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Materials

Introduction

Carbon or graphite fiber composites are replacing metal structures and
parts in many industries, such as aerospace, general transportation, high
performance automotive, and sporting goods. These materials are favored
for their reduced weight and greater strength relative to traditional metal
parts. For example, the Airbus A350 and Boeing 787 are both made of
approximately 50% composite materials, including wing and fuselage
sections. Military jet fighters and naval craft also use this material to
improve performance. These critical and complex composite applications
require new and sophisticated analysis tools for development, maintenance,
and repair purposes.

In this application note, we discuss the advantages of the 4300 Handheld

FTIR for at-site, non-destructive analysis of thermal exposure and damage in
aircraft composites.

Agilent Technologies



Unlike metal parts, composite materials can be
irreversibly degraded by excessive heat. Heat damage
can occur from many sources, such as engine or missile
exhaust, electrical fires, or even lightning strikes. Severe
thermal damage is often obvious by visual inspection
where blistering or delamination is observed. However,
in the longer term, moderate heat exposure is much
more common and can be just as catastrophic. This
type of heat damage is referred to as incipient thermal
damage, since the part may have little or no visible
damage.

Advantages of the Agilent
4300 Handheld FTIR for
the measurement of
composites and polymers

The 4300 Handheld FTIR is the result
of Agilent’s extensive R&D efforts

in material analysis by mid infrared
spectroscopy. It is optimized for
non-destructive analysis of polymers

Over the past decade, Agilent Technologies has led

in developing and applying Fourier transform infrared
spectroscopy (FTIR) as an advanced technique for
measuring the molecular composition of composites, in
support of manufacturing and maintenance operations.
For example, FTIR spectral analysis is now a proven
technique for detecting thermal damage in composites.
This information can be used to define the breadth and
depth of a thermally overexposed region of composite to
assist in repair procedures.

Now, Agilent scientists and engineers have developed

a next generation FTIR analyzer for the measurement

of composites and polymers. The recently announced
4300 Handheld FTIR is the culmination of our experience
in composite analysis via non-destructive mid-infrared
spectroscopy.

Methods, materials and instrumentation

The Agilent 4300 Handheld FTIR was used for the
measurements in this application note. This system is
the next generation of handheld FTIR spectrometers
and is developed to improve applications where
performance, analysis speed, ease-of-use, and superior
ergonomics are major factors. The 4300 FTIR has

two configurations: one with a traditional deuterated
triglycine sulfate (DTGS) detector, and the other using
a faster scanning, thermoelectrically cooled mercury
cadmium telluride (MCT) detector. The MCT version
reduces the required scan time for analysis by greater
than 50% relative to the DTGS version.

Light weight. Make measurements for longer
periods with less physical strain. At 2.2 kg (4.8 Ib),
the 4300 Handheld FTIR is the lightest handheld
FTIR in existence.

Balanced. Take more accurate and precise
measurements. With a center of gravity located at
the handle, the system is comfortable to use.

Rapid Scanning. Scan large surface areas in less
time. With the optional MCT detector, the 4300
Handheld FTIR enables measurements to be made
more rapidly.

Non-destructive. No need to excise a sample to
be analyzed in a lab. The handheld spectrometer is
brought to the object or surface to be measured.

Immediate results. Focus on the measurement
locations of greatest importance. At-site analysis
lets you make decisions in real-time.

Versatile. Analyze a wide range of materials and
surface types. A selection of interchangeable,
no-alignment sampling interfaces are available.

Intuitive. Easy-to-use software guides less
experienced personnel to actionable results, faster.
Preprogrammed methods, powered by advanced
mathematical models, and reporting features all
function automatically behind the scenes.



Agilent’s mobile spectroscopy group, in conjunction
with several commercial aerospace and military
organizations, has developed a broad array of
composite thermal damage FTIR methods. Each
method is calibrated using a partial least squares (PLS)
chemometric model. FTIR spectra of composite coupons
exposed to a range of temperatures are used to “train”
the models to detect spectral changes due to thermal
damage. Eight models have been developed with data
collected on the 4300 FTIR equipped with a diffuse
reflectance attachment (4 MCT and 4 DTGS models).
The spectra are collected at 8cm™ resolution and 64
co-added interferograms. Each calibration set consists
of composite coupons exposed to 375°F, 400°F, 425°F,
450°F, 475°F, 500°F, 525°F and 550°F temperatures for
one hour. The models are tested using a validation

set of composite coupons prepared under similar
conditions.

