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Abstract

A new method which allows the development of Low Pressure Cold Sprayed copper coatings
on PEEK (Poly-Ether-Ether-Ketone) based composites reinforced by carbon fibers is
investigated. Due to the solid state and high velocities of impacting particles, cold spraying
involves a high erosion on composite materials, leading to an absence of coatings and
sometimes damaged carbon fibers. As a result, few dozen micrometers of pure PEEK matrix
have been added on the surface of the composite to act as an interfacial layer between
composite and coating. Optimization of the LPCS parameters has been carried out, using a
careful choice of powder size distribution in order to avoid substrate damage, erosion and
coating delamination.

Dense copper coatings exceeding 100 micrometers thick have been obtained. SEM
observations have been carried out to evaluate the microstructure of coatings, and the minimal

required matrix thickness regarding the size distribution of the powder.
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1 Introduction

Carbon fiber-reinforced polymers (CFRP) are appealmaterials due to their unigue
properties, such as their combination of low dgresitd high mechanical performances [1].
PEEK (Poly-Ether-Ether-Ketone) is a semicrystallihermoplastic. Its excellent mechanical
and chemical resistance properties, associated kiggh long-term service temperature
(220 °C) and fusion temperature (343 °C) makesdely used in automotive industry, which
uses 35% of the PEEK produced worldwide [2]. PEEKused in pump mechanisms to
replace steel and aluminum parts (propeller bladesirings ...). This polymer is also
biocompatible and therefore has many medical agidios among which implants and
prosthesis [3], [4].

Concerning aeronautical and aerospace fields, PEEKainly employed as a matrix for
carbon fiber reinforced composites [5]. Those cositpomaterials can replace metallic
materials in many applications, such as aircraficstires. The main limitations for such
application is their electrical resistance. Thecraift structures need to be electrically
conductive to avoid the damage from lightning €tsiland thunderstorm electric field attacks
[6]. Today, different methods are developed to a&ddductive paths on the surface of
structural composite parts. The most commonly usedwoven metal fiber or perforated

mesh (namely bronze or copper) reinforced compwsiteing the composite fabrication [7]-

[9].

Thermal spraying could be an interesting altereativ replace those expensive metallic
meshes and allow a better adaptability in used madge geometry and thickness for the
desired conductive layer. Plasma and Arc sprayiagehalready been studied as potential
solutions [10], [11]with few successful attempts [12], [13put such high temperature
processes tend to deteriorate the polymer matmxtdumolten droplets, instead of building a
coating. Cold Spraying offers different benefit€lsias cosefficiency, portability, ease of
use, with a reduced thermal input on substrategeoed to other thermal spray processes and
produce oxide free coatings. But Cold Sprayed ogatin organic materials are difficult to
obtain due to the substrate erosion sensitivity H#d other specific characteristics of such

materials, such as a temperature-dependent thdf@bhland mechanical properties [16].



Glass transition temperaturegfTis the temperature where a thermoplastic matsvigiches
between a relatively brittle and hard state tofées@nd rubbery state. Below &ll polymer
molecules are confined with a very limited freedofrmovement and a small free volume.
Above Ty molecules have more freedom of movement and ciéinostslide away from each
other. Ty of the PEEK is estimated between 146 °C and 153i&pending on the
experimental conditions [15], [16]. Studies havewsh that on a thermoplastic polymer the
heat input induced by the nozzle is high enoughreach T and therefore soften the
substrates. Therefore cold sprayed metal partpeestrate deeply inside the polymer without
deformation, polymer flooding and sometimes inahgdiparticles few dozen micrometers
beneath substrate surface, creating a mixed melatier interface on which a coating can

sometimes be obtained under proper conditions [14], [18].

