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Abstract: The coatings with fluoropolymer resins rich in fluorinated ethylene propylene (FEP) and
polytetrafluoroethylene (PTFE) are applied as anti-adherent coatings on aluminum–magnesium
substrates for use in food containers. In many cases, due to wear, they must be stripped for the
application of a new coating on the same substrate. There are several processes for this: blasting,
plasma, pyrolysis, chemical processes, laser, high pressure water, and combinations of these. This work
focuses on the characterization of the main factors that condition the FEP coating removal process by
a continuous wave (CW) Nd:YAG laser, and on the determination of the efficiency of this type of
technology used for this purpose. Stripping surface per unit of time and energy consumption per
unit area has been determined among other efficiency indicators. Regarding the characterization
of the coating object of study, its thickness, surface roughness, contact angle, microhardness and
absorbance-reflectance responses have been determined, and the results have been compared with
those obtained in the case of PTFE. In addition, to evaluate the mechanical damage caused in the
substrate after coating removal by (CW) Nd:YAG laser, the tensile strength, Vickers hardness, Ra and
Rz roughness, and the substrate thickness have been measured and analyzed.

Keywords: laser stripping; laser coating removal; FPE coatings; PTFE coatings; Nd:YAG laser

1. Introduction

Non-stick coatings based on fluoropolymers, such as polytetrafluoroethylene (PTFE), among
others, can be applied to metals, enhancing their surface characteristics. Their application is extended
over many industrial sectors: chemical [1], medical [2], automotive [3], textile [4], and food [4,5],
among others. After use, these coatings degrade, wear out, and suffer deterioration [5]. Often, the cost
of the piece does not justify its replacement by a new only due to the loss of properties in the coating
layer, and a better solution is to perform the removal of the deteriorated coating [6] to apply a new one.

1.1. The Fluoropolymers

Conventional PTFE presents poor weldability, high melt viscosity, low radiation resistance, and
high microvoid content. Is possible to improve its properties through the incorporation of bulky
comonomers into the polymer main chain, optimizing the microvoid content, weldability, electrical
insulation properties, and surface finishing, among others. However, this fluoropolymer has low
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tensile strength and wear resistance. These shortcomings pushed the experimentation to obtain novel
tetrafluoroethylene derivatives by copolymerization with other type of monomers [6].

Fluorinated ethylene propylene (FEP) was the first copolymer obtained by copolymerization of
TFE and hexafluoropropylene (HFP). This copolymer presents better impact strength, better wear
resistance, and less permeability for organic solvents offering a resistance against chemical and weather
agents, fire and radiation resistance, and electrical properties, similar to PTFE. Considering the specific
application for cooking and bakery utensils, FEP improves the adhesion of the coating on the substrate
and presents high thermal stability, although slightly less than PTFE [7].

These two different fluoropolymers and their combination shows extraordinary properties,
summarized as an extreme chemical inertness [1], very low surface energy and, consequently,
non-adhesion properties [8], excellent electrical insulation [9], high durability [10], and all this in
a wide range of temperatures. Therefore, it could have great impact at an industrial level [6,11].

The ethylene propylene fluoride (FEP) is a fluoropolymer that allows for obtaining a continuous
film on a substrate [12]. The coating is applied by spraying or wetting, for liquid resins, and by means
of spraying or a fluidized bed for powder application, as described in detail in the previous works that
were consulted [13]. Once the coating is applied, the pieces must be polymerized in an industrial oven
between 350 and 380 ◦ C. The fluoropolymeric layers can reach thicknesses between 40 to 75 µm.

Polytetrafluoroethylene (PTFE) resins are usually applied with liquid formulations. Usually, the
final layers polymerize by thermal action between 390 to 425 ◦C, and can reach thicknesses of 15 to
45 µm in the usual way, but PTFE finishes do not form a continuous layer, and their appearance is like
the joint growth that takes place in a powder metallurgical sintering process.

