N

N

Polyamide powder coating of copper substrates: Impact
of process parameters on the surface properties, the
adhesion strength and the interface microstructure

Célia Badji, Ahmed Allal, Jean-Charles Dupin, Frédéric Léonardi

» To cite this version:

Célia Badji, Ahmed Allal, Jean-Charles Dupin, Frédéric Léonardi. Polyamide powder coat-
ing of copper substrates: Impact of process parameters on the surface properties, the adhesion
strength and the interface microstructure. Progress in Organic Coatings, 2023, 174, pp.107253.
10.1016/j.porgcoat.2022.107253 . hal-03862044

HAL Id: hal-03862044
https://univ-pau.hal.science/hal-03862044v1
Submitted on 28 Feb 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://univ-pau.hal.science/hal-03862044v1
https://hal.archives-ouvertes.fr

Polyamide powder coating of copper substrates: Impact of process
parameters on the surface properties, the adhesion strength and the

interface microstructure

Abstract

The aim of this work was to assess the impact of coating process parameters on the quality of
biopolyamide coating on copper substrates obtained by conventional hot dipping fluidized bed coating
process (CHDFB). The experiments carried out in this study allowed to understand the decohesion
mechanism of virgin biopolyamide 11 before having assessed coating properties by chemical,
mechanical and microstructural characterizations. The investigations showed that a higher thickness and
better surface finishing were obtained for high preheating temperatures and intermediate immersion
times mainly thanks to a higher heat energy stored by the metal support whereas long immersion times
compromised the aspect. A laboratory-developed mechanical test was also carried out to determine the
adhesion strength. This allowed to overcome the variability linked to the analyzed surface preparation
or the local radius of curvature of pull-off and peel conventional adhesion tests respectively that could
influence the adhesion strength data. It was concluded that, even if more severe metal preheating
conditions improved the coating physical properties, they led to a worse adherence. Surface morphology
and spectrometry analyses of the coating side facing the interface correlated to the mechanical test
results allowed to highlight the growing formation of copper oxide and copper hydroxide compromising

the coating adhesion. From all the results, the optimal process parameters were determined.
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1. Introduction

Today, surgical instruments are mainly made of stainless steel. For open-heart operations, the contacts
between the steel instrument such as the sternal spacer or heart spacer and soft tissues such as the heart
or chest can be traumatic. The idea is to replace these very hard instruments by softer instruments with
two objectives: 1) have a softer instrument/organ contact to reduce the traumas hence the coating of the
metal by a polymer with high thickness; 2) have an adaptative instrument to the patient’s organs and
body in order to go towards "tailor-made"” instruments; hence the use of copper parts instead of steel

parts. The low modulus of copper allows the surgeon to fold it and adapt it to the patient.



The last two decades have seen the growth of the metal surface treatment and coating industry. Indeed,
the coating of metal parts gives physicochemical properties specific to the application of the treated
product (protection against corrosion, thermal performance, biocompatibility, etc.) allowing a wide
range of end of uses of the product. This sector is undergoing a significant technological change in
particular in response to environmental constraints which take an important part in the society [1].
Besides, the powder coating techniques, fluidized bed and electrostatic coatings, have been extensively
studied since 1950s [2]-[4]. Indeed, contrary to solvent-based coatings that include emissions of Volatile
Organic Compounds (VOCs) during process that can be harmful for the human health and the
environment, those two techniques no needing solvent are eco-friendly [4]-[6]. More detailly, the
fluidized powder bed technique is highly efficient, low time-consuming, and recent studies showed that
this one presents a lower environmental impact that the electrostatic powder coating [5]. However, the
conventional fluidized bed coating presents some limitations that are overcame with the electrostatic
powder coating. Indeed, this last coating way does not need a preheating step at high temperature which
reduces possible oxidative degradation of the coating polymer or the metal part [6]. Indeed, the
generation of charged powder particles sprayed thanks to a gun onto the metal surface favors the
adhesion of the coating. Also, contrary to the conventional fluidized bed coating, very thin films can be

applied thanks to this method.

The choice of the coating polymer will depend on the expected properties of the final product. Polyamide
coatings are characterized by their excellent durability, good flexibility with outstanding toughness,
impact and abrasion resistance [7]. Among all the polyamide structures, most of the polyamide powders
used for the metal coating are based on polyamide 11 (PA11). Contrary to the shorter chain length
nylons, PA11 is issued from renewable resources [8] and presents a lower hygroscopicity than the first
ones. Moreover, in the study brought in this paper, we selected a virgin biosourcedPA1l powder to
perform the coating of the metal support in response to an industrial demand of a medical company
which needed to develop a medical dispositive constituted of malleable copper part coated bioPA11.
Thus, the adhesion of this biosourced polymer must be evaluated.