The first aluminum coatings were obtained on CFRP2011 [19]. Thus, a two step spray
operation has been investigated by using plasmassprocess to obtain a thin aluminum
layer followed by another layer via cold spraying. order to improve the electrical
conductivity of organic materials, copper coatihgse been experimented on CFRPs in 2014
using cold spraying. [20]. Metallic coatings hawh successfully sprayed using a tin/copper
composite powder [21]. However tin is prohibited &zronautical applications due to its low
transition temperature at 13.2 °C [22]. In 2016, &chambault and al. proposed an
innovative solution. Instead of direct sprayingthe composite, the coating was elaborated
on the Invar mold used for lay-up molding proceés3.[During the molding process, a direct
contact between the molten matrix and the coppatirap occurred via mechanical anchoring
due to coating roughness. Since it has a low adberehe coating is transferred onto the
composite after unmoldingin 2018, H. Che and al. demonstrated the existasfca
deposition window for copper on PEEK using both LBvwessure and High Pressure Cold
Spray[24].

Spraying copper directly on PEEK-based CFRPs satiestiis investigated. The present work
demonstrates that a polymer layer protecting thdarafibers on top of the substrate is
needed. A controlled coating construction strateggs applied to consider the powder

granulometry influence.



2 Experimental procedure

2.1 Materials

In this study, a composite material made of caffidmers and PEEK resin produced by Pipreg
Porcher Industries (Badiniéres, France) was uses]. [Zhis Pipreg composite is an
aeronautical qualified laminate (Ref. L03106-571M®6composed of 6 stacks of carbon
fibers with a sequence of [(0,90)/(+45,-45)/(0,80jpr a total thickness of 1.86 mm. Varying
the external PEEK layer thickness, three diffemrhposites have been carried out using a
PEEK film (Lite TK) produced by Lipp-Terler GmbH €&Benz, Austria) [26], with a
thickness of 50 um and 0.5% carbon as filler asepried in Figure 1.

Coatings were produced by spraying spherical Cul%0Ag powders elaborated by gas
atomization at UTBM. The original powder was siewetd three batches with different size
distributions named as Fine (F), Medium (M) anddea(L) as presented in Table 1 and
Figure 2. The three powde(Bigure 3)cover classical size range for Cold Spray pasicle
with a median diameter of 10.1 pm (F), 23.2 um &gl 37.9 um (L).

2.2 Coating production

Copper coatings are obtained by Low Pressure Quidysg (LPCS) using the commercially
available Dycomet 423 system (Akkrum, Netherlaneg@lipped with a 6mm-diameter K6
nozzle mounted on a 6-axis ABB robot (XYZ). To eledte a homogeneous layer on top, a
regular movement was programed for the robot pelipatar to the surface including cooling
period between each transversal pass on the sighsia lower the thermal input on
substrates, a large step has been fixed betwednpess (3 mm) and a second program is
superposed with 1.5 mm offset from the originalip@s to obtain a homogeneous coating
regarding thicknes@Figure 4). The spray parameters are listed in &&blwith a predefined
temperature level set at 3 on the systéamperature level is a result of previous triais th
level allowing to imping easily some copper paescbn the substrate, without damaging it.
Gas temperature has been measured by a thermocplagled at the nozzle outleas

pressure was fixed at usual working value for Bysomet system.



Gas flow was fixed during all experiments. Duelteit different granulometries, powder feed
rates presented some differences between the pbregers: 15.7 g/min for the Fine powder,
20.6 g/min for the Medium and 18.0 g/min for thedeone.

Depending on samples, one or several layers haga bprayed to increase the coating
thickness. According to the powder granulometryveal as the composites including
different PEEK layer thicknesses, several stratediave then been investigated. A code
XIXIX was set to label the samples by the combaratf powders used to build the coating.
For example, a sample labeled as F/M/L shows thastlayer was deposited using Fine
powder followed by a second layer using Medium pemahd finally a third layer using the

Large one. Samples with only two layers have aleiter code.

2.3 Characterization methods

2.3.1 Microscopy analysis

Microscopic observations were carried out usingcapeind scanning electron microscope, in
order to check the quality and measure the thicknésprayed coatings.

Scanning electron microscope is a Zeiss EVO 40 witiZ BSD detector (BackScattered
electron Detector). Observations were made und&rigled Pressure conditions, in order to
use a nitrogen flow inside the SEM chamber to awbattrical charge accumulation on the
PEEK parts (under the electron beam), which candadurface defectsn SEM pictures
Optical microscope is a Nikon Inverted Microscopgadbot-TME, coupled with the Perfect
Image software for picture acquisition.

