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ABSTRACT

Adhesive bonding reliably contributes to joining rlman fibre reinforced plastics (CFRP).
Manufacturing and in-service effects may reducentieehanical performance of these joints. Their
reliability is governed by assuring the surfaceliyiaf CFRP material. Roughness of ready-to-bond
CFRP surfaces affects in a complex way their wgtbehaviour as determined with a water break
test. Therefore, further in-line capable technigaeshighly desirable for the assessment of surface
quality prior to bonding.

In the present work, optically stimulated electremission (OSEE) was investigated with this
purpose. Sensitivity and accuracy of OSEE measurredlow to distinguish favourable surface
states of CFRP adherends from surface states v@héchinfavourable for adhesive bonding. We show
that OSEE may be applied in field and without eleatly contacting CFRP surfaces for sensing
moisture, thermal degradation or thin layers oftaomnants.

Keywords: surface quality assurance, pre-bond inspection,boar fibre reinforced composite,
aircraft structures, optically stimulated electremission

1 Introduction

With the quest for continuous decrease of air itrafflated fuel consumption and corresponding
CO, emissions, the implementation of a structural matéhat combines light-weight design with
superior mechanical properties is fundamental iipplanes. Nowadays, the comparatively low-weight
metallic alloys (Al-Li, Al-Mg) are being replacedymew composite materials that better combine
both characteristi¢sThe use of composite materials in aircraft stmggihas increased considerably in
the past decadkS CFRP structures have been widely used in sefiefd$, as structural engineering
materials and also in the automotive industry The material shows high energy absorption
characteristic with a high strength-to-weight rafio

In principle, adhesive bonding offers promising gpectives not only for joining CFRP light-
weight structures in production but also in caseephir processes involving intact additional CFRP
panels. However, CFRP surfaces are susceptibleious impacts during exposure to in-service
environments and joining by adhesive bonding issiser to surface contamination which can
compromise the bond strength. Cleaning before Imgndéeeds to be adequate and sufficient to reduce
the surface concentration of adverse substandgpitally less than a monolayer. Moreover, moisture
uptake into exposed CFRP or thermal impact may roctherefore, surface monitoring with an
appropriate sensitivity is highly recommendableobeimanufacturing adhesively joint CFRP parts. A
reliable quality assurance of the surface stateecessary to discriminate surfaces that are ‘réady-
bond’ from those that are not ‘ready-to-bond’.

In order to ensure the performance of adhesivehegbload-critical CFRP structures, technologies
are required which can monitor the physico-chemicaperties of adherents and adhesives or detect
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adhesion properties of bonded comporfertdwever, to date there are no reliable NDT meshod
available for the assessment of bond strength hectfore adhesive bonding is a special process.
Anyhow, distinct properties of adherent surfacey ma assessed, and the only method established at
the moment for pre-bond evaluation in field is teter break test. However, this is not a quanati
method for determining the CFRP surface wettingablur and results are inadequate for surfaces
with a high roughneds®. Therefore, further techniques need to be estaidor reliably assuring
pre-bond surface quality. As a consequence of tha@yfold potential impacts affecting CFRP
surfaces, various rather specific monitoring teghes may be applied for detecting certain chemical
substances like silicones or classes of possibiaoonants like hydrophobic agents. However, the
ideal technique should be sensitive to many ofdmammon contaminants in order to indicate the
appropriateness of the CFRP surface state forahdibg process.

For the investigation of optically stimulated etect emission (OSEE) with this purpose two
factors must be considered: i) the intensity ottet:s emitted from CFRP surfaces will be atterdiate
by air and ii) CFRP is a slightly electron conduetimaterial. Electrically conductive carbon fibres
may show a distinct photoionisation behaviour, the electron emission behaviour of CFRP is
influenced by the matrix resin and, often, by tliespnce of a sizing on the carbon fibres. Before
bonding, however, CFRP panels are usually groutitiaunarbon fibre layer is exposed at the surface.
Optically stimulated electron emission (OSEE) may donsidered a non-destructive technique to
detect contaminants on adherent surfaces due tohidmege of electron emission characteristics, e.g.
the work functio. Modifications of the surface state of metaler metals covered with self-
assembled monolayers (SAM)ceramic¥’, polymers and also CFERmay result in a change of the
detected electron flo*’. Instrumentation for investigating the surfaceselefctrical insulators was
developed and adapted exemplarily by NASA workeBespite such considerable performance for
CFRP applications as detailed particularly by Paga Waghorn® OSEE has not yet achieved a
widespread use for investigating the surface stdteCFRP samples exhibiting contaminations
considered relevant, e.g., in aeronautical use.

