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Abstract

Achieving high deposition efficiency (DE) is a current challenge of cold spraying metallization of polymers for developing
surface function such as a conduction performance. Low-pressure cold spraying (LPCS) has been explored for that purpose but
meets DE limitation less than 50% generally. This paper focuses on the possibility to overcome this issue, but using high-pressure
cold spraying (HPCS). The anchoring of the copper powders onto the PEEK substrate is not difficult, but the deposition can fail
during the coating build-up. A high pressure of 2.5 MPa without a gas preheating does not produce a coating build-up. Higher
chamber pressures are required, but this implies to increase the gas temperature up to 400 °C to reach high deposition efficiency
up to 70%. However, the absorption of the impact energy by the PEEK substrate during the collision of the powders generates an
intermediate weakly bonded layer which is characterized by a decohesion between weakly deformed powders. This structure
impairs the integrity of the coating during the additive deposition. Spalling damage occurs. Therefore, the deposition becomes

very sensitive to delamination issues to overcome.
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1 Introduction

PEEK polymer has gained more popularity among many or-
ganic thermoplastic polymers owing to its excellent ability to
withstand wear and friction with remarkable thermal stability
[1-3]. This material is also increasingly used as a bearing and
sliding component to meet the best possible combination of
lightweight and high-strength requirements [4, 5]. Currently, it
is being used for various applications such as bearings, piston
parts [2] or medical orthopaedic implants [6, 7] using the
benefits of surface metallic functionalization. Today, there
are various techniques of polymers metallization. Physical
vapour deposition, chemical vapour deposition or electrode-
position are suitable for a thin metallization but can be costly
[8—12]. The thermal spraying represents an alternative method
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that uses a kinematic deposition of micron-sized powders with
the advantage of being a fast metallization process with a low
release of materials. The kinetic energy of the powders can be
generated by means of combustion flame jet (flame spraying),
thermal jet combined with an electric discharge (electric arc
spray) or ionized gas jet (plasma spraying). These methods
have been experienced for metalizing polymers but the tem-
perature processing (2000—14000 °C) involves a severe risk of
exposure to high temperature that implies a careful deposition
because of the thermal sensitivity of polymers [12]. Among
the thermal spraying methods, the principle of supersonic ex-
pansion of a gas flow across a divergent nozzle allows a low
temperature deposition with a high acceleration of the micron-
sized powders. This capability has led to a wide development
of polymer metallization by cold spraying.

The cold spray additive manufacturing has been success-
fully tested on various polymers including PEEK and enables
metallic powders to form a coating [12—19]. Copper metalli-
zation was performed on diverse polymers to confer an elec-
trical conductivity [13, 20-22], tribological properties [20], an
intermediate bonding function [14, 15, 23], an antifouling
reaction [24], antibacterial properties [25, 26] and further
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functional performances the copper structure can generate [4].
There are several successful metallization feasibilities that
mostly use a safe deposition to avoid a degradation of the
polymer substrate during the cold spray metallization. A de-
position with a low impact energy and low temperature can
prevent a strong erosion or damage of the polymer. The suit-
ability of a few pJ impact energy to ensure a successful depo-
sition [23] explains the wide development of low-pressure
cold spraying (LPCS) as metallization solution in the literature
[13,14, 16, 17,23,27-29]. The next milestone is to overcome
an issue of weak deposition efficiency (DE) involved by a
dissymmetry of mechanical properties between the metal
powders and the polymer substrate.