Samples were embedded in an epoxy mounting resipalished to obtain a suitable surface
for microscopic observation&rinding has been made using successively P26@, FFEDO,
P1200 and P4000 SiC grinding papers, followed pgleshing sequence using 3um and 1um
diamond based solutiorSome of them were in a second step chemically dt¢Bgeiron (l11)
chloride, 2 mL hydrochloric acid and 96 mL ethantd) reveal inter-particle joints in the
coating and study the particle size distribution.

Due to the roughness of coatings, a statisticalsomeanent has to be performed to quantify

their thickness. Thickness was obtained by takimg tross-section pictures, then making



seven equally spaced thickness measurements orpiottines. Thickness is then considered
as the average of 14 measurements.
Coating porosity characterization was carried gutaking five SEM pictures of each sample

(Grand. 800X) and applying a thresholding technigaictures using GIMP software.

2.3.2 Deposition Efficiency

Characterization of the Deposition efficiency (O&)equired for industrial applications. DE
is defined as the ratio (1) of the weight of thber@d particles (8 g) to the total weight of
the sprayed particles (mg).

m
DE= —2%100 (1)
Mip

Theoretical mass is calculated by using relatiqgnéay.

po*S*W

M=~ 60

)

Where:
- pyis the measured mass flow rate of powder (g/min)
- Sis the number of spraying scans of the nozzlthersubstrate (8 for one layer)
- Wi is the width of the substrate (mm)

- Vs the transversal speed of the robot (100 mm/s)

Masses are measured using a Sartorius scale mod84 C(precision 0.1mg).
Mass flow rate is determined by unplugging the mipeveying the powder to the spray gun,

activating the powder feeder for one minute andsueag powder conveyed mass.

Deposition efficiency (DE) was systematically cddded after each deposited layer. The
sample is then removed from the sample holdemdss is measured and it is replaced on
sample holder to spray the next layer. Multi-laygamples are obtained in the same
experiment but with a delay time between each layeneasure the mass. It allowed to track
the DE evolution during building up the coating aaldo provided an improved statistical

approach to study the first deposited layers DE.

2.3.3 Electrical resistivity
In order to evaluate the electrical conductivitycohtings, electrical resistivity measurements
were performed by using a four-point-probe techaigat room temperature [27].

Measurement cell is a certified multiheight probreduced by Jandel (Linslade, the UK),



composed of four equally spaced (1 mm) tungstebidartips inducing a current into the
sample. The electrical resistance of the sampteeiasured. Resistivity @Ris calculated via
the relationship (3) where 4.532 is a correctioctdaregarding the shape of the cell, t the
thickness of the tested coating angltRe measured electrical resistance [28].

Ry =4.532*R,*t  (3)
The electrical resistance,Rs measured at 16 different points of each tessadple and then

averaged to determine the resistivity R

2.3.4 In-flight Particles Velocity M easurements

In-flight particle velocity was necessary to estienthe induced kinetic energy of impacting

particles on substrates. Particle velocity measargswere performed using DPV-2000 dual-
slit velocimeter (Tecnar Automation Ltd., St. Bryr@anada). This system is based on a
785 nm laser illuminating particles in the sprayme. Those particles pass in front of a two-
slit photomask equipped with an optical sensor haad generate a two-peak signal. Particle

velocity can then be calculated as the flight totheded by the distance between the gaps.

3 Resultsand Discussions

A careful optimization of the spray parameterd&s tnost common solution to obtain uniform
and dense coatings with usual mechanical propettighis study the spray parameters were
fixed and only the influence of powder granulometrgs characterized to obtain the densest

and most electrically conductive coatings combiwétl an acceptable DE.

3.1 Spray Strategy Development for Copper Coatings on organic composite

The industrial Pipreg composite exhibits a quiteormogeneous surface due to its woven
laminate structure. The polymer matrix and carbibarg are present, with some areas where
carbon fibers are really close to the surface amdeswith apparent organic matrix. During
the spray process, an inhomogeneous copper cdatioigtained with a remarkable pattern.
Areas where carbon fibers lay flush with the swfagere eroded, while areas with some
organic matrix on the surface were impinged withpper particles (Figure 5). An
inhomogeneous coating is obtained and the addifoa second copper layer has led to an
extended erosion of the substrate. Consideringdifierent materials included inside the
composite, various material behaviors may occue fiigh hardness combined with the poor

deformation capacity of carbon fibers can justtig erosion of CFRPs [18], [19]. Inversely,



the ductility of organic matrix can allow partickapingement and coating formatiavhen

convenient spraying conditions are found.