The results presented in this contribution wereioled in the frame of the joint EU FP7 research
project “Extended non-destructive testing of coniigobonds — ENCOMB”. This project aims at
identifying potentially suitable NDT techniques aadbapting them to relevant aircraft manufacturing
and in-service applications. As part of the worte tinfluence of various surface contaminants
(hydraulic fluid, release agent, moisture) and tedrinally damaged CRFP on the performance of
adhesive bonds was quantified. It was shown tregetHactors result in a significant decrease of the
mode-1 interlaminar fracture toughnessJ@f adhesively bonded joints of contaminated aeihéras
compared to clean reference sampleSor example, moisture uptake of 1.5 wt% and insioer in
aqueous Skydrol® hydraulic oil reduced thg By 20 %. Even more pronounced effects were
obtained when annealing CFRP samples at 220 °@ ior avhen applying approximately 1 nm of a
release agent, with adbeing lowered by nearly 70 %. Such huge influesfoeontaminants on bond
strength clearly emphasizes the need to monitogradiad surfaces before bonding.

2 Experimental

In this section, the preparation of the carbonefitginforced composite (CFRP) material used for
the investigations of the pre-bond quality andrtbbaracterisation are described.

2.1 Sample preparation

The CFRP material exhibited fibres arranged in ueadional layers and a thermoset matrix (T700
low density carbon fibres and HexPly© M21 matrigrfr Hexcel). Clean untreated reference CFRP
samples (further on denoted as UT) were ground arposure of the top fibre layer and cleaned
according to standards from aircraft manufactur€mtaminated samples were produced containing
release agent at the surface and moisture uptakihéoyCFRP bulk material (both relevant for
manufacturing processes), as well as Skydrol hyidrat contamination and thermal degradation of
CFRP panels, which may take place in service. énfolur different scenarios investigated, the factor
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were applied to the same extent that had been showesult in a reduction of the mode-I fracture
toughness of composite bonded joihtdn the first scenario, CFRP samples were dipematith
release agent and a coverage characterised bhganssurface concentration of 4 atom% according to
XPS investigations was adjusted. For further ingasions, films characterised by a silicon surface
concentration of 8 atom% and 10atom%, respectivedre applied. Aiming at saturation moisture
uptake, samples were exposed to demineralised Yoaté72 hours at 70 °C and a water uptake of 1.5
weight% was reached. Hydraulic oil contaminationGHRP surfaces was represented by samples
immersed in a Skydrol®-water phase solution for &62irs in an oven at 70 °C. Finally, thermal
degradation of CFRP was achieved by exposure opleano a temperature of 220 °C for one hour in
an air circulation oven.

Carbon fibres of type SIGRAFIL C30 TO50 EPY with apoxy sizing were supplied by SGL
Technology GmbH, Meitingen, Germany. Glassy carta@) of type SIGRADUR G was supplied by
HTW Hochtemperatur-Werkstoffe GmbH, Thierhauptererr@any. For grinding GC SiC emery paper
with 800 mesh was used. A sample of an epoxy theetmeas prepared at Fraunhofer IFAM by using
iIsophorone diamine for curing diglycidyl ether a$gthenol A.

2.2 Sample characterisation

Surfaces of CFRP panels were characterised usioguwabound instrumental analysis based on
X-ray Photoelectron Spectroscopy (XPS), Scanniegtedn microscopy (SEM) and Transmission
Electron Microscopy (TEM). XPS spectra were takemg a Kratos Ultra system using excitation of
photoelectrons by monochromatic cAlradiation within an area of approximately 0.2 mMBEM
examinations were performed with a field emissioansiing electron microscope (FESEM) of type
FEI Helios 600 (DualBeam) and applying an Everhatuirnley detector for detection of secondary
electrons. The Dual Beam instrument additionallggsipped with a liquid-metal ion source (LMIS)
for facilitating Focussed lon Beam (FIB) cutting thfe sample surface with gallium ions. TEM
investigations were made on a 200 kV field emissneroscope of type FEI Tecnai F20 ST.

