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Abstract - This report provides an overview of the Plasma@lproject which

investigated the use of air atmospheric plasmanreats for the removal of organic
contaminants on both titanium and composite sutestr&rocess monitoring was
evaluated using reflectance infra-red spectroscopybined with optical emission
spectroscopy (OES) and acoustic techniques. Bas#uostudy the air plasma treatment
combined with OES has been shown to exhibit conside potential for controlled
contaminant removal during the manufacture of geros composites. After the
Introduction section this report summarises thelte®f the main project tasks as
follows:.

- Evaluation results on the use of nebulizers forcirtrolled contamination of
composite surfaces

- Evaluation reflectance IR and / or mass spectronietrthe
chemical examination of contaminants

- Evaluation of the effectiveness of the atmosphglasma jet system for
contaminant removal based on chemical analysigpaimd adhesion study

- Surface mapping and control during atmosph@eema treatments

1. Introduction

Over the last 60 years military and commercial raftcmanufactures have steadily
replaced traditional heavier metal materials fghtweight carbon composites. More

recently there has been a very significant incréasleeir use, with a 4 to 5 fold increase
between 1985 and 2012. To reduce weight furthergethy increasing fuel efficiency and

decrease environmental pollution, designers arsidering the use of composites in ever
increasingly critical parts of the aircraft. Howeveomposites do have a number of
disadvantages in their use in the aerospace, widdrarine sectors, some of which are:
high raw material, fabrication and assembly codi¥;anisotropic strength (i.e. in-plane

and out-of-plane strength); (c) susceptibility elainination due to temperature cycling,
surface moisture ingress and chemical attack; @fjufacturing defects.

Failure to provide a chemically clean surface prior adhesive bonding can
significantly reduce the failure strength of thenjalue to the incorporation of interfacial
defects, or incorrect curing; both of which canutesn the failure of the bond under
critical stress conditions. The surface contammat®y arise from the manufacturing
process such as mould release agents (for exardplekel FreKote 710-NC), or by
chance finger prints. Even under strict assembbygools an assortment of organic and
inorganic surface contaminates may be presentetleslude, but not limited to:
intentionally introduced via: semi-permanent mondtbase agents, lubricants and rubber
and silicon based synthetic adhesives from pressarsitive tapes; plus accidental
contaminates from manual human handling, for exanfipigerprints and hand barrier
creams. In this study the use of air plasma trestsnasing the PlasmaTreat system
(Figure 1), was evaluated for contaminant removal.



Figure 1: PlasmaTre: air plasmajert‘fsysteirrn along with the Block IR sys{éeft),
close up view of the air plasma jet (ric

2. Evaluation results on the use of nebulizers for theontrolled contamination of
composite surfaces

This section of the project focused on the eination of contaminants typically foun
within a manufacturing environme of aircraft components. Thesentaminants we:
FreKote 710-NCthumbprints, Boelube, hand barrier cream andatheesives from thre
pressure sensitive tapel these contaminets were applied onto composites, howe
only FreKote and Bolube could be detected by ré&dleme FTIR, these were therefore
focus of this project. As an example of a depositedtaminant the typical thick
Frekote on silicon wafer along with thesociated water contact angle is given in tak

Table 1. FreKotdilm depositior

Material Transfer morpholoc Matrix FreKote thickness Water contact angle
(degree)

Silicon wafer N/A N//A N/A 36.5

FreKote Sprayed Patterned Silicon 3-5nm 40-60

1 pass

FreKote Sprayed Patterned Silicon 4-8 nm 50-60

2 pass

FreKote Sprayed Patterned Silicon 10-22 nm 80-90

4 pass

FreKote Sprayed Clear film Silicon 15-22 nm 105

6 pass

FreKote Dabbed Clean film with a particle | Silicon 2-5nm 105

3. Evaluation of reflectance IR and / or mass spectrometry for the femical
examination of contaminants
Due to the ease of equipm-up and equipment cost the useimfa-red spectroscopy
(FTIR) was selected for the examination of contaminant® FTIRexamination of thi
treated compositesvas carried ouiusing the insitu Block Engineering reflectan
spectrometer (Figure 2R literature review indicated that the observedrailons are
should be found as follow plane vibrations typical of an aronatiing structure (87
cm™), in plane rings (1020 c¢%), the xirane ring stretching vibrations of an ep (1250



cm?), asymmetric stretching vibrations (1275 tmand CH waggle (1370 cf). Figure
1 shows the change in the FreKote IR spectra, edsdavith the air plasma treatment.