Discussion and results

The analysis of composite materials is difficult, due
in large part to the complexity of the thermal damage
mechanism. Each resin system in a composite structure

has a slightly different thermal degradation profile or
behavior. Composite resin systems exhibit differences in
the onset temperature and rate of thermal degradation.
Another major consideration for measuring composites
is the condition of the surface to be analyzed. Some
composite resin formulations, such as Cytec Surface
Master 905 (SM 905, Table 1), are used primarily on

the surface of composite structures and require no
sanding prior to measurement. Other composite resin
systems are used as the interior core composite
material and these may be measured in a sanded or
unsanded condition. Carbon fiber parts are also made
with different patterns of carbon fiber, but use the same
epoxy resin matrix. Some use linear sheets of carbon
fiber, referred to as “tape”. Each layer of tape is oriented
in a precise pattern to increase its strength. Other
composite layouts use a weave pattern of carbon fibers,
referred to as “fabric”. These textural, chemical, and
thermal profile differences introduce too many variables
for a single predictive FTIR model.

Therefore, individual FTIR methods and models have
been developed to account for each of these conditions
and composite materials.

Application areas for the Agilent 4300 Handheld FTIR in the analysis of composites and

polymers

»  Detecting thermal and UV exposure of composites

»  Guiding sanding, scarfing and patching repair processes for composites

»  Measuring effectiveness of plasma treatment of composite surfaces to minimize the effect of release agents on

bonding

+  Determination of the peal ply material and its compatibility with the resin system

»  Measuring hydrocarbon and silicone contaminants on metal surfaces prior to polymer coating

+ Positive material identification to verify the identity and authenticity of composite and polymer parts

»  Measuring thickness and uniformity of polymer coatings on surfaces

*  Measuring curing processes



Infrared spectra of composites

The IR spectra of carbon fiber or graphite composites
are typically composed of strong aromatic absorbance
bands at 1600 cm™ and 1510 cm™ (Figure 1). Undamaged
composites typically have several carbonyl peaks in

the 1800-1600 cm™ region. The band at 1670 cm™ is
consistent with a doubly conjugated ketone (i.e. Ar-
C(=0)-Ar) or a secondary amide (R-C(=0)-NH-R), where-
as, the weaker 1730 cm™ carbonyl peak is consistent
with a conjugated ester group (i.e. Ar-C(=0)-0-R).
These functional groups are expected in the complex
polyaromatic epoxy resins systems used in modern
composites.

Absorbance

1721.9

The carbonyl and aromatic region (1850-1500 cm™)

of the IR spectra contains the best information to
measure thermal damage of composites. Polyaromatic
epoxy resins may include toughening agents such as
polyetherether ketone (PEEK) or polysulfones, which
all have strong absorbance features in this region

of the IR spectrum. The aromatic peaks mentioned
above are observed to diminish with increasing
thermal damage (negative correlation, Figure 1) and an
additional carbonyl absorbance is observed to rise with
increased thermal damage (positive correlation). The
broad oxidation carbonyl absorbance roughly centered
at 1722 cm™ in the high thermal damage composites
(Figure 1, 550°F spectrum) is consistent with a
carboxylic acid (COOH) and/or single conjugated ketone
carbonyl group.
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Figure 1. The IR spectra of thermally damaged epoxy composite (Epoxy 1) unsanded tape measured using the 4300 MCT FTIR. The composite coupons shown
are exposed to 375°F, 425°F, 450°F, 475°F, 500°F, 525°F and 550°F temperatures for one hour. The absorbance band at 1722 ¢cm™' arises from the carbonyl stretch
vibration associated with oxidation of the resin and is an indicator for thermal overexposure of the composite.
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Figure 2. The IR spectra of thermally damaged Epoxy 1 sanded tape composite material measured on the 4300 MCT FTIR. The composite coupons shown are
exposed to 375°F, 425°F, 475°F, 525°F and 550°F temperatures for one hour. Note the absence of the 1722 cm™ vibration, since this composite damage occurs in

an anaerobic environment.

The subsurface thermal damage mechanism in
composites is considered primarily anaerobic, and the
IR spectra of the toughened epoxy composite (Epoxy

1) sanded tape in Figure 2 support this proposed
mechanism. There is no increased carbonyl absorbance
in the 1700 cm™ region. The main difference observed in
the IR spectra of sanded composites that are thermally
damaged (Figure 2) is the decrease in absorbance at
1672 cm™, which is assigned to a doubly conjugated

ketone carbonyl or possibly a secondary amide carbonyl.

This decrease in absorbance provides a good negative
correlation to temperature exposure. Other sanded
composites indicate the depletion of aromatic groups
without the increase in oxidation absorbance at

1720 cm™ observed in the unsanded composite material.