Studies done on the polyamide 11 powder fluidized bed coating of metallic supports used the polymer
with additives (pigments, reinforcing fillers, fluidization additives ...) [9]-[12]. Also, the use of primers
or the modification of the metal surfaces (sand abrasion, paper abrasion, ...) were investigated to
enhance the coating adhesion on the metal workpieces without having characterized the interfacial
adhesion and quantified the adhesion strength [7], [9], [11]. Whatever the way chosen to enhance the
coating adhesion, it was mainly observed that as the preheating temperature increased, the coating
thickness increased and the surface quality was improved [9], [13]. However, to our knowledge, any
scientific study dealt with neat PA11 coating on metal substrates whereas information on its own coating

behavior has to be provided.



Until today, peel or pull-off adhesion tests were performed to characterize and quantify the adhesion
strength of polymer coatings on a substrate [14]. These mechanical tests are commonly used to assess
the quality of coatings adhesion. However, in the case of peel tests, even if the bond failure proceeds at
a control rate, the maximum load born by the coating is strongly dependent on the peeling angle and the
local radius of curvature [15], [16]. For the pull-off adhesion tests, even if they are simple to perform
and can be carried out in-situ [16], their limits mainly lie in the dolly misalignment that can induce the
locus of failure shifting where the glue joining the dolly (the pull stub where the external force is applied)
to the coating is thinnest [16]. Indeed, during the test, the coating pulled away from the metal support at
a normal angle to the surface may be not completely taken off from all the tested surface and some plane
failures appear. For instance, Takeshita et al demonstrated that during the mechanical test, failures were
formed at three different breakage locations that were at the coating/metal, coating/dolly and metal/metal
interfaces [14]. Thus, the recorded strength does not exclusively represent the adhesion strength at the
coating/metal interface. Moreover, the maximum stress that can be applied may be limited by the
cohesive strength of the coating or the strength of the coating-dolly bond. Also, the design of the dolly
strongly affects the adhesion strength [18]. Otherwise, the adhesion strength of a polyamide coating
obtained by fluidized powder bed coating has not yet been assessed. Hence, the study of the adhesion
of neat polyamide being necessary, the main contribution of the paper is to give information on the

coating performance of neat polyamide 11.

The main objective of this work is to give new insights in the coating behavior of virgin biopolyamide
11 without adding products or modifying metal surface of the substrate that ensure better adhesion as
done in literature. The goal being to understand the decohesion mechanism of the neat coating, the
impact of process parameters on the neat PA11 coating properties such as its thickness and its roughness
was assessed. Then, the adhesion strength of non-additive PA11 on copper substrate was assessed by a
method implying custom-made tools allowing to overcome the limits previously presented. Indeed, until
today, conventional peel and pull-off tests are mostly used but greatly depends to factors presented
hereafter that we will overcome in our work. Chemical and morphological analyses by spectrometry and
microscopy measurements were brought to understand the mechanical performance variations according

to the chosen process parameters.

2. Material and Methods

2.1 Material
The polyamide 11 powder (PA11), Rilsan Invent Natural grade, was supplied from Arkema (France).

Even if this grade has not been specifically developed for metal coatings, this powder initially developed
for laser sintering was chosen since the polymer is biosourced and classified USP class VI [19]. Copper

cylinders with a diameter of 4.715 mm and a length of 70 mm supplied from Goodfellow (France) were



used as substrates. Acetone (Sigma Aldrich, purity of > 99.5%) and acetic acid (Sigma Aldrich, purity

of >99%) were used to remove organic contaminants and to remove the native oxide layers respectively.

2.2 Coating process

Before proceeding to the coating, the copper cylinders surface was firstly washed with acetone to remove
the preservative oil from metal surfaces. Then, they were immersed in a stirred aqueous solution of
acetic acid (10 vol%) to remove the copper oxide layer naturally present. Once done, the coating process
consisted in a fluidized bed dipping during which the preheated copper part is immersed into the powder
suspended by rising air flow. In contact with the hot metal part, the PA11 powder melts onto the metal
surface and coats the metal. To perform the copper specimens coating, a 200 mm-inner diameter and
400 mm-height stainless-steel hopper connected to the air network was used. The airflow pressure was
set at 0.25 bar. Three temperatures of copper specimens preheating (270, 300 and 320°C) were tested to
examine the influence of this thermal process parameter on coating properties. The time of immersion
in the fluidized bed varied from 1s to 12 s. The coating length was of 20 mm. Otherwise, in order to
understand the evolution of the coating properties according to the temperature, the temperature
variation outside the oven was followed with a Testo 868 thermal imaging camera for the 3 preheating
temperatures. The infrared thermometer was pre-set at a thermal emissivity of 0.94. The coating
thickness was determined by an outside micrometer allowing a non-destructive measurement on three

areas of three specimens to consider the repeatability.
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Figure 1 - Cartoon of the coating process (one-column fitting image)

2.3 Powder particle size distribution
Pictures of the powder particles were taken in transmission with a Leica Microsystems DM/LM
microscope equipped with 20 optic and a Leica DFC280 video camera. The image treatments were

performed on 1000 particles with ImageJ software.