1.6 —— Fresh Frekote
fffffff 0.5hour Frekote
154 — 1hr Frekote
: i —— Second cluster
1441 ¥ L”w
(PO Y
IR LTIF A
% 1.3 v‘"‘ )‘r"‘#‘iww“ *11 l oy
= 3 i L
O _ 3 w i
2 ! 1 1 it i m
o 124 i A
o C-O Asyn Strech | I Wi
1275-1185 cm™ il f
114 W Si-O-Si Asym stech
) ' 1075 cm™
1.0
0.9+ T T T T T T T T T T
1400 1300 1200 1100 1000 900

Wavenumber (cm™)

Figure 2: Reflectance FTIR of FreKote 710-NC (‘fresh’ as o&iped, 0.5 and 1 hour
after deposition and after plasma cleaning donbte@econd cluster’). Note the almost
complete removal of the peaks after plasma treatmen

The performance of the Block Engineering LaserSegatem was systematically
evaluated as an in-situ monitoring technique; heweome difficulties were identified
with the use in continuous in-situ monitoring, akdws:

1. It was found that the LaserScan software asivedenvas not user-friendly and the
system cannot be used as a real-time metrology fowthermore Block Engineering
took a number of months to provide more reliabliévwsre

2. In use, it has been found that auto lens changee software produced a step change
in signal amplitude thus introducing mistakes ia ifiterpretation of the spectra

3. The IR signals that demonstrate the removalreKbte are very weak, and this can
lead to errors in the interpretation of the spectra

4. To upgrade the software for remote control aaue tbgger, Block Engineering quoted
a further 20k Euro. Given the initial cost of 8Qk@ the LaserScan is very expensive
for the information obtained

5. It has been found that there is a problem withfage registration due to
heterogeneous (resin an weave) and the LaserS&maAthod of measurement. This
is major problem when performing large scale martufing of aircraft grade
composites; particularly when copper mesh on coitgasused.

These issues indicate that the LaserScan is lilcelye difficult to use in an industrial
environment, particularly as it could lead to méalge positive errors.



4. Evaluation of the effectiveness of the atmospher plasma jet system for
contaminant
removal based on composite to composite bond strethgand a paint adhesion study

4.1 Composite to composite bonding - Aircraft grade 5-harness weave carbon composite
were used in this study. The composite is a Hex@®p®2/5H Prepeg, that consists of
carbon fibre (AS4) pre-impregnated with a tougheepdxy resin and has a dry glass
temperature of §= 200C. A total of 48 composite coupons were prepareadttie
plasma cleaning and subsequent for bond adhesstimge The coupons were tested
using the following protocols:

1. A5to 8 nm layer of FreKote 710-NC was appliedooiite composite surface by
wiping using lint-free cloth (approximate thicknesgas determined using
ellipsometry). The treated composites were therwied for 1 hour then plasma
treated.

2. A 5to 8 nm layer of Frekote 710-NC was applied amdhediately after the
application of this ‘fresh’ Frekote layer the swdavas plasma treated.

Table 2. Coupon treatments

Test No. coupons Frekote wipe Plasma/Methanol Plasma speed
(2 hour air curing) treatment

