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Abstract

Assessing adhesion or strength of composites or adhesive joints in a non-destructive
way is highly challenging. Therefore, instead of performing retrospective quality
assurance, i.e. investigating manufactured joints, it is advantageous to safeguard
performance and quality of each layer and each interface already during manufacture.
This approach still is challenging, as it requires a systematic quantitative evaluation of
threshold criteria, but appreciably it gets more and more feasible. We present approaches
for an inline-capable and non-destructive quality assurance of steps in manufacturing
processes used for tailoring the state of substrate surfaces. Benefits from applying
techniques for inline surface analysis like Optically Stimulated Electron Emission (OSEF)
and Aerosol Wetting Test (AWT) will be detailed. The performed procedures contribute
to a novel class of non-destructive testing (NDT) techniques, classified as Extended

NDT (ENDT). The principle of ENDT methods is based on the detection of selected
physico-chemical properties which are important for the anticipated performance of the
functional interfaces in the products to be manufactured.

A prerequisite for obtaining reliable composite materials is to reproducibly prepare a
suitable surface state of the substrates before the first step of a coating or bonding
process. As demonstrative application scenarios, we highlight first an exemplary surface
pretreatment process for steel substrates, and second the identification of a surface state
for carbon fiber reinforced polymer (CFRP) adherents suitable for joining. Concerning
steel substrates we investigated two types of steel both in the as-received state and a
state after grinding. We demonstrate that the removal of the topmost material layer
comprising the reaction layer and mechanically deformed metal grains strongly affects
the properties of the resulting adherent surface. As a consequence, a material-specific
time slot for a steel substrate exposure in air after grinding is suggested in which the
surface properties probed by OSEE remain unchanged. Moreover, we work out that the
sensitivity and accuracy of inline-capable NDT techniques allow distinguishing surface
states suitable for bonding of CFRP adherents from surface states unfavourable for
adhesive bonding, and we exemplarily verify this statement for bonding processes
applying freshly ground CFRP or, respectively, CFRP covered with thin layers of
release agents.

Keywords: Online surface monitoring; Extended non-destructive testing; Carbon
fibre reinforced plastics; Detection of release agent; Pretreatment of steel; Ageing of
steel surfaces; Quality assurance in bonding processes
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Background

Implementing reliable process steps like application, modification or removal of thin
layers on substrates or adherents is crucial in a wide field of technological manufacture.
Exemplarily, coating or adhesive bonding processes rely on a sequence of layer-
oriented procedures comprising substrate cleaning, pre-treatment and, finally, the ap-
plication of a fluid system which during the manufacture wets the substrate surface,
hardens and forms a coating or an adhesive layer [1-4]. A huge variety of possible sub-
strate materials is technologically used for distinct applications, ranging from steel for
off-shore construction [5], bridge [6], pipeline [7] or ship building [8] to Carbon Fiber
Reinforced Polymers (CFRP) for the manufacture of structural light-weight components
in the aeronautics industry. The surface state of steel or CFRP substrates during coating
or adhesive bonding governs the performance and quality of the manufactured products.
Reliably coating steel substrates or joining modern polymer-based lightweight materials
like CFRP using adhesive bonding technology will significantly profit from up-to-date
quality assurance not only of the produced joints but also of the adherent surfaces enter-
ing the bonding process.

In the case of steel, the corrosion-protective effect of coatings on steel substrates
strongly depends on the metal pre-treatment [9]. Concerning CFRP, in principle adhe-
sive bonding is an optimum technique for joining light-weight structures based on
heat-sensitive plastics, but difficulties in assessing the bond quality by non-destructive
testing (NDT) limit the use for aircraft structural assembly. In consequence, certifica-
tion by the regulation authorities is restrictive. For both steel and CERP structures the
coating or bonding process may be envisioned to take place starting from recently
manufactured and thoroughly cleaned adherents in a well-climatised manufacturing
site, or it may deal with already utilised devices when a repair is performed in a work-
shop environment.