1.2. Precedents and Objectives

Leaving laser ablation aside, many industrial techniques are used in the stripping of paints, among
them, blasting [14,15], high-pressure water jets [16], the use of plasma [17], chemical procedures [18,19],
cryogenic techniques [20], high-intensity light pulses [21], pyrolysis [22], and even a combination of
them. However, there are only a few references about the research works in which they apply and
study the stripping applications of fluoropolymer non-stick coatings.

The qualities of high chemical inertness, high surface hardness, high anchoring capacity on the
substrate, and the property to remain unalterable even at relatively high temperatures, implies a great
difficulty to properly remove this type of fluoropolymeric coating from the aluminum substrate.

It has been possible to consult a specific patent that has been registered for the stripping of
fluoropolymers by Nd:YAG and CO2 laser technology [23]. This patent is limited to the description of
the characteristics of the process without investigating energy efficiency, elimination rates, or the state
of the substrate after the process.

The use of laser for this purpose has important advantages compared to other conventional techniques.
Among them are the possibility of removing the fluoropolymeric layer with very little damage and even
without any damage on the aluminum substrate [24], the possibility of selective stripping in multilayer
coatings [25], the suppression of chemical products and the minimum production of polluting gases and
vapors [26], and the high reproducibility of the process [27]. Therefore, the use of a laser beam for the
removal of paints and other coatings, through the process known as laser ablation for stripping, has been
of growing interest in recent decades.

There are some interesting studies cited in the literature on laser stripping on aluminum substrates,
such as alloys EN AW 2024, EN AW 7075, and EN AW 5754. Advances have been developed in the
aeronautical sector mainly with epoxy resins, epoxy polyamide, and polyurethane. Thus, excimer
Nd:YAG and CO2 lasers [28], CO2 laser [29,30], diode laser [31], and Yb fiber laser [32] have been
applied for various stripping jobs on these materials.

The way of driving the laser beam and the handling of CO2 lasers is complex in the practice,
since the optical fiber system is not commercially available for this type of laser. Therefore, with the
development of lasers that can be driven by high-power optical fiber, research on paint and coating
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stripping processes has received renewed attention. This is evident in various scientific investigations,
culminating with the experimental and theoretical models recently published [33–37].

In this work, we will focus on the factors involved in the removal process of coatings made of
FEP and PTFE by a continuous wave (CW) Nd:YAG laser. The objective of this study is to compare the
stripping processes of FEP and PTFE non-stick fluoropolymer coatings, analyzing the qualities of each
coating and its degree of influence in the energy efficiency and rate of stripping in addition to how the
process affects the mechanical and superficial properties of the aluminum substrate.

2. Materials and Methods

2.1. Processing Procedure

The substrate used in the experiments is an Al–Mg alloy of type EN AW 5251 [38]. The advantages
of this alloy include its good conformability, high mechanical qualities, low weight, and good behavior
against thermal fatigue [39]. They are particularly suitable for use as a non-stick coating in the field of
food. The thickness of the sheets used is 1.20 mm.

Eighteen samples of aluminum–magnesium alloy 140 × 120 × 1.2 mm3 were prepared: 8 units
covered in PTFE, and another 8 units covered in FEP. Two units were left to study the substrate in
the state of supply. With this number of test samples, all the measurements provided in the test
plan have been carried out with total reliability. The chemical composition of EN AW 5251 H34
aluminum–magnesium alloy has been studied in an X-ray scanning electron microscope model JEOL
JSM 6300, connected to an EDX unit, which allows displaying of the characteristic X-ray spectrum
(Jeol USA Inc., Peabody, MA, USA). The obtained composition is shown in Table 1, comparable to that
indicated in the supplier’s technical data sheet (CAMEBE, Castro Urdiales, Spain), according to UNE
38347:2004 [40].

Table 1. Chemical composition (% by weight) of aluminum–magnesium substrate EN AW 5251 H34.