Generally, the LPCS deposition suffers from a weak DE
due to kinematic deficiency. There is a competition between
bonding and erosion phenomena [17, 23, 28, 29], and increas-
ing the gas pressure can alter the coating formation because
powders do not reach the critical velocity of adhesion [28, 29].
The DE decreases during the continuous multiple impacts and
makes tricky the control of the deposition. The typical DE
range is about 10-30%. The challenges of LPCS are then to
identify suitable conditions capable for minimizing or deleting
this erosion phenomenon. A basic solution is to reduce the
critical velocity level by using fine powders or soft metals.
The choice of fine powders is generally supported by a theo-
retical argument that shows perspectives of high in-flight par-
ticle velocity. Powder size less than 5 pm is theoretically ap-
propriate, but in practice, such powders meet various difficul-
ties including a bad flowability, an easy clogging, a trajectory
deviation due to a sensitivity to turbulences of the flow, and a
sparse velocity distribution [17, 30-32]. Therefore, higher
powder sizes are considered in the literature of LPCS that uses
a typical granulometry of about d50 =20 um. With this re-
striction, the selection of potential solutions relies on the other
features of the powder, and basically, on the material nature or
on the powder morphology. Spherical copper powders with a
size of d50 =20 um give a very low DE of about 10% even
lower when using a pressure of 0.6 MPa [33]. A LPCS depo-
sition of spherical aluminium powders (d50=17 um) gives
the same tendency with a DE of 7% [27]. Perspectives of DE
improvement becomes possible when using a mixture with a
softer material such as zinc and tin [17, 29, 34]. DE of 40%
can be obtained with a high proportion of such soft metals but
with this unbalanced ratio, the property of the coating is
strongly deviated from the property of the functional material
of the powder mixture [28].

Some studies combined the selection of powder features with
the use of an undercoat layer to bond the functional coating to the
polymer substrate. This solution is found to ease the coating
build-up. Deposition of copper dendritic powders onto an inter-
mediate layer made of copper or tin spherical powders facilitates
the metallization of polymers [13, 14]. The dendritic morphology
provides a double positive effect as reported in a literature review
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[35]. The irregular shape causes an efficient boundary layer sep-
aration across the powder media and generates thereby higher
drag coefficient for a maximized velocity. During the collision,
the dendritic shape increases the adhesion capability of the pow-
ders thanks to a better plastic deformation [36]. The rebound and
erosion phenomena are then reduced. These advantages encour-
aged the use of dendritic powder for the LPCS metallization of
polymers [21, 36-38] but do not enable to increase the DE be-
yond 40% [38]. Combination of various sublayers made of dif-
ferent powders granulometry represents also a solution for
optimising the DE during LPCS. The optimisation of both gra-
dient of sublayers and gas parameters increases the deposition
efficiency, but the highest reachable value remains below 40% in
spite of careful choice of the powder size for each sublayer [16].
The major conclusion of polymer metallization using LPCS is
that despite various exploratory improvements for promoting the
coating built-up, the deposition efficiency is limited to about
50%. In addition, the coating formation can also suffer from a
delamination during the LPCS deposition [16]. Together, these
limitations of the LPCS deposition have motivated the explora-
tion of high-pressure cold spraying (HPCS).

Volume (%)
14 -

12
10
g ] d10=30.5um

6] d50=50.1pm

4 ] d90=79.2um

Fig. 1 Granulometry of the powders (a) and SEM observation (b)
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Table 1 Process parameters for
the CS deposition Gas conditions ~ Pgas (MPa)  Tgas (°C)  SoD (mm) Vnozzle (mm/s) IncD (mm)  No. of cases
Unheated 25 29 45 500 3 (C1)
Preheated 3.0 200 75 (C2)
400 105 (C3)