OSEE experiments were done under ambient conditidtiisa Surface Quality Monitor SQM200
(Photo Emission Tech., Inc. (PET), USA). During @SiBvestigation the sample surface is exposed
to ultra-violet light of a mercury vapour lamp wiphominent emission maxima at 4.9 and 6.7 eV.

SENSOR

UWV-LAMP
- == =3
ELECTRON
FLOW
>
RN r t1
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showing intensity deviant from
specified OSEE intensity specified value

Figure 1: Functionality of OSEE device and scheirepplying OSEE for CFRP surface analysis

Based on the kinetic energies and escape deptpéiatbelectrons emitted by the investigated
sample, OSEE is a surface-sensitive technique ixigjlan information depth in the range of 0.1 pum.
Emitted photoelectrons may flow through the cobedtiased at 40 V and generate a current measured
by a solid state electrometer. The measured cuvedues reported are furtheron referred to as OSEE
intensity, and they may be interpreted in termshefintegral band intensities of the underlying and
contributing electronic spectfaThe OSEE device is operated in combination withoaing table for
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surface scanning. OSEE measurements were done thdthsamples placed on the electrically
conductive and earthed table and scanning the sawighh the measuring spots being separated by
5 mm and, in case of electrically conducting aredyby 2.5 mm. The CFRP panels investigated were
typically 100 x 100 mmwide and were scanned with 17 x 17 steps in othabdirections. A mean
OSEE signal value was calculated by averaging theemwhole sample surface area grasped, and the
OSEE intensities are plotted along with the thusioled standard deviation for each sample.

3 Results

In this section, results of characterising CFRPefsmmround to the top carbon fibre layer are
displayed. Such UT surfaces represent the surfate seady for adhesive bonding. Several factors
affecting the OSEE signal of such surfaces areuatedl and discussed in comparison to results
obtained with net polymer and carbon materials.

3.1 CFRP surfaces ready for bonding characterisggdcuum-bound analysis

CFRP surfaces of type UT were characterised ustig,SEM, EDX and XPS as vacuum-bound
surface sensitive microscopic and spectroscopils,t@espectively. Electron microscopic images of
the UT surfaces are shown in figure 2. The SEM inaig the left reveals remainders of the matrix on
the sample surface aside from carbon fibres withickness of approximately 6 pum. The fibres are
disrupted in places in longitudinal direction angvailingly do not appear to be disintegrated in
direction vertical to the surface. Investigating thulk of the carbon fibres close to the fibre acefby
EDX reveals 95 atom% + 1 atom% of carbon and 5 &garl atom% of nitrogen containing species.
Probably a polyacrylonitrile precursor was used foifibre production. According to EDX
investigations the matrix features oxygen, sulphiirpgen and carbon containing species. Based on a
0.1 um thin FIB cut through the bulk of the CFRmpke in a direction perpendicular to the fibre axis
the TEM images displayed in the centre and onitite i figure 2 show sub-microscopic stacks of a
few graphene layers within the carbon fibre. Inxomity to the fibre surface the concentration af th
stacks is slightly different from the one obseriethe bulk of the fibre. Concerning the fibre suod,
there do not seem to be topological differences/den the topmost fibre surface region and regions
which are several 10 nm closer to the bulk of tudan fibres.

5 iibre bulk

¥

Figure 2: Electron microscopy investigation of CF&itnples of type UT:
left: topview SEM image of the surface;
center: TEM image of a FIB cut through the matibté interphase;
right: TEM image of a FIB cut through the bulk ofarbon fibre

For assessing the composition of the topmost regiothe CFRP surface, XPS investigations
yielding an information depth of approximately 1 mwere carried out. They indicate that the CFRP
panel surface region exhibits 14.5 atom%a=z 0.2 atoof%xygen besides 4.6 atom%sz 0.2 atom% of
nitrogen, 0.8 atom%=z 0.2 atom% of sulphur and Z80Bn%z=+ 0.2 atom% of carbon containing
species. Fitting the C1s signal smoothly worksusing three Gausso-Lorentzian contributions with a
width of 1.25 eV. In detail, the peak with the I@udinding energy comprises 65 % of the total C1s
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intensity, the second peak with a 1.4 eVt 0.1 eyhbri binding energy comprises 30 % of the Cls
intensity, and the third peak appears at a 2.9@¥%V higher binding energy than the first peak. |
particular the C1s detail spectrum is not goverbgdontributions of sphybridised carbon which
would be characteristic for graphite-like constitigeof the carbon fibre.

