in fig. 3.
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Fig. 3. Two-sided IR TNDT of a 15 mm - thick graphite/epoxy composite
by applying 10 s heating:
(a) — optimal source image; (b) — map of defects compiled by phasegram
(correct detection P, ; = 100%, false alarm P/, = 10%)



Defect characterization represents the most difficult task. First of all, mathemati-
cally, it is a fascinating area of research intended for solving ill-posed problems. Unfortu-
nately, many available theoretical algorithms are labor- and time-consuming and can be
hardly used in practice. More simple solutions involve analytical formulas which arrive
from 1D solutions to classical heat conduction problems or represent a type of approxima-
tions of 2D and 3D solutions obtained numerically. The last approach is implemented in
the ThermoFit Pro software intended for processing IR image sequences. A unique defect
characterization option available in ThermoFit Pro allows the evaluation of defect lateral
size, depth and thickness. The potentials and limits of this procedure are discussed in the
paper.

The main conclusion which follows our research is that both the commercially-
available IR imagers and the modeling/processing software are matured enough to allow
the design and practical implementation of TNDT devices intended for the inspection of
composite materials.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