In the literature of HPCS metallization of polymers, a few
studies alone are available. They have been recently published
and are mostly focused on copper or aluminium deposition
[22, 39] using the standard powder granulometry of CS and

b

Fig. 2 Deposition with unheated gas (case C1). a Erosion of the PEEK
surface after 2 passes. b Few traces of bonded copper after 5 passes

a gas setting up to (2.4 MPa, 3050 °C) for copper powders and
(4 MPa, 350 °C) for aluminium powders. The first powders
adhere onto the polymer surface by mechanical anchoring and
enable the next powders to form a coating which can be thick
up to a few millimetres. However, the exposure to high pres-
sure and high temperature may involve structural distortion,
erosion, or coating degradation by delamination. These are
undesirable effects that prevent the obtention of a good coat-
ing [22, 39] and imply a tricky elaboration of deposition con-
dition for a coating build-up free of degradation [39]. In addi-
tion, the suitable HPCS parameters suitable for a high DE are
also a current issue. This paper explores the capability of
HPCS to reach high DE through a variation of the gas setting
on a HPCS system, from low pressure and low temperature
towards high pressure and high temperature with an appropri-
ate change of the standoff distance. The coating build-up or
degradation phenomenon is also discussed to specify the dif-
ficulty of HPCS metallization of a polymer substrate. We fo-
cus our analysis on the copper deposition onto PEEK that is a
typical hybrid case of interest in the field of cold spray
metallization.

2 Materials and methods

Beige opaque PEEK (Polyether ether ketone) sheets acquired
from RS-PRO are used as substrate. The samples have a dimen-
sion of 50 mm x 50 mm x 5 mm and are cleaned with ethanol
before the deposition without any other surface preparations.
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Fig. 3 Substrate temperature level of the PEEK surface for the different
deposition conditions C1-C3, measured by the FLIR thermal camera at
the centre of the substrate surface during the repetitive tracks
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Fig. 4 Deposition with heated gas (case C2). a Few traces of bonded
copper after 1 pass, b onset of bonding layer after 2 passes and, ¢
irregular formation of the coating after 5 passes due to selective erosion
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PEEK used is a semi-crystalline thermoplastic exhibiting melting
point of 323 °C and glass transition temperature of 166 °C we
characterized from a DCS analysis. The powder feedstock con-
sists of spherical copper powders generated in-house (LERMPS)
by gas atomization. The granulometry is specified on Fig. 1. The
HPCS experiments are performed using a cold spray Kinetic
3000 system with air as propellant gas. The working pressure
ranges from 1 to 3 MPa. The powders are axially fed into a MOC

Fig. 5 Deposition with heated gas (case C2). a Bonding layer at the
interface showing PEEK traces (bright zone) due to the indentation of
powders, powders anchored onto the substrate, powders that remain
spherical (apparent larger size) but anchored onto the substrate, fine
powders that were deformed during the collision but without inter-
cohesion, trace of craters due to collision of big powders, and finer
craters due to erosion. b Top view of the incrementally coated layer
showing weak deformation of powders with decohesion at their
interfaces and trace of craters
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Fig. 6 Deposition with heated gas (case C3). a Formation of a bonded
layer after one pass with a DE of 60%. b Reduction of the DE to 52%
during a two-passes deposition due to competition between bonding and
erosion. ¢ Formation of the coating after 5 passes with the occurrence of
delamination by spalling (DE = 70%)

Fig. 7 Copper coating about 160 pum thick with a DE of 70% using the
C3 deposition (a) and top view of the coating showing flattened powders
and thereby plastic deformation that improves the coating build-up (b)

24 De Laval nozzle which has the following dimensions: an inlet
diameter of 18 mm, a throat diameter of 2.7 mm, an outlet diam-
eter of 7.8 mm, a convergent part length of 42 mm and a diver-
gent part length of 130 mm. The deposition conditions consist of
comparative cases that enable for finding a high DE achievable
with this CS system. A classical way of DE measurement has
been adopted. The DE value is the mass ratio between deposited
powders and initial powder feedstock, using the initial weight of
the substrate and the weight of the substrate + coating after emp-
tying the powder feedstock. The experiment starts with an un-
heated gas that is generally suitable for temperature-sensitive
materials such as polymers to prevent undesirable thermal ef-
fects. The highest gas pressure achievable on the CS system is
2.5 MPa without a gas preheating. This deposition is performed