Concerning steel, the surface state is checked for safeguarding the quality when
manufacturing coated steel substrates or adhesive joints comprising steel adherents
[13]. Investigations of steel surfaces using Optically Stimulated Electron Emission
(OSEE) were reported during plastic deformation of steel samples in vacuum at low
temperatures [10], and a modified Geiger counter was used to measure the exoelectron
emission from iron or nickel subjected to friction and wear or after exposure to gaseous
environments like water vapor or oxygen at various pressures [11]. The OSEE signal was
indicated to be sensitive not only to the state and thickness of the reaction layers on the
metal surface [11] but also to contaminations, e.g. grease layers, on steel surfaces — in con-
centrations which result in effects on adhesion properties [12,13]. Referring to parameters
affecting the strength of metal/polymer interphases, for aluminum and titanium the initial
bond strength of metal/polymer bonds and their long-term performance were reported to
depend on the oxide layer formed on metal surfaces and its environmental stability, re-
spectively [14], and for adhesive bonding with mild steel adherents it was shown that
joints prepared under 7% r.h. result significantly stronger than joints prepared under 56%
r.h. [15]. Especially when aiming at a pretreatment for bonding processes an increase of
the surface roughness may be recommendable for improving the bond strength [16].
Thus, the surface preparation of steel substrates and their exposure before and during
manufacture or repair will strongly influence the strength and durability of the resulting
coated steel substrates or adhesive joints comprising steel adherents. Among mechanical
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surface preparation grit blasting, e.g. using abrasive impact of sand or corundum particles,
or grinding are commonly used as pretreatment processes for steel adherent surfaces
[17-20] or steel surfaces before painting [21]. In the present contribution, we apply a man-
ual dry grinding process of cleaned specimens for the mechanically abrasive pretreatment
of steel surfaces. We present the results of OSEE investigations of two distinct types of
steel, and the as-received and a freshly ground surface state are characterized. Moreover,
we line out the surface properties after distinct exposures to air and immersion in water,
profiting from the advantage of the online technique that superficial changes can be de-
tected very quickly. Related to the significance of reproducibly equal conditions to ensure
the quality of bonding systems, we suggest a span for the open time before applying a
coating or an adhesive system.

Concerning CFRP, manufacturing and in-service effects were shown to influence the
mechanical performance of joints prepared from such polymer adherents [22,23]. Ex-
emplarily, within the ENCOMB project Markatos et al. demonstrated that the mode 1
(Gi) interlaminar fracture toughness of adhesively bonded joints strongly depends on
the surface state of the CFRP panels introduced into the bonding process. Exemplarily,
when silicone-based release agents are used in a molding process during the manufac-
ture of CFRP, silicone concentrations in the range of 5 to 20 atom % (according to XPS
investigations) can typically be obtained [23]. Different further factors were shown to
result in a decrease of the pristine Gy, value. As compared to pristine dry and clean
reference adherents, very pronounced effects were obtained when applying approxi-
mately 1 nm of a release agent, resulting in Gy, being lowered by nearly 70%. These
results are at the basis of the investigations detailed in this work, because before the
adhesive bonding process the surface state of the adherents had been investigated
applying NDT within an extended NDT approach. Therefore, the mode 1 (G;.) inter-
laminar fracture toughness values reported by Markatos et al. are detailed in Figure 1.
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Figure 1 Mode 1 (G,,) interlaminar fracture toughness values reported by Markatos et al. [23] for
freshly ground CFRP adherents and CFRP adherents covered with release agent, respectively.
Before the bonding was performed by these authors quality assurance measures reported in the present
contribution had been performed.
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Basically, such huge influence of contaminants on bond strength as demonstrated
within the ENCOMB project clearly emphasizes the need to monitor the state of adher-
ent surfaces before introducing them into a bonding process. A non-destructive approach
may be offered by performing a water break test. However, the wetting behavior of the
CERP panels will be affected in a complex way by the roughness of ready-to-bond CFRP
surfaces. Alternatively, Optically Stimulated Electron Emission (OSEE) permits a consider-
able performance for surface investigations of CFRP under ambient conditions, as detailed
particularly by Parker and Waghorne [22]. However, OSEE has not yet achieved a wide-
spread use for investigating the surface state of CFRP substrates exhibiting contaminations
considered relevant, e.g., in aeronautical use. As a forward-looking contribution, the re-
sults presented here were obtained in the frame of the ENCOMB project and with CFRP
panels prepared correspondingly and in parallel to the adherents used by Markatos et al.
[23]. OSEE [24] and Aerosol-Wetting-Test (AWT) [25,26] were assessed and advanced
with respect to their applicability as ENDT techniques for sensitively indicating the pres-
ence of intentionally deposited and around 1 nm thin layers of a release agent on CFRP
sample surfaces.

Methods

In this chapter, experimental details are presented. The surface analytical tools are
described, and the implementation of the scenarios for steel and CFRP applications
is depicted.