2.4 Thermal properties of PA11

In order to determine the thermal properties of the PA11 powder, a Q100 Instrument calorimeter (TA
Instruments, USA) was employed to determine its melting temperature Tm. The measurement was
carried out under nitrogen atmosphere at a 20 mL.min flow. The heating ramp ranged from 10°C to
220°C at 10°C.min and preceded a cooling intermediate ramp from 220°C to 10°C at 10°.min%. The
following figure indicates a melting temperature of the first heating step of 200°C. This suggests that
the powder has to be heated above 200°C to be effectively in the melting state during the coating process.
Also, the figure gives information on the crystallization. It occurs at 162°C. So the rearrangement of the

polymer chains after melting occurs at this same temperature.
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Figure 2 — PA11 DSC thermogram

2.5 Rheological properties of PA11l

In order to determine the viscosity of the PA11, rheological analyses were carried out using a strain-
controlled rotational rheometer (ARES by Rheometrics) in parallel plate geometry with a diameter of
25 mm. The dried powder of PA11 (4h at 105°C) were compressed in the melting state between plates
at 220°C during 5 minutes in order to obtain disk sample of 25 mm of diameter and 2 mm of thickness.
Small strain amplitude (2%) allows us to be in the linear viscoelastic regime. Frequency sweeps were
performed at 180°C, 190°C and 200°C with frequency from 80 rad/s to 0.5 rad/s. Each isothermal
experiment was done under nitrogen on a new sample in order to avoid rapid evolution of viscoelastic
properties of PA11 sample. As mentioned in literature, post-condensation is the dominant thermal
degradation mechanism in N, and post-condensation, chain scission and cross-linking simultaneously

occur in air [20].



2.6 Roughness measurements

Since the surface aspect can give information on the coating homogeneity, a TR200 Time roughness
measurement device was used to measure the arithmetic roughness parameter Ra (um) of polyamide
coatings according to the 1SO 4287 standard:

Ra (ym) =~ ¥, |Zil Eq.1

with Zi the vertical deviation according to the mean line (peaks and valleys) in um, n the number of
points along the analysed axis. Mean values and standard deviations were obtained from the analysis of

three areas on samples.

2.7 Adhesion strength test

Peel test on copper cylinders to tear the PA11 coating was performed to measure the adhesion resistance
of the polymer coating onto the cylindrical copper surface. Before mechanical test, the specimens were
conditioned for 72h at 23 +3 °C and 50 +10 % of relative humidity. A MTS tensile test machine was
used with a 1 kN load cell. The strain rate was set at 6 mm.min* corresponding to shear rate chosen in
literature for the shear test of polyamide/metal coating [21]. The cylindrical steel device that was used
to determine the adhesion strength at the interface coating/copper part was fabricated (France) (Figure
3). Its scheme is represented in the Appendice section. This custom-made scraper was designed in order
to solicit the interface between the polyamide coating and the copper substrate along the copper cylinder
(shear test at an angle of 0° according to the surface in order to overcome the dependence of results on
the radius of curvature implied by the peeling angle). A gap of 4.722-4.715 = 0.007 mm between the
inner ring of the scraper and the copper cylinder was allowed to allow the introduction of the copper

cylinder in the inner ring of the adhesion test device.

During the test, as the crosshead goes up, the coated copper cylinder clamped in the top jaw goes as
well. The inner ring of the scraper, which is attached to the top of a hollow cylinder attached to the
platform of the test machine and thus does not move during the test, only swipes along the neat copper
cylinder at the beginning of the test. Therefore, no force is recorded since the inner diameter of the
scraper roughly matches to the diameter of the copper cylinders (4.715 mm). Then, once arrived at the
coating level, the scraper solicits the interface coating/copper part and a force (N) was recorded all along
the test by the transducer. The test was videotaped through the hole present in the support to follow the
physical response of the coating to the mechanical solicitation. The strength of adhesion (MPa) was also

determined. Five replicate specimens of each material were tested.
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Figure 3 - Picture of the mechanical test bench

2.8 Surface morphology analysis

Once ripped from copper substrates after the mechanical test, the morphology of the polyamide coatings
surface whose side was in contact with the copper substrate, was observed by scanning electron
microscopy (SEM) HIROX SH-3000 (France) in order to understand the influence of the process
parameters on the interface coating/metal debonding mechanisms. This coating side was metallized with
gold using 30 mA for 60s (desk V, Denton Vacuum, USA). The accelerated voltage was of 25 kV.

2.9 Surface chemical analysis

As for the SEM analysis, X-Ray photoelectron spectrometry experiments of the ripped polyamide
coatings surface whose side was in contact with the copper substrate have been achieved with a Thermo
K-alpha spectrometer equipped with a hemispherical analyzer and a micro focused (400 um diameter
microspot) monochromatic radiation (Al Ka, 1486.6 eV) operating under a residual pressure of 1.107°
mbar. Pass energy was adjusted to 20 eV. To compensate the charge effects occurring during the
analysis, a dual beam charge neutralization system (low energy electrons and Ar* ions), which has the
unique ability to provide consistent charge compensation was used. The calibration of all spectra was
based on the binding energy of carbon 1s orbital at 285.0 eVV. The mathematical fitting was done with
the software Casa XPS using a least-squares algorithm and a non-linear baseline (Shirley). The
experimental curves peaks were fitted using a combination of Gaussian (70%) and Lorentzian (30%)

distributions.