Concluding, the investigations using the vacuumrgbmicroscopic and spectroscopic techniques
evidence aspects of the lateral surface structndecd the vertical composition within the surface
region of the CFRP surfaces of UT samples. Bagicadughly equal parts of the surface region are
composed of matrix system and of electrically cantie carbon fibres, respectively. The topmost
region of the CFRP sample (comprising a thicknelssame nanometres) is not dominated by
graphite-like species which strongly contributefrte bulk structure of the fibres.

The thus structured surface region of CFRP UT sasni@ within the approximately 0.1 um thin
information range of OSEE measurements the restitdich will be described subsequently.

3.2 CFRP surfaces ready for bonding characterisg@BEE in ambient atmosphere

CFRP samples of type UT were obtained by grindif@~&P surface until exposure of a carbon
fibre. The surface state of UT is characteristttG&RP being ready to bond.

As shown in figure 3 in the plot on the left, thetdnce between the sample surface and the OSEE
sensor strongly influences the OSEE intensity wineastigating equally prepared CFRP samples.
strong decay of the OSEE signal intensity by 75%mimcreasing this distance by 50 % from 6 mm
to 9 mm or from 7 mm to 10.5 mm was observed. Timding is attributed to an attenuation of
electrons when travelling through the air betweke sample and the sensor during the OSEE
measurement. When the OSEE measurement was repeatedat the same position of the CFRP
surface, an OSEE intensity decreased by approxiynafe?o was observed. This finding is attributed
to electrostatic charging building up on the CFRRaxe which is not ideally electrically conductive
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Figure 3: Results of OSEE measurements for congasiti net sample surfaces:
left: CFRP samples UT, measured at different digtdretween sample surface and OSEE sensor;
right: UT sample, an amine-cured epoxy resin, station fibres, and a glassy carbon surface,
measured at a fixed surface-sensor distance

Further investigations were performed in order liacidate possible contributions of different
constituents of fibre-reinforced plastics. For thigpose an epoxy resin without fibre-reinforcement
and sized carbon fibres were investigated with QS&#prisingly, both samples did not show a
significant OSEE intensity when investigated at $hene sample-sensor distance as a CFRP surface
which showed a substantial OSEE intensity. In aafsthe electrically insulating epoxy resin this
finding might result from electrostatic charginglting up during the measurement. However, in case
of the electrically conductive and earthed sizeth@a fibres such finding may need to be attributed
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distinct effects. Indeed, the fibre structure amenposition might play a particular role since the
surface of an earthed and electrically conductiassy carbon (GC) which is composed of a material
relatively similar to the carbon fibres revealedansiderable OSEE intensity. Roughening the GC
surface with an 800 mesh emery paper rather redihee@SEE intensity by 15 %. These three latter
findings show that the photoemission behaviour wftintt carbon materials and surface states
deserves to be studied in more detail. This stateimads true to an even greater extent with respec
to the CFRP surfaces the OSEE intensity of which @aaen 50 % higher than the OSEE intensity of
the clean and smooth glassy carbon surface.

In summary, the CFRP surfaces of type UT show arkably high OSEE intensity. Therefore, the
influence of factors reducing the bond quality &fR> panels on the OSEE intensity was tested. The
respective results are reported in the subsequeig@mph. The physical processes in the CFRP
surface during an OSEE measurement seem to ber redhgplex. As CFRP is composed of an
insulating matrix and electrically conductive cambfibres connected through the fibre/matrix
interphase, it might turn out that the electric tegh in the interphase and the distribution of the
dielectric matrix on the CFRP surface affect thetpamission and electrostatic charging behaviour
during the OSEE measurement.

From the technological point of view, the descrilo@gestigations show an important finding. The
dependency of the OSEE intensity from the distape®veen the sample and the OSEE sensor
indicates that the OSEE device needs to be planddnaintained in a controlled distance to the
sample surface during a measurement. Thereforeh@rone hand, in practice spacers proving a
distance of some millimetres can be applied. Onother hand, in case of macroscopically uneven
CFRP sample surfaces variations of the distancedegt sample surface and the OSEE probe by
1 mm may affect the measured OSEE intensity bymwe than 20 % if the surface-sensor distance is
higher than 6 mm. In any case, it is recommendéaviestigate the dependence of the OSEE intensity
on the distance between the sample and the OSHEIE fwspeach type of sample elaborately.