Analytical tools for extended NDT of surfaces

Optically Stimulated Electron Emission (OSEE) experiments were performed under
ambient conditions with a Surface Quality Monitor SQM200 (purchased from Photo
Emission Tech., Inc. (PET), USA). Concerning the principle of an OSEE measurement,
the sample surface is exposed to ultra-violet light of a mercury vapour lamp with prom-
inent emission maxima at 4.9 and 6.7 eV. Due to the work function of the respective
substrate surface amounting to approximately 5 eV, the latter emission maximum es-
sentially contributes to the photoelectrons emitted by the sample surface, and emitted
electrons will exhibit kinetic energies of less than approximately 2 eV. Such photoelec-
tron energy results in a clearly sub-micrometer information depth of this method when
investigating the surface of a solid sample. The interaction of the emitted photoelec-
trons with the ambient atmosphere is predominated by an electric field effective at the
sensor to an extent which permits sensor surface distances in the millimeter range dur-
ing OSEE measurements. Carefully controlling the distance between the sensor and the
surface is a prerequisite for effectively applying the set-up sketched in Figure 2.

For mounting the substrates to be analysed, the OSEE device is provided with an
electrically conductive and earthed moving table, on which the analyte sample is posi-
tioned by movements in two perpendicular horizontal directions under the sensor. The
vertical distance between the sample surface and the sensor is set using a micrometer
screw attached to the holder of the sensor. Controlling the sample-to-sensor distance is
essential during the OSEE measurements, and during the reported surface analytical in-
vestigations of the flat steel sheets the sample-to-sensor distance is maintained con-
stant. A surface scan is then performed, with the table being programmed to move
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Figure 2 Sketch showing basics of a set-up relevant for performing non-destructive surface analysis
using Optically Stimulated Electron Emission (OSEE).

according to a step size and a number of steps (in both horizontal directions) defined
by the user applying a software associated to the machine. As the scan advances, a
photocurrent is obtained for each part of the scanned surface, and a dimensionless
value further on denoted as the OSEE signal is indicated on a monitor. At the end, a
digital worksheet with the emission values for the entire analyzed sample, i.e. an OSEE
map, is presented as a result of the test performed. In detail, during the scanning of the
steel samples the panels were positioned at a distance of 3.19 mm below the OSEE sen-
sor, and when acquiring averaged OSEE intensities the parameters of the horizontal
moving of the table were set as 1 mm step size and 25 steps in both directions.

The Aerosol Wetting Test (AWT) is a method to characterise the wetting properties of
extended surfaces. The Aerosol Wetting Test was developed [25] to overcome drawbacks
of contact angle measurements and the water break test. Depending on the surface state
and surface energy, droplets of an aerosol form wide or narrow drops when applied to sur-
faces. For a defined liquid volume, the size of a single droplet depends directly on the con-
tact angle. When several droplets are deposited, the property of a surface to be wetted can
be characterised by the droplet size distribution. If the surface energy of a sample is low,
e.g. due to contaminations like release agents, narrow drops will be formed on the surface.
If the surface energy of a sample is high, wide drops will form. In the experiments, an
ultrasonic atomiser nozzle was used to create an aerosol of small water drops with a nar-
row drop size distribution. This nozzle was fed by a syringe pump ensuring a constant
water flow. By a constant airflow these drops are sprayed onto the surface of the sample.
Depending on the surface energy of the sample, the area density of wide droplets increases
with increasing the amount of water deposited. The resulting drops are imaged by a cam-
era (Olympus, ColorView III) positioned perpendicular to the surface. Using an analysis
software, the images are processed. The processing comprises background subtraction
and quality refining; in this way structures or scratches on the sample are considered.
Afterwards the diameters of the drop sizes are measured and classified. Using a two-
parameter fit, the results are fitted to match a Rosin-Rammler drop-size distribution. The
mean distribution width is used to rate the fitting results.
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Additionally, steel surfaces and surfaces of CFRP panels were characterised using
vacuum-bound instrumental analysis. Investigations of the surface composition were per-
formed with X-ray Photoelectron Spectroscopy (XPS), and for XPS investigations pieces
were cut out of the several centimetres wide original CERP samples. XPS spectra with an
information depth of around 10 nm were taken using a Kratos Ultra system applying exci-
tation of photoelectrons by monochromatic Aly, radiation within an area of approxi-
mately 0.2 mm?® The system was operated at a base pressure 4 x 10™® Pa, the sample
neutralization was performed with low energy electrons (<5 eV). An electrostatic lens was
used, the take-off angle of electrons was 0° with respect to the surface normal, and the
pass energy was fixed to 20 eV (or, respectively, 40 eV in case of some less concentrated
constituents) in high resolution spectra and 160 eV in survey spectra. Elemental ratios
were calculated based on the area of the peaks and considering relative sensitivity factors.