2.10 Fourier Transform Infrared Spectroscopy analysis

A Perkin Elmer spectrometer operating in the Attenuated Total Reflectance (ATR) mode was used to
follow the functional groups specific to the PA11 degradation to verify any eventual degradation of the

polymer during the process. Thus, the band corresponding to the vibration of the carbonyl groups (1720
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cm') were particularly monitored. The device was equipped with a single reflection diamond crystal
accessory. The two faces of the ripped off polyamide coatings (inner and outer) were analyzed, and the
spectra were recorded as a result of the average of 32 scans in the 650 to 4000 cm™ spectral range with
aresolution of 2 cm!. Infrared spectra were normalized according to the Min-Max normalization method

with the 2925 cm™! reference band assigned to the CH, methylene groups.

3. Results and Discussion

3.1 Particle size distribution of PA11 powder

The particles shape of PA11l powder was observed by transmitted light optical microscopy (Leica,
Microsystems). Also, the particle size distribution (PSD) was determined by digital image analysis on
ImageJ software (Figure 4). The powder contains irregularly shaped rough particles with sharp edges
having certainly resulted from a milling step [22]. Thus, since the diameter is not uniform and depends
on the direction, we chose to determine the Feret’s diameter of the particles, corresponding to the longest
distance between any two points situated on the area perimeter (for 1000 particles on ImagelJ) [23]. It
can be noted that the PA11 powder particles present a dominant size range (Feret’s diameter) between
20 and 30 pum. As indicated in the part 2.1, this powder has not been specifically developed for metal
coatings. When comparing this value range corresponding to the longest distance of the non-spherical
particles to the diameter of spherical particles of powders specifically manufactured for metal coatings,
we conclude that these particles present a size substantially lower than the diameter of particles of
powders usually used for metal coating carried out by conventional fluidized powder bed coating for
which the dominant particle size ranges between 150 and 180 pum [9], [22]. Indeed, it is well-known
that low coating thicknesses cannot be obtained through this coating method since the process
parameters allowing to obtain a low thickness leads to surface defects and do not allow a continuous

film [9]. This fact will be also verified hereafter in the paper.
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Figure 4 - Microscope image of PA11 particles (left) and particle size distribution (right)



3.2Rheology properties of PA11 sample

Applying the Time Temperature Superposition principle, we built a master curve of the complex shear
modulus at 180°C (Figure 5) with the three isothermal frequency sweeps. The zero shear viscosity is
equal to 4200 Pa.s at the reference temperature. And then, using the thermal variation of the horizontal
shift factor aT, we can obtain the activation energy of PA11 sample around 50-60 KJ.mol. This value
agrees with the literature [24] around 60 KJ.mol. Considering the classical scaling law on zero shear
viscosity (no = kMw?#) for linear entangled polymer, we can derive a weight average molar mass value
of our sample at 48 Kg.mol™* using the k value of Filipone et al for PA11 [20]. This molar mass Mw is
in good agreement with values of the different PA11 grades studied by Okamba-Diogo et al from the

same supplier [25].

Concerning the coating process, we can extrapolate the zero shear viscosity of the polymer at 270°C,
300°C and 320°C, one can found respectively 450 Pa.s, 250 Pa.s and 175 Pa.s. This rather low value for
a polymer melt can explain the good coating of the metal part.
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Figure 5 - Mastercurve of the complex shear modulus of PA 11 at a reference temperature of 180°C

3.3 Coating thickness
3.3.1 Impact of the process parameters on the coating thickness

The polyamide coating thickness was measured after different times of immersion in the fluidized
powder (from 1s to 12 s) of copper specimens preheated to 270, 300 and 320°C. We firstly noted that
the thickness increased with the time of immersion until reach a critical immersion time from which the
coating thickness decreased. This trend was already observed in the literature and is explained by the
aerodynamic and frictional forces undergone by the particles occurring at the metal surface due to
airflow inducing the continuous mobility of powder particles [9] [26]. When the heat energy stored by

the copper specimen is not enough to completely melt the polymer particles, the weakly adhering



particles on the surface are swept and brought away from the surface. These phenomena bring to a
decrease of the coating thickness. Even if the same behavior is observed whatever the preheating
temperature, this critical immersion time increased from 6s to 10s after copper preheating at 270°C and
320°C respectively. A complementary thermal analysis presented below of the data circled in the Figure
6 will allow us to understand the sudden fall of the coating thickness after a certain time of immersion

and discuss the previous hypotheses.

Otherwise, for a same time of immersion, the coating thickness increased with the preheating
temperature. For instance, after 6s of dipping, the thickness increased from 125 um to 250 pum when the
preheating temperature increased from 270 to 320°C, that is 2 times higher. This can be justified by the
decrease of the melt viscosity of the powder with the temperature, giving rise to a continuous film and
a higher thickness at a higher preheating temperature.