1 6 No 19 mm x 10 Pass 30 mm/s

2 6 No 16 mm x 10 Pass 30 mm/s

3 6 No 14 mm x 10 Pass 30 mm/s

4 6 5-8 nm Frekote No N/A

5 6 5-8 nm Frekote Methanol wipe N/A

6 6 5-8 nm Frekote 19x 10 30 mm/s

7 6 5-8 nm Frekote 16 x 10 30 mm/s

8 6 5-8 nm Frekote 14 x10 30 mm/s

For both sets of protocol the plasma PlasmaTreaénOgir atmospheric plasma

parameters investigated where: treatment frequéBckHz, 80% voltage, 80% plasma
cycle time (PCT) and 3000 mbar air pressure. Améascan rate of 30 mm/s with a step
size of 2 mm was used to apply the cleaning treattirtee the composite surface. The
cleaning experiments performed over a fixed nozlgurface gap distance of 19, 16 and
14 mm. In addition prior to adhesive bonding the AVGf the treated surface was

measured and recorded. Table 2 lists the FreKo@NQ and plasma treatment

protocols. After treatment the six coupons withacle test group were composite to
composite bonded using a lap area of 25 x 25 miorto three joints per test. Aerospace
grade FM 300 adhesive was used for the lap joihe jbints where press-clave cured
using the following temperature and pressure cooTdit-

2 hours ramp up to 17C and stabilised there for 1 hour at 45 psig awa thlowed to

cool overnight before the lap shear test perforn@@uce cooled the coupon joint were
cleaned, and labelled prior to destructive shedlr tpating. A servo-hydraulic Instron
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8502 test machine was used to investigate theHaprsstrength (LSS) of the bonded
composite joints. Table 3 provides the tabulatesdlts of these tests.

Table 3. Destructive shear pull test.
Test # Joints Mean Load Mean WCA Surface

coupons made (N) extension  prior to appearance
(mm) bonding post SPT

1 6 3 Cohesive failure

2 6 3 5911 0.77 Cohesive failure

3 6 3 10288 1.04 10 £1 Weave failure

4 6 3 1633 0.10 110 +1 Interfacial failure
5 6 3 9611 0.45 72 £1 Interfacial failure

6 6 3 2840 020 Interfacial failure

7 6 3 7050 0.76 Interfacial failure

8 6 3 9370 1.08 10 £1 Weave failure

The lap-shear strength results are presented iphiga form format, as
demonstrated in Figure 3. In this figure the hamiab x-axis is the measured joint
extension (mm) prior to failure and the verticadwis is the lap-shear strength (in MPa)
prior to joint failure. The LSS was defined as peak load before failure divided by the
overlap area. Examination of Figure 3 show theeethree data cluster sets emanating
from the bottom left to the top right and they atigned along the broad linear rate of
increase of 0.08 mm per MPa.

The first data cluster (titledot removed) contains the test groups 4 (Frekote non
plasma treated) and test series 6 (FreKote 710-M8ma treated at the highest jet to
substrate distance of 19 mm). These groups preakentowest fracture toughness as
exemplified by their low extension before fractusgically 0.1 mm. their visual mode of
failure is interfacial which is also good indicatiof poor fracture toughness.

The second data cluster (titleteaned) contains test groups 1, 2, 5, and 7 which
represent a mixed set of treatments: FreKote 710aighanol clean, FreKote 710-NC
plasma cleaning at 16 mm and plasma cleaning ofposite at 19 and 16 mm gap
distance. These groups yield a typical extensiaor fracture ranging between 0.4 and
0.9 mm and exhibit partial composite mode of freetdt is important to note here that
the FreKote wipe coupons (with no solvent cleaningited at 16 mm gap, have higher
toughness parameters than the three Frekote méthg®coupons.

The third cluster (titledablation) contains test groups 3 and 8, which were plasma
treated at a 14 mm gap distance: the two groudsimihe cluster contain both Frekote
wipe and composite only. In these test groups taenma has etched the 1 micron thick
resin top layer to expose the weave strands produgicharacteristic grey appearance
and these composites exhibited a typical waterambrangle of 10°. SEM image of the
plasma treated surface reveal no thermal damagigetcomposite, but some pitting as
shown in Figure 4. The latter is characteristi@aonfablation process. This observation it
supported by profilometer measurements that ingitteg surface is pitted to a depth of 6-
10 microns. Under these processing parameterautistrate composite was damaged yet
yielded higher applied force values. Post shedrtpst properties are similar, in that the
two test groups have similar high extension priofracture of 1 mm and an appearance
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of weave fracture mode. Samples within the firststdr exhibited interfacial failure,
while those in the second exhibited a mixed failanede. This third cluster group
exhibited cohesive failure (weave) as detailed aisTable 2.
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Figure 3: Results of the shear pull tests on the FM 300 sidbdonded composites,
after the pre-treatments highlighted on the grajie graph plots joint extension (mm)
and lap-shear strength (MPa) prior to joint failure