Regarding these first results, spray tests have lmeplemented on samples including thicker
organic layer on the composite surface. The ohjectif PEEK film addition is to cover
carbon fibers, protect them from impacting coppettiples and allow particles impingement

on the whole sample surface.

To separate the influence of powder granulometomfrthe influence of PEEK layer

thickness, spray strategies on Single PE&Krsamples (film thickness 57 um) were carried
out first. Due to the low thickness of the PEEKdapn top,excessive erosion of this layer
while spraying must be avoided in order to keepuheéerlying carbon fibers protected. The
optimization strategy involved the addition of @sed PEEK layer (labeled as Double PEEK
samples, 105 um PEEK film). In this first part detstudy only results obtained on Single

PEEK samples are presented.

A continuous coating was producas illustrated in Figure 6a by spraying four layef Fine
powder.A coating thickness of 300 um was obtairveith usual morphological aspects of
Cold Spray coatings such as surface rugosity andplorosity. The addition of the 57 um
PEEK layer was enough to produce a coating ondta sample surface. The deposition of a

copper coating on modified composites was then detnated.

However the obtained coating presents a visiblegityr and the interface substrate/coating is
uneven, with many defects (Figure 6b). Porosityrifistion through coating thickness was
calculated by dividing the coating in three equslers and calculating the porosity in each
one. A value of 2.64 + 0.62% was obtairetdhe layer close to the interface with PEEK film
confirming the presence of numerous defects inldyer. Previous studies pointed out that
High Pressure Cold Spraying can soften polymer nizdtéeading to particle penetration and
squeezing out some substrate material between ge@immetallic particles [18], [29].
Zooming in the coating/substrate interface (Figbiog the same mechanism was observed for
Low Pressure Cold Sprayed coating. Some coppeiclegrtvere entirely embedded inside the
PEEK film, creating a polymer/metal interphase. Thebstrate surface presents severe

deformations, and some squeezed PEEK is spotteth@rparticles. Those behaviors seem



responsible to interfacial defects. Due to theos#ty of the polymer, filling the gap between
impacted particles become complex.

Porosity dropped to 0.36 £ 0.04% in the middle he# toating and then increased again to
0.74 + 0.23% on top layer. This evolution is linkedthe hammeringr tamperingeffect, a
characteristic of Cold Spray process where incorpiagicles compact the underlying layers
[30]. However, this hammering effect was not e#fiti enough to compact the interfacial
porosities.

Hammering effect is directly linked to the kineéinergy of impacting particles. The influence
of the granulometry was investigated by sprayimieFMedium and Large powders. Table 3
presents surface picture, DE and cross sectiorsforayer coating depositi@itempts using
F, M and L powders.

Using Fine powder for the first layer led to a h@®oeous copper coating, witltound
120 pmthickness and a DE of 28.2 + 5.5%. The use of Medand Large powder led to
isolated particles or small aggregates impingatdesurface of the PEEK film. The measured

DEs were significantly lower, with a value of 8.22% for M and 5.2 + 1.2% for L.

Such observations suggest that Medium/Large pestichduce too much energy to the
substrate during impact which can degrade the rmgatioperties [31]-[33], as confirmed by
multiple craters on substrate surface. In orderstimate particles kinetic energy DPV
measurements were needed to evaluate the partielesities regarding their diameter.
Characterization of Fine powder was impossible tluehe technical limitations of the
available equipment, the particle diameter wasstoall to be detected.