Elements Si Fe Cu Mn Mg Cr Zn Ti Al

Analyzed 0.15 0.37 0.07 0.52 1.89 0.02 0.37 0.01 96.59

UNE 38347:2004 0–0.40 0–0.50 0–0.15 0.1–0.5 1.7–2.4 0–0.15 0–0.15 0–0.15 rest

The stripping conditions were evaluated and selected by a previous sensibility test. The state of
the specimens submitted to the final experiment was evaluated after each cycle of coating application
and stripping. The processing cycle is developed according to the recommendations of the specialist
company in non-stick coatings, Tecnimacor (Villafranca de Córdoba, Spain), for both the coating of FEP
and PTFE, as follows: (i) degreasing and light sandblasting of the substrate, (ii) application of the first
coating layer (primer layer), (iii) application of the second layer and a third final layer of the coating
and curing-polymerization in a static oven, (iv) stripping of the coating by laser, and (v) cleaning and
preparation of the stripped surface by a blasting technique. This processing cycle was repeated 3 times
for each type of coating. Figure 1 shows a diagram of the complete cycle described.

Prior to the multilayer coating of FEP, a liquid primer of Xylan 60/G4610 was applied and then
dried at 120–150 ◦C for 5 min. On this first primer layer, a new layer of Xylan 1756/G3411 was
applied. Finally, the powder coating Xylan FEP 80-550/G3131 was applied and the process finished
with cure-polymerization in the oven.

Various industrial corporations, such as Whitford Ltd., Du Pont de Nemours & Co., Daikin, Ilag,
or Grebe Group produce formulations for FEP and PTFE coatings. Concretely, the Whitford Company
products [41] have been used as coatings in this work.
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Figure 1. The processing cycle: priming + polymerization, final coating layers + polymerization,
laser stripping and final cleaning by blasting; fluorinated ethylene propylene (FEP) (green) and
polytetrafluoroethylene (PTFE) (dark).

For the PTFE coating, a Marlite X-Treme primer was initially applied with drying at 120–150 ◦C
for 5 min. Then, a layer of Marlite X-Treme 235.490 and, after, one more layer of Marlite X-Treme
245.491 before PTFE coating application and final curing in the oven.

The thermal cycles applied in the case of FEP and PTFE have been carried out in in a Nabertehem
NA 15/65 electric resistance static oven (Nabertehem GmbH, Lilienthal, Germany). This oven
(Tmax = 650 ◦C, Pmax = 2700 W) is equipped with horizontal air circulation and is controlled by a
programmer connected to a thermocouple in contact with the substrate. The polymerization cycles,
shown in Figure 2, were performed according to the specifications of the manufacturer of the FEP and
PTFE formulations (Whitford Ltd., Runcorn, UK) in terms of temperature and time.
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2.2. Influence Factors in the (CW) Nd:YAG Laser Coating Removal Process

The characterization of the coatings, once polymerized and ready for use, was performed by
measuring the thickness, surface rugosity, microhardness, static surface contact, backward and forward
contact angles, and the determination of the laser light fraction reflected by the coating.

The final thickness of the coating was measured with a Fisher Dualscope MP0R series device
based on the Foucault current method, according to the criteria of ISO 2808 [42]. This equipment
allows to measure coating thicknesses non-destructively (Fischer Technology Inc., Windsor, CT, USA).

The Vickers microhardness was determined by the indentation procedure designed by Oliver and
Pharr [37]. The Fischerscope H100 hardness measurement device (Fischer Technology Inc., Windsor,
CT, USA) is a computer-controlled measuring system for microhardness testing and determination
of material parameters according to ISO 14577 [43]. This device is automatized for applying and
measuring, continuously and simultaneously, the indentation force and the penetration depth of the
Vickers indenter mounted in its head, and is able to automatically select the exact load to penetrate
10% of the thickness of the surface measured, in this case, the coating layer.
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Likewise, a wettability test was performed by a device equipped with an oscillating platform using
the methodology proposed in previous works [44,45]. The tests have been performed with Pixelink
CMOS Firewire monochrome camera, model PL-D795MU, equipped with a high magnification zoom
objective (Navitar Company, Ottawa, Canada). All measurements were carried out in a controlled
environment room at a temperature between 20 and 22 ◦ C, and relative humidity between 40% and
50%, applying Milli-Q water droplets with a volume of 100 µL.