3.3 Identification of CFRP surface conditions umfasable for adhesive bonding

In this paragraph, OSEE investigations of surfatates of CFRP panels with controlled
contaminations/degradation are reported. Theseagonants/degradation were shown to result in a
reduced bond strendth We first investigated whether OSEE measuremelidsy @0 differentiate
unfavourable surface states from the UT state aedpndly, if OSEE measurements allow to
differentiate between distinct concentrations ofaste contamination by release agent.

For the OSEE measurements, the distance betweesathgle surface and the OSEE sensor was
set to permit a maximum sensitivity for possiblamnges of the OSEE intensity as compared to the UT
state. As illustrated in figure 4 in the plot om tleft, the thermally degraded CFRP sample TD shows
a significantly smaller OSEE signal intensity thdwe UT sample. It is concluded, that OSEE is
appropriate for detecting thermo-oxidative effeetiich were shown to reduce the strength of
adhesive joints produced from correspondingly ingéc CFRP adherends The moisture
contaminated CFRP sample MO shows a significamtigler OSEE intensity than the UT sample.
From a sample covered by a several micrometer thige of liquid water no detectable OSEE signal
was obtained. The CFRP SK sample covered with ljidrail shows a drastically smaller OSEE
signal intensity than the UT sample. It may be apdiated that OSEE may even permit the detection
of smaller concentrations of hydraulic oil as conggato the concentrations present on sample SK.
Finally, the CFRP sample RE covered with a silicoartaining release agent was shown to yield a
significantly smaller OSEE intensity than the UTrgde. Based on the plot on the right of figuret4, i
is concluded that the OSEE intensity strongly depeam the concentration of release agent. Silicone
surface concentrations higher than in the casampte RE result in a further decrease of the OSEE
intensity. It may be extrapolated that OSEE maynewve suitable for indicating smaller amounts of
release agents than 4 atom% as applied to sample RE
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Figure 4: OSEE intensities obtained for distincRBFsurface states:
left: untreated reference UT ready to bBras compared to surface qualities not ready to ond
right: distinct surface coverages of release ageitt, Si concentrations from XPS investigations

These results show obtained that OSEE -even though providing chemically-specific
information - is an inline-capable tool facilitaginversatile applicability for detecting contaminant
layers such as water, Skydrol and release agenekhsis effects of thermal degradation all of which
significantly reduce the quality of adhesive bonds.

4 Summary

The implementation of CFRP as a structural matenighe aircraft industry requires a reliable
quality assurance of surface states for adhesivadibg techniques. Improper grinding during
mechanical surface pre-treatment, contaminantsdberands, moisture uptake in the CFRP bulk or
thermal impact can have a large negative influemtehe mechanical properties of adhesive joints
prepared in manufacturing or repair processes.€ftier, assurance of surface quality needs to be
implemented in order to obtain the best conditimnsan adhesive joint.

The optimum CFRP surface state before adhesiveitguidnoted as UT had been obtained after
grinding until exposure of a carbon fibre layerwtis characterised with respect to its structue an
composition using vacuum-bound analyses. Applyiptically stimulated electron emission (OSEE)
as a surface-sensitive and inline-capable inspedttiol operated in ambient atmosphere, these CFRP
surfaces showed prominent OSEE signal intensitidschw were obtained without electrically
contacting the CFRP material.

With OSEE signal intensities being sensitive to firesence of adsorbates on top of such
photostimulated CFRP surfaces and possibly alsoet@lectric properties of fibre/matrix interphases
monitoring by OSEE showed its capability to distirgp all the investigated surface states known to
be unfavourable for adhesive bonding from the CFRHFace state UT. In detail, four types of
unfavourable conditions of CFRP panel surfaces veemsidered. Thermally impacted adherends
could be distinguished as well as moist adheremdk adherends covered with release agent or
hydraulic oil for aeronautical use.

In conclusion, the OSEE technique demonstratepotsntial for surface state quality assurance of
CFRP materials prior to adhesive bonding.
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