Figure 4: Pitting observed in the composite surface dudlatian by the air plasma

Paint adhesion to contaminated composite trials - A comparison study of aerospace
grade primer and paint adhesion on both the cadoomposite as well as titanium was
performed. This study examined two contaminatesbte 710-NC and Boelube paste),
with a range of cleaning protocols as follows:

- Atmospheric Pressure Plasma Jet (APPJ) at gggndesof 19 and 16 mm



- Commercial solvent wipes obtained from PT tecbggl(4 different wipe types were
evaluated, each containing either a solvent ordry avipe).
- Wipe impregnated with methanol.

In accordance with cross hatch testing of paintliegpto contaminated composites
(Figure 5), it was found that a 5-8 nm thick airexiFreKote 710-NC was more difficult
to remove, than that of the Boelube paste. Dryngpmf these contaminates was found to
be ineffective. The following were the conclusidresn this comparative study.

1. The use of the air plasma, methanol and PT Techgolpes were all effective at
removing 5-8 nm of air cured Frekote and Boelubstg@orom composite surfaces (as
long as they do not have a surface copper weave).

2. The plasma cleaning treatments and methanol wipge found to be effective for
the removal of a 5-8 nm layer of Frekote, or Boelgaste from titanium surfaces.
The PT Technology wipes were found not to be ascéffe on this surface.

3. Five passes of the air plasma removes 5-8 nm &bEdrom the surface of titanium.
An additional 5 passes (total of 10 passes) ofdgheare required to remove Frekote
from composite surfaces. The Boelube pastes congdeis removed with 5 passes.

It is concluded from this study that there is acHpe delineation in the cleaning
protocols. The air plasma treatment was found toelective at the removal of
contaminants whose thickness in this study, id\ike be significantly higher than that
experienced in normal composite or titanium aeroseandling operations.

Figure 5: Test samples used in the paint adhesion testu@eal using the cross-hatch
technique)

5. Surface mapping and control during atmospheric plama treatments

Two real-time composite mapping strategies weranaxad in this study. These were
electro-acoustic and optical emission spectros¢OBs).

Electro-acoustic mapping

Electro-acoustic mapping has the ability to locatedhposite surface and register nozzle-
to composite surface. Distance registration stimdecto the plasma distal point (above
which the acoustic signal is constant). The diptaht for the PlasmaTreat source is in
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the orderof ~ 10 mm. Within the distal point the amplitudé the acoustic sign:
progressively increases with the inverse of digd. It was concluded from this study tf
the use of theacoustic ignal can also be translatedtanplasma induced surfa
temperaturewhen the data is benchmarked using optical pymgntechnique. While
this technique has considerable potential, it cageu certain circumstances be diffic
to discriminate the plasma distal poin contact with the surface. The reason for laf
discrimination may be due to the wide bandwidttefilrequirement for this parame
The overall conclusion is that OES has greater npiaie as a process monitoril
technique.

OES mapping

Optical emission spectroscopy mapping of composigaces dfers from electr-
acoustic mapping as the emission signal contaiesnatal information from the plasn
cleaned surface. To access pla-surface interaction information the optical chageds
to focus on the reaction volume using arraxis position (45 degree from plume flo
axis).It is important to note thahis method of interrgation is different from Patent by
Boeing US Application 200501240), on the use of this technology a only describes
in-line (vertical imaging) and perpendicularaging of the plasma plume. With the-
axis method both geometric effects and chemicatispeevolving with the plasr-
surface reaction are obsen The main chemical emission band observed eman
from the composite surface is the hydroxyl group (A = 306309 nm). The amplitud
of the OH band also increases with plasma expdsue