Performance of calibration model for composite
analysis

The composite types and statistical results of the
measurements are shown in Table 1. The R? value is
the correlation coefficient of the PLS calibration, 1.000
being a perfect correlation to the spectral data. The
standard error of cross-validation (SECV) is a good
predictor for the amount of error in the model results
and the unit for the SECV is temperature (°F). Both
the R? and the SECV are only calculated based on the
calibrations set of data. The root mean square error of
prediction (RMSEP) and relative % error (Rel. % error)
are both calculated based on the model's prediction
results from the validation set of composite coupons.
The RMSEP is an estimation of the average error that
an unknown real world sample will have using the
calibration model expressed in units of temperature (°F).



Table 1. The PLS calibration and validation performance results of four composite materials as measured using the 4300 FTIR MCT and DTGS configurations.

Instrument Model statistic SM905 unsanded Epoxy 1 tape unsanded Epoxy 2 fabric unsanded Epoxy 1 tape sanded
4300 MCT R? 0.96 0.98 0.97 0.92

SECV 12 8 9 13

RMSEP 12 14 12 19

Rel. % error 19 3.1 3.0 34
4300 DTGS R? 0.98 0.98 0.97 0.88

SECV 8 8 10 20

RMSEP 10 10 16 23

Rel. % error 19 1.8 43 4.2

The relative percent error (Table 1) is an average of the
relative percent error for the 425-525°F results in the
validation set. For example, a 475°F validation coupon
at 3% relative error (+/- 14°F ) would be expected to
predict between 461-489°F.

The results indicate similar performance of the
calibrations for either 4300 FTIR configurations and

all the results provide less than 5% relative error on
the validation set. The target performance is less than
10% relative error on the validation set. The MCT
configuration indicates slightly better calibrations for
the Epoxy 1 unsanded fabric and Epoxy 1 tape sanded.
The calibration performance for the SM 905 and
Epoxy 1 unsanded tape are nearly the same for both
4300 configurations. The 4300 MCT system collected
the spectra in 7 seconds, compared to 17 seconds for
the 4300 DTGS instrument, with equivalent amount

of co-added scans. Both 4300 configurations are
ergonomically identical, however, the faster scanning
MCT 4300 may be preferred for applications requiring
repetitive analysis of samples over larger surface areas
or in more physically constrained positions.

The calibrations shown above were imported into
the Microlab software package to produce a method
specific for the analysis of thermal exposure on
each specific resin. The 4300 Handheld FTIR has an
integrated computer which runs a mobile version

of the Microlab software. It displays measurement

to cause damage to the composite. In addition to the
thermal exposure prediction, methods can contain
other components which measure other aspects of
the sample chemistry or provide information about the
validity of the result. The thermal damage method also
contains a component to identify whether hydrocarbon
contamination is present (oil contamination index) and
to determine if the sample measurement statistically
matches the calibration set (M-distance). As with

the main thermal exposure component, these quality
measures are assigned a critical threshold and color
coded accordingly. An example of the software output
for the measurement of a damage sample is shown
(Figure 3).

results, predicting the thermal exposure; thresholds
are provided to color code the result, either green for
low thermal exposure or red for exposure sufficient

Figure 3: 4300 Handheld FTIR results screen from a measurement of a sample
of Epoxy 1 Tape unsanded exposed to 500 °F for 60 minutes. The result is color
coded in red to show that this sample exceeds the critical threshold indicating
thermal damage.



Conclusions

We have shown that the 4300 Handheld FTIR is

very effective for measuring thermal overexposure

and damage in carbon fiber composites. The diffuse
reflectance spectra of unsanded composites indicate
increased oxidation carbonyl absorbance as the
temperature of exposure increases. The spectra of
sanded composites indicate the loss of ketone or amide
absorbance from the polymer resin in the composite.

Both versions of the 4300 (MICT and DTGS) perform
similarly in both calibration and validation sets for
thermally damaged composite coupons. The MCT 4300
features a faster scan time and may be preferred for
applications that require measurements to be made
over larger surface areas, or for objects that require the
user to be in more physically demanding locations or
positions.

The increasing use of composites to replace metal
components demands more sophisticated diagnostic
tools to detect problems and confirm the chemical
composition of the material. The Agilent 4300 Handheld
FTIR is optimized for this task. The capability of at-

site, non-destructive measurement of composite and
polymer based products, objects and parts enables
users to make real-time decisions about the quality,
performance, damage and degradation of these
materials.



www.agilent.com

Agilent shall not be liable for errors contained herein or for incidental or consequential
damages in connection with the furnishing, performance or use of this material.

Information, descriptions, and specifications in this publication are subject to change
without notice.

© Agilent Technologies, Inc. 2014

Published March 3, 2014
Publication number: 5991-4037EN

Agilent Technologies




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K 0
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