For the stripping, a continuous wave (CW) Nd:YAG laser Rofin-Baasel DY022 model was used
(Rofin-Baasel España, S.L.Unip., Navarra, Spain) with a maximum power of 2200 W with λ = 1064 nm.
The laser beam, which measures 1 mm in diameter, is focused on the area to be processed. The action of a
converging lens device, that is equipped with a focal length of 200 mm (Raylase SS-LD-30 model, Raylase
GmbH, Wessling, Germany), generates a laser “wall” that covers a working area of 120 × 120 mm2,
as shown in Figure 3. The experience of the company, Tekniker (Tekniker Foundation, Eibar, Spain),
has allowed for preselecting the intervals for the most appropriate power, scanning frequency, and
speed values.
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The laser absorbance spectra on the applied layers have been studied using a Bruker model FT-IR
Tensor 27 device for infrared spectrometry (Bruker Biosciences Espanola S.A., Madrid, Spain). This test
is used to characterize the applied fluoropolymer typology, allowing determination of a characteristic
trace of the material to be studied through the absorbance level of the material with different wave
numbers in the infrared field. On the other hand, the reflectance or the reflection capacity of the laser
source on the coating was measured by the infrared spectrometer JASCO FT 4000 (Jasco Analítica
Spain, Madrid, Spain).

After laser sensibility tests, high resolution images of the stripped surface where obtained by
Leica DMV6 model digital microscope (Leica Microsistemas S.L.U., Hospitalet de Llobregat, Spain).

For the determination of the coating surface roughness, a series of measurements were made with a
Mitutoyo portable device model Surftest SJ-201 (Unceta, Elgoibar, Spain) on each of the 140 × 120 mm2

specimens distributed homogeneously over the entire surface of each specimen. The ISO 4287 standard
was applied (ISO, 1999) and a basic length of 0.8 mm and an evaluation length of 4 mm were selected for
the determination of Ra and Rz, the mean and maximum roughness value, respectively. The variation
of the thickness of the sheet was taken as an apparent average value through the reading in eight
different points with a millesimal micrometer. To obtain the value of the thickness of the sheets
used as substrate, a micrometer with millesimal appreciation was used. The readings per plate have
been repeated 8 times/specimen, and the results correspond with the value of an apparent average.
The surface roughness of the substrate was measured 5 times/specimen, perpendicular and transversal
to the rolling direction of the sheet/substrate.

The mechanical properties of the aluminum substrate, before and after the repeated processing
cycles, were determined using a Zwick Roell Z100 traction machine (Zwick Ibérica S.L., Barcelona,
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Spain), and the Vickers hardness was measured in a Zwick/Roell device ZHU250 TOP. The evolution
of the mechanical properties of the aluminum substrate has been analyzed based on the results
obtained after performing the corresponding tensile tests according to the standard UNE-EN ISO
6892-1:2010 [46]. The stress vs. % elongation curves and Vickers hardness have been determined as the
average values, in a series of three tests, performed after each one of the removal/coating cycles with
the aim of understand the evolution of these mechanical properties.

3. Results

3.1. Physical and Optical Properties of the Coatings

Once all the coating layers have been applied and polymerized on the substrates, both in the case
of FEP and PTFE, the values of the parameters of surface roughness were measured just after each
application cycle. The results of these surface roughness measurements are shown in Table 2.

Table 2. Surface roughness of the coatings after the application/polymerization of all layers.

Coating Roughness Cycle 1 Cycle 2 Cycle 3

FEP
Ra (µm) 0.22 0.26 0.27

Rz (µm) 1.21 1.49 1.48

PTFE
Ra (µm) 0.73 1.01 2.40

Rz (µm) 5.01 5.61 12.33

The microhardness of the deposited fluoropolymers was determined with the application of a
load that reached 300 mN in the case of FEP and 10 mN in the case of PTFE. This load was gradually
amplified in 25 stages and with a resting time between each two load levels of 1 s in both cases.
It is important to indicate that the Vickers indenter always and automatically penetrates 10% of
the thickness of the coating to be measured, hence, the scales and the evolution of the loading and
unloading cycle are different for different indented materials. The results can be observed in the
Figure 4, in which are reflected the load–unload curves (left) and microhardness (right) when the
indenter achieves 10% of thickness on the specimens coated with FEP.
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The microhardness values, expressed in N/mm2 or MPa, reach levels ranging from 28 to
38 N/mm2 at 8 µm depth to a value of 22 N/mm2 around 20 µm for the FEP fluoropolymer coating.
In the case of PTFE fluoropolymer coating, hardness values ranging from 70 N/mm2 for a depth of
0.3 µm to 60 N/mm2 for a depth of 2 µm are observed.