Investigations of the surface structure of small CFRP and steel pieces were performed
with Scanning Electron Microscopy (SEM), applying a Field Emission Scanning Electron
Microscope (FESEM) of type FEI Helios 600 (DualBeam). The specified resolution is
0.9 nm at 15 kV at optimal working distance, and 1 nm at 15 kV at the coincidence point.
Energy Dispersive X-ray (EDX) investigations with an information depth of a few micro-
meters were performed in 200 um wide regions of steel samples using an acceleration
voltage of 20 kV for the incident electron beam.

Implementation of scenarios relevant for steel application
Steel sample panels of type QD (ISO 3574 type CR1, CRS SAE 1008/1010) with a thickness
of 0.5 mm and a smooth surface were obtained from Q-Lab Deutschland GmbH. Accord-
ing to the material specification the chemical composition of SAE 1008/1010 steel panels is
based on iron containing maximum 0.60 weight% of manganese, maximum 0.15% of car-
bon, maximum 0.030% of phosphorus, and maximum 0.035% of sulfur [27]. As a second
steel material stainless steel 14301 was purchased from Rocholl GmbH (Aglasterhausen,
Germany), and its chemical composition is based on iron containing maximum 0.07 weight
% of carbon, from 17.5% to 19.5% of chromium, and from 8.0% to 10.5% of nickel [28].
Cleaning of steel samples was done by wiping the surfaces with a cellulose tissue soaked
with isopropanol. For the pretreatment of steel surfaces three kinds of grinding papers
were used, in all cases waterproof silicon carbide papers with grit sizes of 80, 320 and
800 mesh, from Hermes Schleifmittel GmbH & Co. KG or from Struers GmbH respect-
ively. The manual dry grinding process was subdivided in two steps. After evaluating the
effect of grinding with papers exhibiting distinct grit sizes for the final finish, a two-step
grinding process was established. The first step included the removal of the topmost ma-
terial layer with a thickness of 10 to 15 pm — as determined gravimetrically - using the
grinding paper with a grit size of 320 mesh. Subsequently, for obtaining a smooth surface
finish the 800 mesh grinding paper was applied. Air exposure of ground steel surfaces was
performed at room temperature at a relative humidity around 49% r.h.

Implementation of scenarios relevant for CFRP application

Two scenarios of primary importance for aircraft manufacturers applying carbon-fibre
reinforced polymers (CFRP) were investigated with respect to the requirements they
impose for extended NDT technologies.
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The CFRP material exhibited fibres arranged in UD layers and a thermoset matrix
(T700 low density carbon fibers and HexPly” M21 matrix from Hexcel). Clean un-
treated reference CFRP samples were obtained by grinding until a fibre layer was
reached and cleaned according to standards from aircraft manufacturers. Starting from
such sample surfaces, as one of the factors effective in production layers or — after
aspired cleaning - traces of silicone-based release agents were considered as a main
scenario, and CFRP samples were dipped under defined conditions into a solution of
Frekote 700 NC dissolved in hexane. The samples were dried for 30 min at room
temperature and subsequently heated for 60 min at 80°C in an air circulating oven [23].
Based on XPS investigations, the coverage of CFRP surfaces with a well-defined amount
of release agent was adjusted and confirmed at several surface positions.

Results and discussion

For the investigations detailed in this chapter, first Optically Stimulated Electron Emission
(OSEE) was consciously selected to be the ENDT tool for investigating the surface state of
steel samples, and the results of the respective investigations are lined out. Then, the cap-
acity of two selected Extended Non-Destructive Testing (ENDT) devices for revealing the
presence and amount of silicone-based release agent on Carbon Fiber Reinforced Polymer
(CERP) sample surfaces is highlighted, with the focus being on Aerosol Wetting Test
(AWT) and OSEE investigations.