The evolution of in-flight particle velocity regand) their diameter is presented in Figure 7
for Medium and Large powders. Even though the nreasents were dispersed, a linear
evolution can be approximated as linear and it al@served that mean particle velocity for
both Medium and Large powders is close to 400 Bésed on the mass transfer phenomena
across the shock wave that persist at the nozzigas assumed that Fine powder velocity
distribution is similar. Kinetic energy ofsglparticles has therefore been evaluated for each
powder (Table 4). A factor of 10 on kinetic eneog be noticed between F (3.9/1.m2.$

% and M (4.7.18 kg.m2.§%), which increased to almost 100 between F and .D.12°
kg.m2.§%). These results are related to the deposition \hehaf Fine and the erosion

behavior of Medium/Large powders.



3.2 Coating thickness enhancement

The objective of this study was to evaluate thesif@bty of building thick (100 pm
minimum) and dense copper coating on CFRP. In dadgrcrease the thickness and optimize
the density, different powders were used to buitthating layer by layer, using F powder to

enhance the thickness and M/L powders to compaeiqusly deposited layers.

3.2.1 Addition of a Second Copper Layer

Every possible powder combination was studied, sardple overviews are shown in Figure
8. Three different behaviors can be spotted by alisospection: building, eroding and
peeling. DEs and porosity were calculated, andpagsented in Table 5 along with coating

thicknesses.

Some combinations (M/M, L/M, M/L and L/L) led to @&nosion of the first deposited layer or
an erosion of the composite substrate. This obgervaonfirms that M and L powders have
too much kinetic energy and are able to erode tthgilé interphase previously formed by
isolated impinged particles.

F/F, M/F and L/F combination®d to a convenient coating build .uBEM cross section
observations (Figure 9) were carried out, whicheeds classical cold spray coating
morphologies except for F/F sample which presen&)am thick layer at the interface
PEEK/coating with cracks and defects, as it wasaaly observed in Figure 6. This can be
correlated with the.00 + 0.77 %porosity andL73 + 16 pncoating thickness for this sample
(Table 5), compared 1©.88 + 0.22 % / 119 + 14 pand0.94 + 0.18 % / 106 + 8 ufor M/F
and L/F respectively. The 50 um non-dense layettsgpan F/F increases both porosity and

thickness values compared to other samples.

DEs of the second layers were quite stable onaatipdes with values between 34.8% and
36.9% (Table 5), which means that the F secondr lagposition mechanism is similar

regardless of which type of powder was used fofiitselayer.



It was possible to build a coating with Medium dradge particles on a Fine first layer, since
this underlayer is not composed of isolated pasiadnd therefore is mechanically resistant
enough to withstand M and L particles impacts. Havethose coatings partially peel during
the projection (Figure 8). On both SEM cross obsgons, a layer with many cracks and
defects can be spotted at the polymer/coatingfader(Figure 10). This can be related to the
observed peeling of the coating and the porosity2.d8% and 1.3% for F/M and F/L
respectively (Table 5).

The porosity value for F/L appears a bit low coesiag the aspect of the interface visible on
Figure 10.This is due to the thresholding technique regasdlesrosity at the interface
between PEEK and copper. Since porosity and PEFapalmost the same color on SEM
pictures, this porosity is often considered as PHiykihe software and therefore excluded
from calculation. By manually modifying picturesaonder to include those pores, the porosity

value increases to 2.94% for F/L.

All samples which exhibit not continuous polymesdting interface have been excluded from
the next optimization step due to their porositjues, the thickest and densest coatings are

recommended. Therefore, only M/F and L/F sample®selected for further experiments.

3.2.2 TheThird Layer: Coatings Obtained With Alternating Powders

It was decided to add a third layer to increasectbegting thickness. Samples M/F and L/F
exhibited coating without interfacial defects batre porosities could still be spotted. Adding
a layer of Fine powder would probably have incrdase thickness, but as previously stated
the hammering effect of this powder is low and ¢fie@re the porosity values were expected to
be relatively high. The choice was made to spragrM powder as a third layer, following an
‘alternating powders’ spray strategy which led amples M/F/M and L/F/L (Figure 11). The

spray process was successful, no delaminationadingeof the coatings were observed.