It can be seen how the PTFE presents remarkably superior qualities in terms of the relationship
between thickness and microhardness, reaching microhardness values more than two times higher
than the FEP, for a thickness that is one third of that applied in the case of the FEP coating. It should be
remarked that, in spite of the best properties measured in the case of PTFE, FEP coating allows for the
accumulation of a greater thickness, thanks to its ability to melt layer by layer.

To obtain the wettability characteristics of both coatings, three drops of 100 µL demineralized
water were deposited in different areas of each sample, by means of a manual micropipette. The sample
rested on an inclined platform controlled by a motor, inclining at a step of 0.5 ◦/s. The data were
evaluated through a digitalization of the image of the drop profile and adjusted to a specific theoretical
profile. The values measured for the static, advance, and retreat contact angles in the FEP and PTFE
samples are shown in Table 2.

The reflectance graphs of the coating object of this study are shown in Figure 5. In this graph,
it is observed that the fluoropolymer in dark color (PTFE), has a very low reflectivity at 1064 nm
(laser emission wavelength), only 5%. Notwithstanding the fluoropolymer in clear green color (FEP) it
reaches 27%–28% reflectivity. Observing the remarkable ability of the fluorinated ethylene propylene
coating to reflect the laser source, it is intuited that the removal rate will be less efficient than in the
case of PTFE fluoropolymer coating, which has a much lower reflectance at 1064 nm, as is shown in
the Figure 5.
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Figure 5. The reflectance (%) at 1064 nm presented in the FEP (up) and PTFE (down) coatings.

The values of coating thickness, microhardness, and contact angles measured in the non-stick
coatings studied (see Table 3) agree with the recommendations of the supplier of these resins (Whitford
Ltd., Runcorn, UK), and are comparable with those values consulted in the literature [1,45].

Table 3. Summary of physical properties on FEP and PTFE applied on substrates of EN AW 5251.

Coating Thickness
(µm ± σ)

Microhardness
(MPa/µm)

Angle (◦)
Static/Advance/Retreat

Reflectance (%) at
1064 nm

FEP 61.3 ± 0.88
30/8

104/109/97 28–29
22/20

PTFE 19.09 ± 4.09
70/0.3

112/114/103 5–6
60/2
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To characterize the applied coating, the absorbance level at different wave numbers in the infrared
field has been determined. The wavelength was defined in cycles per centimeter (cm−1) and the
characteristic absorbance curves for both FEP and PTFE coatings are shown in the Figure 6.
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Figure 6. The characteristic absorbance (cm−1) presented in the FEP and PTFE coatings.

After taking several readings on the PTFE coating samples, two characteristic absorbance peaks
have been detected at v = 1209 cm−1 and v = 1153 cm−1, while, in the case of FEP coating samples,
characteristic absorbance peaks reached at v = 1209 cm−1, v = 1153 cm−1, and v = 983 cm−1. When an
absorbance peak appears at the value 983 cm−1, the FEP can be perfectly identified by this specific
characteristic that is not evidenced in the spectrum corresponding to PTFE [47,48].

3.2. Stripping of Non-Stick Coatings by (CW) Nd:YAG Laser

In order to find the most suitable values in each of the parameters, for a satisfactory removal of
the coatings, a sensibility study was carried out. In this way, to sweep the surface to be treated with
the continuous wave Nd:YAG laser device, a laser “wall” by high speed linear scanning of the laser
spot has been generated. The linear scanning speed has been set at 5400 mm/s and the sweep width is
120 mm. The speed of the advancement movement oscillated between 2.5 and 10 mm/s. The delay or
movement speed of the beam oscillation has been set at 200 µs.