OSEE-based surface quality assurance for steel pre-treatment processes

In the frame of a preliminary survey, steel surfaces with distinct roughness were investi-
gated by OSEE after dry grinding of the SAE 1008/1010 steel substrates with distinct
SiC grit-based grinding papers. In detail, grit sizes of 80, 320 or 800 mesh, respectively,
were applied in a one-step, dry grinding process which comprised both the removal of
the topmost material layer and the surface finish. After the removal of approximately
20 pum of material, two sets of samples were prepared, and the samples of the first set
were exposed to air for 1 minute whereas the samples of the second set were stored in
air for 3 minutes. At least one minute of air exposure was applied because the scanning
of the steel substrates during the obtained OSEE took around one minute. The
obtained OSEE intensities are shown in Figure 3.

These results indicate that for all the applied grit sizes the OSEE intensity amounts
to values around 580 a.u. after 1 min of air exposure and around 520 a.u. after 3 min
of air exposure, with respective standard deviations between 20 a.u. and 40 a.u. of
the OSEE intensity. From these findings we infer that — in contrast to the time
period of air exposure - the roughness of the ground steel surface does not signifi-
cantly influence the OSEE intensity.

The surface structure of SAE 1008/1010 steel samples was characterized, and in
Figure 4 scanning electron microscopic results obtained are shown. The lateral con-
trast in the 100 pm wide SEM images is dominated by rather linear and parallel struc-
tures undulating, coarsely speaking, from the left side of the respective SEM image to
the right side. These features are interpreted to result from the rolling process of the
as-received steel surface and, respectively, the two-step grinding process in case of the
surface finally ground with the 800 mesh SiC grinding paper. The rolling process
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Figure 3 Results of non-destructive surface analysis using Optically Stimulated Electron Emission
(A) and photographic documentation (B) for grinding surfaces of SAE 1008/1010 steel substrates
using grinding papers with SiC grit sizes of 80, 320, and 800 mesh and then exposing them in air
for 1 min or 3 min. )

appears to leave regions with some undercut of the mechanically flattened steel sur-
face, and the grinding process here and there leaves blades with micrometer dimen-
sions behind.

In addition to changing the structure of the steel surface, the composition of the SAE
steel surface after grinding differs from the composition before grinding. Following
Table 1 and Table 2, evidence is furnished by EDX and supplemental XPS investigations
which gather surface concentrations on the topmost surface layer with a thickness of a
few micrometers and around ten nanometers, respectively. Generally speaking, in the

Figure 4 Scanning Electron Microscopy (SEM) based on secondary electron detection during imaging
100 pm wide regions of the as-received and the ground state of surfaces of SAE 1008/1010 steel.




Brune et al. Applied Adhesion Science (2015) 3:2 Page 9 of 17

Table 1 Concentrations of elements in a some micrometers thick surface region,
given in atom% disregarding measured carbon contributions, as obtained applying
Energy-Dispersive X-ray Analysis (EDX) investigations of SAE steel before/after grinding

Sample Zn Fe Mh C Ca Si d S P O N C Ti Cu
SAE steel, as-received and cleaned - 957 07 02 - 02 - - - 30 - - 01 -
SAE steel, ground, 72 h in air - 9.8 04 01 - 07 - - - 17 - = 01 02

as-received state manganese species are enriched close to the surface as compared to
iron species, and grinding removes the surface region showing this enrichment and
brings about an increase of the iron concentration close to the surface. XPS investiga-
tions indicate that after grinding the concentration ratio between metallic and oxidised
iron species amounts to 0.44 which is approximately 15 times higher than in the as-
received state. The surface termination of the as-received and cleaned steel panel
appears to be characterised by a more than 8 nm thick oxide-based reaction layer.

Moreover, Table 2 lists XPS results obtained when grinding steel samples of type 1.4301
and exposing them to dry air for distinct times. In the as-received state carbon-containing
species dominate the topmost surface region. Iron and chromium are detected in a concen-
tration ratio of approximately 3:1, and these constituents are detected both in the metallic
as in oxidized states which indicates an average reaction layer thickness smaller than 10 nm
and slightly thinner than in the case of the SAE steel. Grinding removes the surface region,
and after grinding the concentration ratio between metallic and oxidised iron or chromium
species is approximately threefold increased as compared to the as-received state. After one
minute of exposure to air, the thickness of the reaction layer is similar as in case of the SAE
steel, and after four hours the thickness of this oxide-based layer is significantly increased
without having yet reached the reaction layer thickness of the as-received steel.