@ Springer



4432 Int J Adv Manuf Technol (2020) 107:4427-4436

< Fig. 8 Structure of the coating with the condition (case C3). a Anchoring
onto the PEEK substrate without significant powders deformation. b
Formation of the bonded layer with interfacial decohesion between
deformed powders. ¢ Coating build-up with better structural cohesion

with a standoff distance of 45 mm and a nozzle scanning velocity
of 500 mm/s. The incremental displacement (denoted here IncD)
of the nozzle between two successive tracks is 3 mm. A deposi-
tion cycle (denoted as pass) includes 10 tracks that are repeated 5
times to form a 5 passes coating. In addition, depositions with a
single pass and two passes are also performed to investigate the
process of coating build-up. For reaching high DE, we also ex-
plore the highest working pressure of 3 MPa along with increase

—_— in gas temperature that implies to use large standoff distances to
35.0K7 120 protect the PEEK substrate from high thermal exposure. A blank
test (without powders) gives the wall temperature of the substrate
due to the parietal convective exchange with the impinging gas
7/ flow. The measurement is performed using the FLIR ONE ther-
mal imaging system and an emissivity of 0.95 [40]. These dif-
ferent working conditions are summarized in Table 1.

3 Results and discussion
3.1 Coating formation and growth

Basically, the coating build-up during cold spraying occurs in
two major steps: the formation of a 1st layer that is the adhe-
sion of the powders on the substrate and then, the deposit
growth governed by the cohesion between the powders during
x1,000 1 their additive collisions on the layer that was formed. Various
mechanisms of deposit formation have been identified for
diverse materials and different hybridizations in cold spray
technology [4]. In case of soft substrate, the powders penetrate
onto the substrate to produce a mechanical anchoring as bond-
ing mechanism. Then, the metallic coating grows by metallic
bonding on the 1st layer. During the copper metallization of
PEEK as investigated in this paper, the deposition using un-
heated gas fails to form the 1st layer (Fig. 2a). The deposition
leaves a few traces of rebound over the substrate surface as
evidenced by the apparent colour change over the deposition
surface. Competition between anchoring and erosion then
makes difficult the formation of the coating albeit the pass
number is increased (Fig. 2b). A few traces of coppers were
observed on the substrate surface. Although the gas pressure
level (2.5 MPa) is higher than the pressure level of LPCS, the
copper powders do not reach enough velocity to be anchored

_1opm urmm on the PEEK surface whose temperature is about 29 °C ac-
- cording to the measurement using the FLIR thermal camera
(c) device (Fig. 3).
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<« Fig. 9 Typical structure of a crater that characterizes a delamination by
spalling (a), fragmentation of the bonded layer that forms a weakness
zone under the coating (b) by interfacial decohesion between the
powders (c)