Also, the high standard deviations of results obtained when the metal was preheated to 270°C are
certainly due to the presence of several defects and inhomogeneity because of the insufficient heat
transfer between the metal substrate and the fluidized bed and the low thermal capacity of the copper
substrate (385 J.K1.kg™) [27]. These hypotheses were verified by a monitoring of the temperature

variations all along the process presented afterwards.
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Figure 6 - Evolution of the coating thickness according to the time of immersion and the preheating temperature

3.3.2 Impact of the process parameters on the coating aspect

The melting property of the polymer powder greatly influences the coating properties after immersion
of the preheated metallic substrate in the fluidized powder bed and highly depends on the temperature.
Therefore, the evolution of the temperature of the copper cylinder support before and after dipping in
the fluidized bed was monitored for the times of immersion situated in the sharp bend area corresponding
to the data circled in the Figure 6 (Figure 7). We can firstly see that, once copper cylinders out of the
oven, the dipping operation led to a significant drop of the copper surface temperature whatever the

preheating temperature. Indeed, the fluidized powder bed being at 16°C, the temperature of the surface
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of the preheated copper specimens suddenly dropped in contact with the fluidized particles. For 270°C
preheating, the temperature of the coated copper after a dipping time of 6s is roughly equivalent to the
melting temperature of the polyamide powder Tm of 201°C determined by Differential Scanning
Calorimetry (DSC) (see part 2.4). This gave rise to the melting of all the powder particles having even
weakly adhered to the surface i.e. the layer of particles furthest from the heated copper surface. However,
after a dipping time slightly longer (7s), the temperature of the coated copper became lower than the
melting temperature of the thermoplastic polymer (201°C) once out of the fluidized bed. Hence, the heat
energy stored by the copper cylinder was no longer sufficient to sinter the powder particles and these
particles were brought away from the metal substrate. Thus, this thermal study allowed to demonstrate
that a synergetic effect between forces induced by the air flow exposed in the literature and the heat loss

caused thinner coatings after long times of immersion.

After the cylinders preheating at higher temperatures (300 and 320°C) and short dipping times (less than
9s and 11s respectively), the surface temperature of the coating after immersion in the fluidized bed
remained higher than Tm, inducing polyamide melting progress even once out of the oven (Figure 7).
The temperature of the fluidized bed of 16°C was not so low to stop the melting. However, as for 270°C
treatment, a coating thickness decrease was also observed after dipping times of 9s and 11s respectively

after which the temperature was no longer higher than Tm.
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Figure 7 - Evolution of the temperature of coated copper parts preheated to 270°C (a), 300°C (b) and 320°C (c) over the
time during the coating process (x : Temperature of the copper cylinder in the oven, o : Temperature of copper cylinder
before immersion, 0 : Temperature of coated copper cylinder once removed from the fluidized bed)
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3.4 Coating roughness

The arithmetic roughness parameter values of the thermoplastic coating after the different process
parameters are resumed in Figure 8. At 270° C, we can observe that after short immersion times (1s to
4s), the roughness value Ra of coatings exceeded the device limit value (> 40um). This fact is explained
by the presence of many coating defects because of the low number of powder particles having been
allowed to contact the hot metal part after too short dipping times. Therefore, the particles coalescence
has not been effective and pin holes were formed between melted particles. However, Ra distinctly
decreased in the immersion time range 5s-6s before reacquiring non-detected values after longer times
(>6s). This intermediate time interval permitted the powder to level into a continuous and smooth
coating film. This period presented good thermal and timing conditions. Then, the heat loss after longer
immersion durations compromised the surface aspect demonstrated by the high Ra value due to the
presence of non-melted powder at the extreme surface. This gave rise to a powdery appearance.

After 300°C and 320°C thermal treatments of copper cylinders, even if the short times of copper
immersion in the polyamide powder bed also induced unacceptable roughness values (Out Of the
measurement Range (OORY)), the roughness decrease was noted after shorter immersion times and in an
intermediate range of interest wider than for 270°C preheating (from 3s to 7s at 320°C). Thus, in this
case, increasing further the dipping time caused a growth in the coating thickness without deteriorating
the surface finishing. Indeed, it is easily understood that the higher preheating temperature allowed the
copper specimens to remain longer at a temperature higher than Tm. Also, we can observe that values
of Ra at those two higher temperatures gave rise to smoother surfaces than at the lower temperature of
270°C for same immersion times. Then, after 9s for 300°C and 11s for 320°C, Ra increased to values
beyond 40um. These observations are in consistence with the coating thickness evolution since this
sudden second increase of the roughness from 2.15 pm and 1.95 um to an OOR value (>40 um) for 300
and 320°C respectively coinciding with the sharp variation trend change of the thickness evolution

(Figure 6) can also be accounted for the significant heat loss after long dipping times.
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Figure 8 - Variation of Ra roughness parameter according to the immersion time for 270°C (red), 300°C (blue) and 320°C
(green) copper preheating temperatures

3.5Interfacial adhesion strength
3.5.1 Impact of preheating temperature and immersion time

In the Figure 9, the load needed to pull out the PA11 coating from the copper specimen is represented
as a function of the displacement of the crosshead, i.e. the displacement of the scraper which solicits the
coating/metal interface (see Figure 3). The mechanical properties were investigated for three different
times of immersion (3s, 5s and 6s). Pictures of polyamide coated copper specimens at different moments
of the mechanical test for the intermediate immersion time of 6s are consigned in Figure 10. The scheme
of the behavior of the coatings during the mechanical test are also illustrated in this same Figure.