A thickness of149 + 8 um(Table 6) was obtained for M/F/M, with a good irfideial
PEEK/copper layer without visible cracks or porpgRkigure 12). The same morphology was
observed for L/F/L but with a lower thicknedsl8 + 20 pnh

The porosity was found to be the lowest of all #anples presented in this study, with
respectively0.35 + 0.09 % and 0.50 = 0.12 for M/F/M and L/F/L (Table 6). Porosity



calculated in the middle of M/F/M thickness, copesding roughly to the F layer, reached a
value of only0.12 + 0.08 %which confirms an efficient compaction due to hamngeeffect

induced by relatively large particles.

A DE increase from 5-8% to 12-13% can be obsemethé third layer compared to the first
one for both Medium and Large powders (Table 6)isTprobably indicates that the

deposition mechanism switches from a ‘metal on pely to a ‘metal on metal’ behavior.

The DE value is still low for LPCS standards, usuatound 30-40% for copper powders (as
obtained for F powder in this study). This could é&eplained by the gas pressure and
temperature used for spraying (8 bars, 330 °C, ef@plwhich are below usual parameters
used for spraying copper powder with such granutopan metallic substrates. The stand-off
distance set at 30 mm is also not standard, usaally) mm value is required for LPCS

spraying, which could result in a lower DE.

M/F/M and L/F/L coatings were chemically etchedstady the particles deformation and try
to characterize the layers inside the coatings. automatic threshold technique (GIMP
software) was applied on SEM cross section obsenst The software enhances first the
contrast of pictures and then apply a binarizatidhis picture post-treatment reveals the
shape of particles in the different layers, thetipi@s being in white while the chemically
etched joints between particles appear black. Teyresentative pictures are presented in

Figure 13.

Starting from the bottom of the coatings, sometnadly big particles can be spotted at the
interface PEEK/coating, corresponding to the isaatpinged particles of the first M or L
layer. The second layer coating of Fine partickss then be spotted. This layer densifies the
first former by including small particles in the pga between larger particles and then
increases the coating thickness. A significant tladeformation of Fine particles can be
noticed.

The third layer composed of M or L can be disceraedhe top, with particles diameters
exceeding 20 um on both coatings. Those partiglesept an important plastic deformation,
which shows that underlying layers are dense andharecally resistant enough to larger
particle impacts.

The thickness of M/F and L/F layers was evaluated7g.m and 53m respectively (Figure

13). Those values are way lower than the measursndene on 2 layers coatingslp + 14



pum and 106 + 8 ypirable 5), with a decrease 62 pm for M/F and 53 prfor L/F. This
drop is directly induced by the addition of therdhilayer. This could be attributed to
compaction by hammering effect since the final pyoin M/F/M and L/F/L was under
0.5 % (Table 6). Another explanation could be tigihg M and L powder for the third layer
also erodes the previously deposited layers dteeto high kinetic energy (Medium particles
10 times higher than Fine particles, Large paridi@0 times, Table 4). The erosion leads to a
loss of mass and therefore can be linked to thatively low calculated DEs for the third
layer (12—-13 %).

3.3 Electrical resistivity

The main application of copper coatings on PEEKedasomposite is to enhance electrical
properties for aerospace applications. Electriealstivity of a metallic coating depends on

several characteristics, such as their microstracamd presence of defects. Regarding Cold
Spray coatings, two main factors can increase ésestivity such as the porosity and the

presence of oxides [34], [35]. In this study, tlegsity was minimized through the spraying

strategy, to achieve a value®B5 + 0.09% for M/F/M sample (Table 6).

Four M/F/M samples were produced and their elegltniesistivity was measured (Table 7).

One Single PEEK sample without any copper coatiag also tested to check the resistivity
of the uncoated composite.

The modified composite is clearly electrically stant, with a resistivity of.4.1¢ + 1.10
Q.cm. The addition of a copper coating induces @ drfathe resistivity ts—6.10° + 1.2.10°
Q.cm which corresponds to the resistivity variatimiween samples due to coating thickness
modification.