When heating the propellant gas up to 200 °C, the substrate
temperature reaches up to 130 °C (Fig. 3) and the inlet gas
pressure slightly increases to 3 MPa providing better kinetic
energy to the powders. The temperature oscillates due to the
movement of the nozzle when passing across the measuring
spot (Fig. 3). Although the substrate undergoes higher tem-
perature, the one-pass deposition does not enable the forma-
tion of a 1st layer over the whole surface, due to the rebound
and erosion phenomena. The copper powders adhere on some
dispersed zone alone, without covering the whole surface sub-
jected to the powders jet (Fig. 4a). Repeating the passes over
and over progressively produces bonded layers by
granulometry effect. Whereas large powders cause erosion,
small-sized powders may achieve the required critical velocity
of bonding. This event is governed by the random variation of
powder size due the granulometry of the powder feedstock.
Weakly bonded layer or random weakness zone is therefore
generated by this granulometry effect. Some powders are an-
chored into the substrate and form discontinuous bonded layer
during the second pass (Fig. 4b). This promotes a heteroge-
neous coating build-up (Fig. 4c). Then, during the additive
deposition, a part of the powders adheres on the former bond-
ed copper layer while the other part rather causes random
erosion because of kinematic deficiency. In Fig.4c, the eroded
zone is revealed by the darker copper area while the brighter
one corresponds to the incrementally coated layer. Note that
the erosion persists with the repetition of the deposition due to
the variance of powder velocity by granulometry effect. In
addition, the absorption of the collision by the PEEK can also
impair the copper/copper bonding. Since the PEEK substrate
is prone to deformation, the copper powders are less deformed
during the development of the first layers. Due to insufficient
plastic deformation, powders are not bonded to each other
during the multiple collisions and erode the formerly coated
layer. The competition between deformation, bonding, and
erosion are evidenced in (Fig. 5a). A SEM top view of the
coating shows a structure of a bonded layer composed of some
features: PEEK traces (bright zone) that emerge due to the
indentation of powders, powders that were anchored in the
substrate, powders that remain spherical (apparent larger size)
but anchored in the substrate, powders (apparent finer size)
that were deformed during the collision but without inter-co-
hesion, traces of craters due to collision of big powders, and
finer craters due to erosion. On an incrementally coated layer
(brighter zone of Fig. 4c), deformed powders were observed
with bonded and unbonded interfaces (Fig. 5b). Craters also
(c) appear due to the erosion of the unbonded powders.
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To improve the coating build-up, the gas is preheated up to
400 °C because the pre-chamber pressure cannot be further
increased. The gas stream heats the substrate up to about
240 °C (Fig. 3) that is conducive to a thermomechanical soft-
ening since this temperature level exceeds the glass transition
temperature of the PEEK substrate despite that it is under the
PEEK melting point. Combined with the increased velocities
of the powders, this thermal effect enhances the mechanical
anchoring onto the PEEK to form a bonded layer that imme-
diately covers the deposition surface in a single pass (Fig. 6a),
with a DE of 60%. The copper/copper collision that starts
from this bonded layer enables a continuous and regular coat-
ing build-up as long as the structural cohesion within the de-
posit resists to erosion. During a two-passes deposition, the
coating formation is continuing (Fig. 6b) but the DE slightly
decreases down to 52% due to an erosion. After the five-
passes deposition, the coating reaches a thickness of 160 pm
(Fig. 7b) with a high DE of 70%. The gas condition (400 °C,
3 MPa) promotes better plastic deformation as observed on the
top view of the deposit (Fig. 7c). The powders are more flat-
tened that was not reached using the gas setting of 200 °C and
3 MPa (Fig. 5b). However, some bad inter-cohesion remains
between the powders although they get more deformed.
Furthermore, the coating formation at (400 °C, 3 MPa) suffers
from another erosion type. Delamination appears and the fail-
ure zones exhibit large spalls (Fig. 6¢).

3.2 Mechanism of delamination by spalling

Due to lower mechanical property compared to the copper, the
PEEK substrate absorbs the collision that creates bad bonding
between copper powders during the formation of the 1st layer
(Fig. 8). Therefore, a gradient of weak deformation of copper
powders across the PEEK/copper interface causes a delami-
nation during the repetitive passes. As discussed in the previ-
ous section, the penetration of the copper into the PEEK sub-
strate generates an intermediate layer characterized by
unbonded powders due to insufficient plastic deformation. A
cross-section observation shows this typical evolution of pow-
der behaviours, that is, a nearly unchanged shape (spherical)
due to the anchoring onto the soft PEEK (Fig. 8a), and then a
deformed shape but with bad bonding during the copper/
copper collision (Fig. 8b). Despite this weak bonding, the
deposit grows until this intermediate weakly bonded layer gets
thick enough to produce a mechanical barrier against the ab-
sorption of the collision by the PEEK substrate. Thus, the
dissymmetry of mechanical behaviour decreases and then
the copper/copper collision enables the mutual plastic defor-
mation that promotes inter-cohesion within the coating (Fig.
8c). This gradient of structure impairs the integrity of the
coating during the additive deposition that becomes very sen-
sitive to delamination. Spalling damage occurs because of
overload stress produced by the multiple collisions. In
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addition, the PEEK substrate acts as a thermal barrier due to
its low thermal conductivity so that the confinement of heat
within the coating is conducive to a thermomechanical soft-
ening that can facilitate a spalling during the deposition. The
incrementally created layer becomes sensitive to the collision
stresses and breaks at the weakness zones.