We firstly noted that, for a same preheating temperature, the mechanical profiles do not differ according
to the immersion time (Figure 9). Indeed, in the initial range 0-0.7 mm of displacement of the scraper
the specimen, a first maximum force (zone 1 in the graph) of 44+9N, 44+10N and 42+4N were noted
for the coatings obtained at 270° C after immersion times of 3s, 5s and 6s respectively. Similarly, in the
same displacement range, maximum forces of 58+11N, 66x15N and 57+9N were recorded for 300°C
treatment and 109+6N, 104+6N and 113+11N for the same times of immersion after 320°C copper part
treatment. However, the preheating temperature strongly influenced the mechanical response in this
same displacement range. By observing the behaviors of the polyamide coatings during the test (Figure
10), we notice that this first peak corresponds to the load needed:

- To only remove a small upper part of the transparent coating carried out at 270°C and 300°C. Most of
the lower coating part remained attached to the metal surface at this initial stage.

- To completely take off the 20-mm coating carried out at 320°C.

This observation suggests that the interface metal/coatings carried out at the two lower temperatures
more resisted to the mechanical stress to which they were subjected. However, a higher temperature
preheating (320°C) made the coating adhesion much worse since the entire 20-mm cylindrical coating
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was peeled off at a low displacement and weakened the interfacial adhesion. After this decohesion of
the coating from the metal surface, the coating carried out on copper preheated to 320 ° C only slipped
on the surface of the copper part during the mechanical test. No interaction retained the coating to the
metal surface, the load fell to O (zone 2). However, at 270°C and 300°C, once the 1% peak was exceeded,
a 2" maximum force was detected. By simultaneously examining the mechanical profile and the images,
we noticed that at this moment, the partially peeled off coating was bending before folding over on itself.
This is justified by the flexural properties of polyamide 11 [28]. Thus, this 2" peak in the area 2
corresponds to the force needed to simply fold the partially peeled off upper part of the coating over.
Finally, a 3" step occurred during which the force reincreased and then remained constant. Indeed, after
having folded, the adhesion test tool again solicited the interface coating/metal which was not stressed
(lower part) while the coating progressively unfolded on itself until the end of the test to be completeley
turned over at the end and completeley removed from copper. However, this stage is not of interest in
this study of the interfacial adhesion since the force recorded includes both PA11/PA11 friction forces
because of the coating folding and PA11 coating/metal decohesion force.
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Figure 9 — Force versus displacement curves of PA11 coatings whose copper substrates were preheated to 270°C (a), 300°C
(b) and 320°C (c)
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Figure 10 — Pictures of the PA11 coated copper specimens during the mechanical adhesion test (immersion time of 6s)

After having observed these results, we wanted to verify that the coating process (and more particularly
the preheating step of the copper cylinders) would not induce thermo-oxidative degradation of the PA11
during the coating on the heated copper part at 320°C. As we can see in the figure of the Appendix (6.2
Infrared measurements), the band corresponding to the carbonyl group has not varied sufficiently
between spectra of the outer (that was not in contact with the heated copper) and inner (that was in
contact with heated copper) surfaces of the PAL11 cylinder. This suggests that the heating of PA11
brought by the preheated copper part did not induce thermo-oxidation of PA11.

3.5.2 Determination of the adhesion strength

The interfacial adhesion strength was determined from the force needed to remove the peeled off upper
part of the coating for 270°C and 300°C at a low displacement (first maximum load in zone 1) and the

force needed to remove all the coating at 320°C (zone 1). Thus, we can calculate the strength S:

S== Eq.2
with F the force applied to peel off the coating (N) and A the cross-sectional area (mm?). Depending on
the decohesion behavior of the cylindrical coating and the peeled off quantity, A can be calculated as
followed:

Aoroec = 21T X1 X dyygoc = = 21 X 2.36 X d370°c Eq. 3

Aszgoec = 21 X 1 X d3ggec = = 21 X 2.36 X d3g0oc Eq. 4
with r the inner radius (mm) of the coating and the length of the coating upper part (mm) peeled off
thanks to the maximum load firstly recorded in the first zone (low displacement). dr¢cy hence
corresponds to the distance traveled after having snatched the coating uppert part and bended it. This
displacement was indicated by arrows in Figure 9.

Asxorc=2m X r X h =21 X 2.36 X 20.0 Eq.5

with r the inner radius of the coating and h the total peeled off coating length.
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Results are resumed in Table 1. Even if the strengths are substantially comparable according to the
immersion time, it decreased with the preheating temperature. Indeed, the average strength S drastically
fell from 9.4 MPa to 0.36 MPa when the preheating temperature was decreased by 50°C.