Effects of grinding the SAE steel and the 1.4301 steel samples, respectively, were also
monitored using OSEE. While the OSEE map shown in Figure 5 indicates separate OSEE
signals measured at individual positions of the sample surface, the signal intensities
displayed in Figures 3, 6, 7 and 8 refer to the average OSEE signal of the samples - obtained
after a statistical analysis of the OSEE values measured at approximately 100 positions dur-
ing scanning of the surface, and the standard deviation of this signal is displayed in the error

Table 2 Concentrations of elements in an approximately 0.01 micrometer thin surface
region, given in atom %, as obtained applying XPS

Sample Zn Fe Mn Cr Ca Si C1 S P O N C [F°lIFe®™] [Cro/ICr°™
SAE steel, as-received 1.1 125 40 - 07 12 05 02 03 464 05 325 003

and cleaned

SAE steel, ground, - 294 02 - - - - - - 416 - 288 044

1 minin air

Steel 14301, as-received 05 67 05 23 12 - 12 04 - 323 14 530 0.15 0.08
and cleaned

Steel 14301, ground, - 205 22 79 - - - - - 373 12 309 041 0.30
1 minin air

Steel 14301, ground, - 224 25 78 - - - - - 388 1.1 274 037 0.30
30 min in air

Steel 14301, ground, - 181 17 67 - - - - - 412 06 317 028 0.25
4 hin air

The indicated values are due to averaging the results in two positions per sample, and signal ratios are given between
metal-related and oxidized iron and chromium species.
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Figure 5 Results of non-destructive surface analysis using Optically Stimulated Electron Emission
(OSEE) leading to an OSEE map (topmost image) displaying the local distribution of OSEE signals,
and photographic image of the SAE 1008/1010 steel substrate surface. The surface states are
as-received and cleaned (on the left side) and ground (on the right side).

\

bar. Moreover, the electron emission of the two types of steel was investigated under contin-
ued exposure in air and also in water.

In the topmost part of Figure 5 an OSEE map displaying the local distribution of OSEE
signals is shown, and below a photographic image of the investigated SAE 1008/1010 steel
substrate is presented. The as-received and cleaned surface can clearly be distinguished
from the ground surface state on the detail of an OSEE map measured with a step size of
5 mm of the moving table, as well as on the photograph.

Based on Figure 6 and the OSEE results displayed, we infer that OSEE investigations
allow for differentiating two types of steel and their respective surface states since as-
received or freshly ground SAE 1008/1010 steel shows different OSEE signals than as-
received or freshly ground steel 1.4301. In detail, in both of the investigated surface
states the steel SAE1008/1010 shows a higher signal than the steel 1.4301. And for both
types of steel we observe a clearly increased electron emission as a consequence of the
grinding process. These findings may be related to the SEM, EDX and XPS results pre-
sented in Figure 4 and in Tables 1 and 2, respectively. These investigations show that
the grinding process results in strong changes of the structure and the composition of
the substrate surface, and the XPS investigations indicate that exposure of freshly
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Figure 6 Results of non-destructive surface analysis using Optically Stimulated Electron Emission
(OSEE) for two types of steel, namely SAE 1008/1010 steel and steel 1.4301, in two distinct surface
states, namely as-received and ground.
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Figure 7 Results of non-destructive surface analysis using Optically Stimulated Electron Emission
(OSEE) for freshly ground SAE 1008/1010 and 1.4301 steel during exposure in dry air. The horizontal
dashed lines at the left side of the plot indicate the OSEE signals of as-received steel samples. Horizontal
dashed lines at the right side indicate OSEE signals remaining basically unchanged after approximately two
hours of exposure in air.
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ground substrates of steel 1.4301 results in changes of the surface composition and, espe-
cially, in an increased thickness of the reaction layer on top of the surface. Consequently,
we applied OSEE to characterize the surface state of freshly ground steel substrates during
continued exposure in dry air. The obtained results are displayed in Figure 7 for the steel
samples of type SAE1008/1010 and 1.4301, respectively. Coarsely speaking, the OSEE sig-
nal significantly decreases during at least one hour for both types of steel, according to a
first regime of substrate behaviour. After this phase - in a second regime of substrate be-
haviour - for two hours no significant change of the OSEE signals is detected. A graphical
evaluation determining the intersection of both of these regimes for both types of steels
reveals that the OSEE signal of steel 1.4301 reaches the second regime significantly earlier
than the OSEE signal of SAE1008/1010 steel. This observation indicates that the time
span for reaching the intersection is material-dependent.