Regarding LPCS coatings, Matachowska and al. [3Bhined a value of 26.70Q.cm by

spraying copper on a PVC substrate with a Sn,©Aintermediate layer. Koivuluoto and al.
[36] compared LPCS and HPCS (High Pressure Coldy$mopper coatings on grit-blasted
carbon steel. Values for LPCS in this study wer8.3t10° Q.cm for pure Cu coating and



2.8.10° Q.cm for Cu + A}O; coating. They obtained a resistivity of 2.2°10.cm for HPCS
pure Cu coatings, really close to the value of ilkat ambient temperature (1.7?1&().cm
[37]). Another HPCS studies reported values of-10° Q.cm [34], [38]. Ohmann [39]
measured resistivity of exceeding®.cm for a copper coating containing 0.21% oxygen,
but exhibiting high porosity and bad particle defations.

The resistivity values obtained on M/F/M samples 4000 times higher than the best ones
reported in other studies. Since porosity was nredsat0.35 + 0.09%, this parameter is not
considered as responsible for the high resistivdxides in the powders can be mostly
considered. Indeed, the use of low gas temperaiodepressure on composite do not break
the oxide layer on particles upon impact. A poonded region between particles occurred

leading to oxidation.

3.4 Influence of the PEEK film thickness on the spraying strategy

After developing the spray strategy on Single PEEKum) samples, the effect of the PEEK
film thickness was investigated by carrying out atlyathe same spray strategy on Double
PEEK (105 um) samples.

The obtained results were similar for almost atigle and Double PEEK samples, regarding
deposition behavior, coating morphologies, thickess DEs and porosity values. The only
differences were for the two-layer coatings elatmtausing F/M and F/L powder
combinations. As already shown in Figure 8, SilRfEK samples with F/M and F/L present
a peeling behavior. When spraying the same powal@bmations on Double PEEK samples

a coating was obtained for both cases, withoutpsm®gfing (Figure 14).

SEM cross-section observations (Figure 15) of bSithgle and Double PEEK samples

revealed a possible explanation of this difference.

While Single PEEK samples exhibit coating/polymeteiface without well compacted and

homogeneous layer (Figure 9 and Figure 10), Doli#EK samples present a thinner
interface reducing cracks and defects (Figure 15).

Such irregular interface on Single PEEK sampleshmanesponsible for the observed peeling
when this base is hammered by incoming particlédevepraying the second layer.

When the PEEK film is thicker, a greater contribatiof the elastic modulus and elasto-

plastic behavior of the PEEK can be assumed. Haidd to a reduced rebound phenomenon



for the incoming particles and therefore a more gach interface for Double PEEK samples.
This layer appears to be sufficiently resistantwithstand the impact of incoming particles
regardless of the powder, which explains why thatiog is growing instead of peeling for

those samples.

4 Conclusion

A new way to produce copper coatings on CFRP witw LPressure Cold Spray was
investigated. Using powders with defined granulaoynatoatings have then been optimized.
Although thick coatings (300 um) were first obtalney using only Fine powder, the best
results were obtained via alternating powders aghiethick coatings.

First, Medium or Large powder were used as the fanger to insert large copper particles on
the substrate surface. Then, in a second time, fomaler was sprayed to densify this layer
by inserting small particles in the gaps betweesvipusly deposited larger particles. The
coating was then mechanically resistant enougheadrhpacts of Medium or Large particles
sprayed on top. Impact behavior switched from aainen polymer’ to ‘metal on metal’.

This third layer densified the subsequent layershagnmering effect and porosities of the
coatings were calculated at 0.350.09% for M/F/M and 0.50 + 0.12% for L/F/L, for
respective thicknesses of 149 + 8 um and 118 +@0

A PEEK film thickness of approximately 50 pum wasgimod accordance with elaboration of
coatings and the need for matrix layer on the serfaf the composite was shown. It was
demonstrated that PEEK film thickness influencely aoatings built with Fine powder as the
first layer.

Additional work is still needed to qualify and qtiéy the influence of the PEEK layer
thickness, numerical and experimental consideratem@ under investigation. In this study
spray parameters were fixed. A parameter optinunagirocess could then be carried out to
improve deposition efficiencies. Then, mechanidaracterizations of the coatings such as

adhesion tests have to be carried out.