Table 1 - Interfacial adhesion strength of coatings according to the immersion time and preheating temperature

Preheating
temperature 270 300 320
G

Immersion
time (s)

Area of the
peeled off
coating A

(mm?)

5.41 5.05 4.33 22.97 20.01 19.56 296 296 296

Adhesion
strengthS  9.1+1.7 9.1+12 99+09 29+048 3.5+0.75 3.5+0.46 0.370.0 0.34+0.1 0.38+0.1
(MPa)

Even if the higher temperatures preheating led to higher coating thicknesses and higher quality surface
finishes, these process thermal conditions have compromised the coating adhesion performance. The
morphological and chemical studies of the ripped off side of the coatings detailed hereafter were brought
to investigate the decohesion mechanism.

3.6 Surface morphology of peeled off samples

The PA11 coating samples peeled off from the copper cylinders after the mechanical test were analyzed
by scanning electron microscopy (SEM). Indeed, the surface morphology of the coatings whose side
adhered to the copper cylinders preheated to the three different temperatures and immersed into the
powder bed during 6s was observed (Figure 11). Firstly, the polyamide coating whose metal support
was heated to 270°C presents a spade aspect, with a surface matter appearing to be soft with regular
valleys and peaks. This was attributed to the thermoplastic material film deformation that was unstuck
from the copper explaining the peeled appearance. However, a more inhomogeneous surface with a
crumbled aspect was detected for 300°C due to relief lighter plates with sharp edges deposited onto the
polyamide coating. This deposits part increased with the temperature until, at 320°C, this fraction almost
entirely covered the polyamide thermoplastic material whose surface proportion decreased and whose
soft and spade aspect is similar to that observed at 270°C (Figure 11 c)). The whiteness/grayness
differences observed in the images b) and c) could bring overall information on elements composing the
surface based on the composition contrast between the organic matter appearing dark gray (Carbon or
Oxygen in polyamide 11) and the inorganic matter composed of heavier elements appearing lighter at
the extreme surface in our case [29]. Indeed, the fraction of the extreme surface (relief plates) appearing
lighter on SEM images and growing with the preheating temperature certainly corresponds to copper or
copper oxide having come from copper specimens supports and having remained held to the coating.
The chemical analysis of these surfaces by X-Ray photoelectron spectrometry (XPS) is necessary in

order to affect the chemical nature of these products.
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Figure 11 - SEM images of coating samples peeled off from the copper substrates preheated to 270°C (a), 300°C (b), 320°C
(c) (immersion time of 6s)

3.7 Chemical analysis of the surface of peeled off samples

The surface composition of the coatings was studied by XPS. Following the previous results and
assumptions made, the study was focused on the copper element (with the assumption of different
oxidation degree, Cu(0), Cu(l) and Cu(ll)) that was monitored in the Cu 2p spectra (binding energy
range of 925-965eV) (Figure 12). No copper-based compound was identified on the coating specimen
whose copper part was preheated to 270°C witnessed by the broadband background noise. At 300°C,
the presence of Cu(l) specie is depicted due to the presence of the peak assigned to the 2ps, orbital at a
binding energy of 932.7eV. This peak clearly revealed the presence of copper (I) oxide (Cu.0) on the
PA11 coating [30]. The formation of Cu.O specie was probably due to severe copper preheating
conditions explaining its absence in the spectra of coating samples whose copper substrate was preheated
to 270°C [28]. During the mechanical test, this copper (1) oxide layer weakly adhering to the copper (0)
cylinder remained attached to the thermoplastic coating. Also, the presence of the shake-up satellite peak
found in the Cu 2p spectra (in the range 939-945eV) is an indication of the additional presence of Cu(ll)
species [32]. The literature dataset was used to affect the chemical structure to the copper-based phase
having generated these peaks [30], [33]. Thus, the values of binding energies led us to attribute the peak
detected at 935eV (2pzr2) and the shake-up satellite peak at 939-945eV (2p,) to copper (I1) hydroxide
Cu(OH): specie. Indeed, Cu(OH). could have been formed when the coatings were removed from copper

17



cylinders during the interfacial adhesion measurements. Copper hydroxide could have derived from Cu
(s) or Cu0 (s) formed in the oven due to the moisture present in the environment:
2 Cu (s) + H20 (g) + CO2 (9) + O2 (g) — Cu(OH)2 (s) + CuCOs (s) Eq. 6
2 Cuz0 (s) + 4H20 (g) + O2(9) — 4 Cu(OH)2(s) Eq.7

Therefore, copper present on coatings is in a double chemical environment. Also, the intensity of the Cu
2p spectra peaks assigned to copper monoxide and copper hydroxide compounds grew up with the
preheating temperature. We can suggest that as part of copper oxide increased, the interfacial adhesion
became more brittle mainly because of copper oxide and copper hydroxide that came easily the pure
copper cylinder off due to the weak mechanical strength of the oxide layer causing a sharp break of the
interfacial adhesion at 320°C.