Finally, Figure 8 shows effects of water immersion on the OSEE signal obtained for
freshly ground SAE1008/1010 steel. We infer that an immersion of the SAE steel panels
in water clearly decreases the OSEE signal. As such effect on the surface state of the
steel already is observed after 90 seconds of immersion in water, we decided not to
apply a water-based AWT for a non-destructive testing of the steel samples. Moreover,
as the changes of the surface state are effective much faster than during exposure of
ground steel sheets in air we may infer that wet grinding processes will result in dis-
tinct surface states of steel substrates as compared to dry grinding.

Subsequently, we will discuss our findings with respect to their relevance for coating
or adhesive bonding processes. Generally speaking, a reproducible state of the substrate
surface may be obtained using as-received panels which had been stored in air for
several weeks before being cleaned or panel surfaces obtained after grinding and expos-
ure in air. As a mechanically abrasive pretreatment will remove surface layers on the
as-received samples formed in long-term contact between the panels and the surrounding
air, the freshly ground steel surface may need time to kind of get equilibrated in the

v OSEE signal, ground|

500 - _ as-received

1 /il N | 1
0 100 1000

10000 100000

Time of immersion (s)

Figure 8 Results of non-destructive surface analysis using Optically Stimulated Electron Emission
(OSEE) for freshly ground SAE 1008/1010 steel after immersion in water. The horizontal dashed line
indicates the OSEE signal of an as-received steel sample.
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atmosphere of the workplace used for the surface pretreatment. Therefore, the exposure
in air may be considered a second step of a grinding process and needs to be inspected.
Considering that OSEE signals are influenced by changes of surface states, we used
this technique to follow the influence of the exposure time in air after the grinding
process. Such proceeding was intended to help in identifying a maximum and a mini-
mum open time of freshly ground steel sheets exposed to air. Following Figure 7, dur-
ing an increasing exposure time in air after the grinding of both types of steel the
OSEE signal of the steel panel surfaces was followed. We observed a strong decrease of
the OSEE signal after comparatively short times of exposure, and for longer times in air
a steady state of the steel surfaces is reached resulting in a plateau of the OSEE signal.
This information is considered relevant if grinding is used as a pretreatment, bearing
in mind that the reproducibility of the output of the coating or bonding processes
starting from the ground steel adherents may depend on the open time after grinding.
For interpretation from the chemical point of view, we may tentatively attribute a
change in the OSEE signal after exposure in air or water to a change of the state of the
substrate surface [11]. The X-ray Photoelectron Spectroscopy (XPS) investigations per-
formed for the 1.4301 steel samples show that such change affects the elemental com-
position of the topmost atomic layers and the thickness of the reaction layer on top of
the metal bulk. XPS investigations of SAE 1008/1010 steel will reveal if such observa-
tions hold true also for this type of substrate. In any case, from the engineering point
of view the surface state of an adherent in a bonding process or a substrate in a coating
process may be most reliably achieved if its change after the grinding is minimal. Thus,
we might expect to obtain the most reliable joint properties if the time-dependent
change of the OSEE signal is minimal, and the reported observations on changes of
the OSEE signal are important for the surface quality assurance during the adhesive
bonding or coating process, based on reproducibly and reliably achieving a steady
surface state of the steel substrates. In detail, we infer that after grinding a steel
substrate a material-dependent time span of exposure in air should be waited before

applying the adhesive or coating system.

Extended NDT of silicone-based release agent on CFRP surfaces

Concerning the starting state of CERP surfaces, i.e. the untreated reference CFRP sur-
face, before applying the selected scenarios, Figure 9 depicts that grinding resulted in
carbon fibres being exposed at the surface, and area fractions each with approximately
50% were covered by carbon fibres and cured matrix resin, respectively.

Adjusting the coverage of a silicone-based release agent on CFRP sample surfaces
sample preparation will be evidenced using X-ray Photoelectron Spectroscopy (XPS)
which requires a destructive cutting of the CFRP samples before introducing them into
an ultra-high vacuum chamber. Then the results obtained using recent NDT technolo-
gies for characterising the CFRP surfaces will be lined out.

Referring to the abscissa of Figure 10 and the respective error bars of the data points ob-
tained, the successful application of well-defined amounts of the silicone-based release agent
on ground CFRP substrates is demonstrated. While on the non-coated starting surfaces no
silicon-containing species were detected, the XPS results reveal effective thicknesses of re-

lease agent in a range between approximately one nanometer and several nanometers.
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Figure 9 Scanning Electron Microscopy (SEM) based on secondary electron detection during imaging
100 pm wide regions of the ground state of a carbon-fibre reinforced polymer (CFRP) surface.