The PTFE fluoropolymer test specimens have responded more efficiently to the removal than
those of FEP. The initial sensibility test results of the FEP and PTFE are shown in Table 4.

Table 4. Parameters selection tests for the Nd:YAG (CW) 2200W laser stripping of non-stick coatings
(grey: final conditions selection for PTFE; green: final condition selection for FEP).

Test
Number Power (W) Scanning

Frequency (Hz)
Advance Speed

(mm/s) Passes Stripping Rate
(cm2/min)

Process Fluence
(J/cm2)

T1 500 800 8.33 1 600 50
T2 500 400 8.33 1 600 50

PTFE T3 500 500 8.33 1 600 50
T4 500 600 8.33 1 600 50
T5 500 600 10 1 720 41.6
T6 800 200 2.5 2 90 266.6
T7 900 200 2.5 2 90 300

FEP T8 800 200 4.16 2 150 160
T9 600 200 5.83 2 210 85.7
T10 600 200 9.16 2 330 54.5
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On the other hand, as the process fluence (F) is defined as the energy supplied (E) per unit of
stripped area (S), then the fluence was obtained as the quotient between the power of the laser (W)
and the stripping rate (cm2/min). The most significant results of the final surface aspect in some of
variants tested for the removal of the FEP are shown in Figure 7.
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Focusing on the results obtained after FEP coating removal process, the conditions of the test T8
were selected for the final experiment. As seen in the microscope images in the Figure 7, the most
aggressive tests (T6 and T7) cause the superficial melting of the substrate (see T6 in Figure 7b), while
the less aggressive ones (T9 and T10) leave rests of the coating without completely removal (see T10 in
Figure 7d). Test T8 has resulted in a clean, uniform surface with no coating residues.

With the selected parameter conditions, T8 for FEP coating and T3 in the case of PTFE, an energy
density for the stripping of 160 J/cm2 was required for the FEP, and 50 J/cm2 coatings for the PTFE
coatings. On the other hand, laser stripping rates of 150 cm2/min for FEP coating and 600 cm2/min
for PTFE were required.

It should be noted that the plates that have been coated with PTFE show traces of cinder. Those
coated with FEP have traces of polymeric material. After manual blasting and cleaning based on
isopropanol, complete and clean removal is obtained in both cases.

As a pre-evaluation of a second option, the Q-Switching pulsed laser device (150W) was tested,
removing the PTFE coating from a 9 cm2 surface specimen. Working at its maximum power, 4 passes
were necessary to completely eliminate the coating, using 80 s, for this purpose. The removal rate
obtained was 0.1125 cm2/s, a value up to 40 times lower than that obtained with the continuous wave
laser device. The quality and surface cleanliness obtained in the substrate were superior to those
obtained with the continuous wave laser, suppressing subsequent treatments. In addition, it is expected
that this alternative technology minimizes the effect on the mechanical properties of the substrate by
involving a much lower thermal input. However, an experimental study on this technique has not
been developed with this device, and this second option was dismissed due to the low performance of
the process compared to that obtained by (CW) Nd:YAG laser technology.

3.3. State of the Aluminum Substrate

The values of surface roughness and the variation of the thickness of the substrate are indicative
of its state after each processing cycle. The evolution of these surface parameters is directly related
with the superficial affection caused by the process. All the measures obtained are shown in Table 5.

The evolution results corresponding to the mechanical properties of the aluminum substrate, after
the successive removal/coating cycles, are represented in the stress vs. % elongation curves shown in
Figure 8.

In the substrate in the state of supply, the value of elastic limit at 0.2% elongation σe(s) = 217 MPa
and break limit Rm(s) = 256 MPa has been determined.
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Table 5. Roughness and thickness of the substrate after each coating removal/application cycle.