Otherwise, the atomic percentages of elements present at the surface of the coating samples (Table 2)
were deduced from the normalization and the fitting treatments on the software CasaXPS. The
guantitative analysis highlighted the preheating temperature effect with the related increase of the copper
compounds concentration and confirmed the previous SEM data. Also, we can notice that Cu.O and
Cu(OH)2 species are present in barely same proportions on the PA11 coating samples at 300°C whereas
the Cu,O phase is a little bit more pronounced than the Cu(OH), one at 320°C. This could be assigned
to the sharper adhesion break of the entire coating observed during the adhesion mechanical test obtained
at 320°C than the one occurred at 300°C which took progressively place and allowed the progressive
formation of Cu(OH).. In the same time, content of the organic matter of the polymer (valued from Cls,
O1s and N1s peaks) is less significant with the temperature enhancement and the progressive residual
stickness of Cu-based inorganic species.
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Figure 12 — Cu 2p spectra of coating samples peeled off from the copper substrates preheated to 270°C (a), 300°C (b),
320°C (c) (immersion time of 6s)

Table 2 - Chemical composition of the surface of peeled off coating samples (at%: atomic percentage) in the binding energy
range 0-1400 eV according to the preheating temperature (immersion time of 6s)

at%Cu (Cu 2p)
at%C (C 15) at%0 (O 15) at%Cu at%Cu at%N (N 15)
Cu0O Cu(OH),

270°C 80.2 15.9 - - 3.9
300°C 73.9 21.9 0.04 0.04 4.1
320°C 75.0 20.2 0.22 0.17 4.4

4. Conclusions

In this paper, we study the conditions to obtain an efficient neat PA11 coating on copper cylindrical
substrates using conventional fluidized bed coating. This study allowed to demonstrate that the higher
the temperature of copper part preheating, the greater the coating thickness and the smoother the coating
surface. Thus, according to the desired coating thickness, the time and the preheating temperature can
be varied. However, the custom-made adhesion testing pointed out a strong effect of the temperature of
the metal part preheating on the coating adhesion strength. Indeed, it was highlighted that even if
increasing the copper preheating temperature allowed to promote the aspect and thickened the coating,
it undermined the interfacial adhesion durability. The microscopy analysis allowed to notice different
surface morphologies of the peeled off side of the coatings according to the preheating temperatures and
it highlighted the presence of deposits after preheating of copper cylinders to the two higher preheating
temperatures whereas preheating copper parts at lower temperature (270°C) preserved a neat polyamide
11 surface. The spectroscopy analysis used to determine the chemical composition allowed to give off
the formation of copper oxide and copper hydroxide that grew up at the coating/Cu specimen interface
and could have weakened the coating adhesion properties. The optimal parameters that were deduced
from a compromise between the surface quality, the thickness and the adhesion strength are resumed in
the following table. As reported previously, the highest preheating temperature (320°C) procured the
highest coating thickness and the best surface finishing for a same time of immersion lots of surface
defects were observed for coatings obtained at the lowest preheating temperature (270°C). On the
contrary, the interfacial adhesion properties were greatly enhanced by decreasing the temperature from
320°C to 270°C. Based on these observations, it is difficult to select the best heating temperature.
However, the intermediate preheating temperature (300°C) led to acceptable surface aspects (Ra
roughness parameter < 2 um for immersion times from 3s to 10s). Moreover, at this same preheating
temperature, an immersion time of 6s allowed to reach a high enough coating thickness. Also, the
mechanical test highlighted a mechanical behavior comparable to that obtained after preheating at 270°C
even if the coating was slightly less adhesive. Thus, the resulting conditions chosen from these

observations are resumed in the following Table.
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Table 3 - Optimal process parameters

Preheating temperature (°C) 300

Time of immersion (s) 6

Finally, these results suggest to reduce the impact of the oxidation process on the metal surface by
reducing the preheating temperature without compromising the surface aspect. Some perspectives are
planned such as:

- preheating copper cylinder specimens in annealing conditions to prevent oxygen bad effects (under
nitrogen)

- using a primer or structuring the metal substrate surface to promote the adhesion. This last suggestion
can be conducted by laser engraving to modify the surface topography and enhance the coating
mechanical anchoring to increase the polymer/metal adhesion properties.

Also, the same study driven by an electrostatic fluidized bed coating could preserve the copper part from
the heating process and thus avoid the thermal degradation of the metal support.
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6. Appendices

6.1 Adhesion mechanical test

The following figure represents a scheme of the custom-made adhesion test device (scraper).

a) b)
4,722 mm
- -
9.00 mm 6.00 mm 9.00 mm
«—» < .
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21.19mm 21.19mm 49.60 mm
c)

Figure 13 - Scheme of the adhesion test scraper used during the mechanical test soliciting the coating/metal interface (a)
longitudinal section view, b) front view, c) top view)
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6.2 Infrared measurements
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Figure 14 - Infrared spectra of the outer and inner faces of the polyamide cylinders ripped off after mechanical test
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