The spalling produces craters, random in terms of location
and size (Fig. 6¢). Basically, the normal pressure of the im-
pinging flow does not significantly change during the nozzle
transverse motion since the gas pre-chamber pressure and
temperature remains constant during the deposition. The ran-
dom formation of the weakness zone within the coating is
therefore attributed to the random distribution of the interme-
diate weakly bonded layer due to the granulometry effect. The

(b)
Fig. 10 Top view of the deposit showing inter-powder decohesion during
the coating build-up despite of powders flattening: formation of weak
bonding that breaks during the spalling (a) and magnified view of both
inter-powders weak bonding and decohesion (b)
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powder size ranges in between 4 and 126 um as shown in Fig.
1b. The kinematic variance of these powders due this distri-
bution generates the random formation of the weakness zone,
and then the irregular spalling with large or little craters (Fig.
6¢). However, the structure of the craters is similar and ex-
hibits the same damage mechanism. Figure 9 shows SEM
pictures of a typical crater with magnified views of the frac-
ture. When subjected to the collision stresses, the defective
bonding between powders causes the rupture of the coating.
The spalling damage is characterized by a fragmentation with-
in the intermediate weakly bonded layer (Fig. 9b) due to a
powder/powder decohesion (Fig. 9¢) that easily breaks the
coating over the fragmented zone. The size of the spalling
damage zone depends on crack formation and propagation
in the transversal plan. This is also a random phenomenon
governed by the presence of weakness zone due to the
granulometry effect. SEM top views of the coating evidence
unbonded region (Fig. 10a) and also powder/powder
debonding (Fig. 10b) despite the occurrence of plastic defor-
mation revealed by the observation of flattened powders.
These defects activate the spalling and make difficult the cold
spray manufacturing of good and thick copper coating on the
PEEK substrate.

4 Conclusions

This study investigated the capability of cold spraying to reach
high DE during a copper metallization of PEEK. Since PEEK
material is thermally sensitive, some studies in the literature
suggest using low-pressure cold spraying that ensures a low
temperature deposition. The metallization is successful but
suffers from a low DE, of about 40%, despite various im-
provements. In this paper, we suggested exploring the high-
pressure cold spray metallization with three deposition condi-
tions: (C1) high pressure and unheated gas (2.5 MPa—29 °C),
(C2) high pressure and intermediate gas temperature (3 MPa,
200 °C), and (C3) high pressure with highly heated gas
(3 MPa, 400 °C). The condition C1 fails to produce a coating.
The copper powders adhere to some dispersed zone alone
without covering the whole substrate surface subjected to the
powders jet. With the deposition (C2), there is a coating build-
up, but regular fine delamination occurs due to erosion. The
competition between bonding and erosion can be explained by
a variance of powder velocity due to the granulometry range
and an absorption of the collision by the PEEK which is the
softer part of the Cu/PEEK combination. The gas condition
(C3) enables for generating continuous deposit formation with
a DE up to 70%. Some elements to the understanding of the
delamination that limits the DE are suggested. Even high DE
in the range of 70% can be achieved; the coating formation
clearly suffers from a delamination by spalling damage. This
spalls formation is explained by the presence of an

intermediate weakly bonded layer, the collision stresses on
the substrate, and the confinement of the heat within the cop-
per coating since the PEEK substrate acts as a thermal barrier
due to its low thermal conductivity. The intermediate weakly
bonded layer eases the delamination because of the
decohesion of powders within this zone.
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