Change in species concentration
with gap height

Change in gap 2 mm steps

OH-CWZC surface chemistry
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Figure 6: In-situ OES measurements of Oh, ,* and O lines in realime, obtained as
the PlasmaTreat jet is scanned across steel angosite (CWC) surfacesampling rate
2 Hz and scarate of 30 mm.™. The image on the top right demonstrates the tehsi
of the OES technique to changes in step heightisegiet moves across a compo:
surface.
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Figure 6 shows an example the OES software beiad tes detect differences between
both steel and composite surface in a scanningatness a number of steel and
composite (CWC) surfaces. Note how both X@nd atomic O line intensities decrease
to a new steady level relative to steel surfacegredis the OH band increases at a steady
rate with time over the steel surface. It is codeldl from the OES study that the
technique is very sensitive to any thermal damagdbd composite substrate, it can detect
changes associated with the jet moving betweenlraathcomposite surfaces and it is
also sensitive to changes in the jet to substiiatartte (1 mm step heights).

6. Conclusions

Over an 18 month period tiH&asmaClean project has investigated plasma removal on
contamination with thickness in the range 5-10 rifthe main contamination type
investigated being FreKote 710-NC, either sprayedatbed on to the surface of silicon
wafer and aircraft grade composite substrates. Apieric plasma jet conditions were
investigated in the removal of FreKote from compmssurfaces. The degree of
contamination removal and damage where investigatsthg reflection FTIR
spectroscopy, electro-acoustic emission and OES8.FIIHR measurement was found not
to true real-time metrology technique as an A-B soeament had to be used, whereas
electro-acoustic and particularly OES metrology dam used in real-time, once
synchronised to the plasma scan over the compagitace was achieved.

With respect to composite surface mapping duriegmpl processing:

1. Stand-off FTIR can detect down to approx. 2 nm @Kite on a composite surface.
The removal of this contaminant can also be defeckbis FTIR technique cannot
however be performed in real-time due to the hewmeous nature (resin and
weave), of the composite. The onset a compositeniledecomposition however can
be readily detected using these measurements. {Qisceéeterioration occurs there is
a rapid deterioration in the composite-to-compositecomposite to paint bond
adhesion strength.

2. Conditions have been developed to successfully verad~reKote layer (thickness 5-
8 nm) from composite surfaces, using the Plasma&iegplasma system. After the
contaminant removal the composite surface exhibitkh@ same adhesion
enhancement in pull adhesion test studies, thathgeved for composites which had
been plasma activated but whose surface had notdmgaminated with FreKote. In
particular composite-to-composite bond tests wedstined both for the freshly
deposited FreKote and for the surface that had kefeto air dry for 1 hour after the
application of the FreKote. The effectiveness & fitasma treatment was not found
to be influenced by FreKote drying time.

3. The air plasma system was also found to be effedtithe removal of contaminants
prior to painting. Cross hatch tests demonstratat the plasma was effective in the
removal of contaminants both on both metallic ffitian) and composite surfaces.

4. Off-axis real-time electro-acoustic measurementwige information on the nozzle-

to-surface distance within the visible plume digiaint. This measurement can be
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correlated directly with the composite surface terafure under a given set of
plasma treatment conditions. It can therefore kel s a low cost process control
technique.

5. Off-axis real-time OES of the plasma-composite tieac volume provides
information on emission species (i.e. OH band) etiag from the composite
surface. This can be used for in-process contrahvioid thermal damage by the
plasma. The technique is also sensitive to chaimgdse composition of the surface
(metal to composite) and also height differenced (tnm) on a given surface.

6. For industrial applications electro-acoustic andSdioth appear to be cost effective
process control techniques for mapping the trestethce temperature as well as its
surface chemistry. Both techniques have potential grocess control for the
atmospheric pressure plasma processing of comppsitee they are calibrated using
more expensive analytical methods such as refleet&iIR.

In conclusion therefore this project has succelysfidmonstrated that air plasma
treatments can be successfully used to remove iorgantaminants on the surface of
both aerospace composites and metals. The optigas®n spectroscopy technique can
be used as non contact diagnostic method for tteerdaation of the chemical species
present on the surface of metallic materials amdpmsites during atmospheric plasma jet
treatments. Any thermal damage caused by thetasajebe identified by changes in the
OES spectra obtained of the plasma plume duriragrrent.
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