Electrical resistivity of M/F/M coatings, considdras the best ones obtained in this study,
was tested and measured at 5-8.201.2.10° Q.cm. This value was compared to literature
and found to be 1000 times higher than the besegabut also way lower than the worst ones

(10° Q.cm). The high resistivity is a consequence ofdkggen content in the powders and



the low gas pressure and temperature used to espragmposite. More studies are needed to

confirm this hypothesis regarding the influenc@xygen content on resistivity values.
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Figure 1: a) Surface views before and after additibPEEK film, b) Cross-section

observations by optical microscopy of raw, SingER and Double PEEK sampléS00X)
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Figure 2: Particles diameter distribution of poveder



Figure 3: Observation by optical microscopy of Fiag Medium (b) and Large (c) powders
(100X)

Figure 4: Scheme of the robot scan movements ayspcomplete layer of copper on

composites, a coating being composed of one oraagers on top of each others

Figure 5: Macro-morphology and SEM observation aba-modified sample after spraying
(80X and 1000X)



Figure 6: (a) SEM cross section observation (500X) Zoom on the interface with some

visible cracks and defects
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Figure 7: In-flight particles velocities for Mediuamd Large powders (DPV measurement)
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Figure 8:Macro-morphology osamples with 2 coating layers

Figure 10: SEM cross section observations of F/Ml et samples (800X)
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Figure 13: Post-treated pictures of M/F/M and L/EHemically etched samples
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Figure 14:Macro-morphology oSingle and Double PEEK 2-layers samples, with Fine

powder as first layer
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Figure 15: SEM cross section observations of PER#tng interfaces of F/F, F/M and F/L
for Single and Double samples (1500x)



Tables

Table 1: Volume deciles of the three Cu — 0.1% Ag/gers

Powder do (LM) o (Lm) Cho (LM)
Fine (F) 5.1 10.1 18.3
Medium (M) 13.6 23.2 39.4
Large (L) 19.3 37.9 68.6

Table 2: Spray parameters used for LPCS procedsimenting Cu-Ag powders

CARRIER GAS \
INLET GAS PRESSURE [bars] 8
NOZZLE OUTLET GAS TEMPERATURE 330
[°C]

STAND-OFF DISTANCE [mm] 30
SCAN SPEED [mm/s] 100
COOLING TIME [s] 3

Table 3: Surface morphology, DEs and cross secti@ervations of first deposited layers

according to the powder granulometry

Powder Surface picture DE (%) Cross Secti@msical microscopy, 100X)




. 15 28.2
Fine (F) mm (45 5)
Medium 8.2
(M) (x1.2)
5.2
Large (L) (= 1.2)
Table 4: Evaluation of kinetic energy for each pewndhedian diameter
Powder do (Lm) Mass (kg) E(kg.nt.s?)
Fine (F) 10.1 4.8.1 3.9.10°
Medium (M) 23.2 5.9.1¢' 4.7.10°
Large (L) 37.9 2.6.1¢ 2.0.10°
Table 5: DEs, thickness and porosity of 2-layertiogs
1st layer DE (%) 2nd layer DE (O)/oThickness (um) Porosity (%)
FIF 27.8 36.7 173 +£16 2.00£0.77
M/F 8.6 34.8 119+ 14 0.88 £ 0.22
L/F 6.9 36.9 106 £ 8 0.94 £0.18
F/IM 24.2 15.4 164 +9 2.18 £0.45
F/L 28.7 154 135+11 1.30£0.41]

Table 6: DEs and thickness of 3 layers coatingsoDiee second layer for L/F/L is missing

due to a measurement error of the deposited mass.

Single PEEK
1st layer| 2nd layer| 3rd layer| Thickness A
DE (%) | DE (%) | DE (%) | (um) |Forosity (%
M/F/IM 7.9 31.9 11.8 149+8 0.35+0.09
L/F/L 5.3 / 13.0 118 £ 20 0.50 £ 0.12




Table 7: Electrical resistivity measurements

Sample Composit¢ MFM1 MFM2 MFM3 MFM4

Coating thickness (um) / 126 £ 12 138 £ 10 164 £[17159 £ 11

Electrical resistivity 1.4.16 5.1.10° 5.1.10° 6.5.10° 6.2.10°
(Q.cm) +1.016 | £+1.2.10° | +1.3.10° | #1.6.10° | +1.2.10°