Applying the NDT technologies Optically Stimulated Electron Emission (OSEE) and
Aerosol-Wetting-Test (AWT) was achieved using the CFRP samples without further
preparation before characterising their surfaces. Comparing the OSEE signal intensity
with the concentration of silicon atoms as detected by XPS, the experimental data
shown in Figure 10 clearly reveal that the signals obtained in OSEE studies are sensitive
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Figure 10 Results of surface quality assurance investigations of distinct states of carbon-fibre
reinforced polymer (CFRP) surfaces using Optically Stimulated Electron Emission (OSEE) and Aerosol
Wetting Test (AWT), respectively. The CFRP surface is covered with distinct amounts of a silicone-based
release agent, as revealed by X-ray Photoelectron Spectroscopy (XPS) measurements.
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to the presence of even the thinnest layers of release agents investigated. Additionally, re-
sults from evaluating sizes of water droplets obtained from performing the AWT for CERP
surfaces free from release agent and contaminated with distinct amounts of release agent,
respectively, are shown in Figure 10. For all the samples the same amount of water was ap-
plied, and the lateral dimensions and areas of imaged water drops show a size distribution.
Basically, the portion of wider drops is observed to be significantly higher for the CFRP sur-
face free from release agent which shows a better wettability with water as compared to the
CERP sample contaminated with release agent. The elaborate studies comprising a
variation of the surface concentration of the release agent reveal that even at the lowest
investigated thickness of the silicone-based films the average size of water drops is signifi-
cantly smaller than in case of the CERP surfaces free from release agent. That means that
both OSEE and AWT investigations of CFRP adherents allow for clearly indicating the
presence of a silicone-based release agent in an amount which — following Figure 1 — was
demonstrated by Markatos et al. [23] to result in a strongly reduced strength of adhesive
joints manufactured based on such adherents. These adherents therefore may be
considered effectively contaminated. Cleaning them appropriately and testing the effect of
the cleaning applying extended non-destructive testing will contribute to preventing the
manufacture of adhesive joints with undesirably compromised strength.

Conclusions

Two recent non-destructive testing (NDT) technologies for the investigation of Carbon-
Fibre Reinforced Polymer (CFRP) surfaces before adhesive bonding were assessed and ad-
vanced as a contribution to an extended non-destructive testing (ENDT) approach of
composite bonds in the frame of the European FP7 project “ENCOMB — Extended non-
destructive testing of composite bonds”. Comparing to freshly ground CERP surfaces, re-
lease agent contamination of the surface as a scenario relevant during CFRP application
was considered. Both Optically Stimulated Electron Emission (OSEE) and Aerosol-
Wetting-Test (AWT) showed a high potential as NDT tools detecting thin layers of a
silicone-based release agent on Carbon-Fibre Reinforced Polymer (CFRP) surfaces. Inves-
tigations with either of these techniques applied to adherent surfaces before the adhesive
bonding process allowed to indicate the inappropriate state of potential CFRP adherents,
which according to Markatos et al. [23] was related to an application scenario reducing
the joint strength of resulting adhesive joints.

In case of metal substrates prone to surface reactions in presence of liquid water, AWT
investigations may not be appropriate to characterize the as-received surface state but only
the surface state after wet chemical treatments. Concerning non-destructive testing of
SAE1008/1010 and 1.4301 steel surfaces, the results of OSEE investigations were shown
to depend on the type or composition of steel, to provide information about the applica-
tion of a mechanically abrasive surface pretreatment like grinding, and to reveal changes
of the surface composition during exposure of the freshly ground steel substrates in react-
ive environments like dry air or water. As an outlook, concerning the time period between
performing a mechanically abrasive pretreatment of a metal substrate - especially steel
substrate surfaces - and applying the adhesive to the metal surface we suggest monitoring
the material-specific open time and documenting this parameter in operating procedures
for bonding processes.



Brune et al. Applied Adhesion Science (2015) 3:2 Page 16 of 17

Concluding, for all these pre-bond processes engineers are facilitated to conduct appro-
priate revision of the adherent surface state applying the surface analytical technologies
available in the frame of an extended NDT approach. Such proceeding contributes to as-
certaining physico-chemical properties of adherent surfaces prior to bonding which are
important for the performance of adhesive bonds. In this way, one concept aiming at qual-
ity assurance for adhesive bonding of composite or steel structures was demonstrated.
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