Coating Property
(Substrate)

State of Supply
(Transversal/Longitudinal) Cycle 1 Cycle 2 Cycle 3

FEP

Ra (µm) 0.41/0.13 3.15 3.71 3.58

Rz (µm) 2.62/0.78 23.05 23.76 24.12

Thickness (mm) 1.212 1.228 1.225 1.215

PTFE

Ra (µm) 0.41/0.13 1.87 2.27 3.11

Rz (µm) 2.62/0.78 12.57 21.54 24.89

Thickness (mm) 1.212 1.225 1.221 1.209

Polymers 2018, 11, x FOR PEER REVIEW  10 of 14 

 

Coating 
Property 

(Substrate) 
State of Supply 

(Transversal/Longitudinal) Cycle 1 Cycle 2 Cycle 3 

FEP 
Ra (μm) 0.41/0.13 3.15 3.71 3.58 
Rz (μm) 2.62/0.78 23.05 23.76 24.12 

Thickness (mm) 1.212 1.228 1.225 1.215 

PTFE 
Ra (μm) 0.41/0.13 1.87 2.27 3.11 
Rz (μm) 2.62/0.78 12.57 21.54 24.89 

Thickness (mm) 1.212 1.225 1.221 1.209 

 
Figure 8. Stress–elongation (%) graphics of substrate coated by FEP and PTFE: (s) state of supply, (1) 
after removal-coating cycle 1, (2) after removal-coating cycle 2. 

In the substrate coated with FEP, after a first processing cycle, the value of elastic limit decreased 
to σe(1) = 86.5 MPa and break limit Rm(1) = 195 MPa; after a second processing cycle, the values 
remained similar, without great variation, reaching σe(2) = 86.1 MPa and Rm(2) = 203 MPa, 
respectively. In the case of substrate coated with PTFE, after a first processing cycle, the value of 
elastic limit decreased to σe(1) = 86.6 MPa and break limit Rm(1) = 195 MPa; after a second processing 
cycle, the values remained similar, without great variation, reaching σe(2) = 90 MPa and Rm(2) = 203 
MPa. It is intuited that these changes in the aluminum mechanical properties can be the consequence 
of the effect of “indirect annealing” caused by the polymerization process. 

The results obtained from the Vickers hardness tests of the substrate, after each removal-coating 
cycle, are shown in Figure 9. Both in the substrate coated with FEP and in the substrate coated with 
PTFE, and once both coatings were removed by the (CW) Nd:YAG laser, the value of the Vickers 
hardness measured in the aluminum substrate shows an evident decrease, ranging from 82.3 HV10, 
in the supply state, to 49.8 HV10. This decrease in the Vickers hardness of the substrate is already 
evident after the first cycle of removal, and it is intuited that it is also a consequence of the effect of 
“indirect annealing” caused in the polymerization oven. 

 
Figure 9. Vickers hardness values (HV10 method) of substrates EN AW 5251 after the thermal cycles 
of polymerization, coating, and stripping by laser, for FEP and PTFE coatings. 

4. Discussion 

Figure 8. Stress–elongation (%) graphics of substrate coated by FEP and PTFE: (s) state of supply,
(1) after removal-coating cycle 1, (2) after removal-coating cycle 2.

In the substrate coated with FEP, after a first processing cycle, the value of elastic limit decreased to
σe(1) = 86.5 MPa and break limit Rm(1) = 195 MPa; after a second processing cycle, the values remained
similar, without great variation, reaching σe(2) = 86.1 MPa and Rm(2) = 203 MPa, respectively. In the
case of substrate coated with PTFE, after a first processing cycle, the value of elastic limit decreased to
σe(1) = 86.6 MPa and break limit Rm(1) = 195 MPa; after a second processing cycle, the values remained
similar, without great variation, reaching σe(2) = 90 MPa and Rm(2) = 203 MPa. It is intuited that
these changes in the aluminum mechanical properties can be the consequence of the effect of “indirect
annealing” caused by the polymerization process.

The results obtained from the Vickers hardness tests of the substrate, after each removal-coating
cycle, are shown in Figure 9. Both in the substrate coated with FEP and in the substrate coated with
PTFE, and once both coatings were removed by the (CW) Nd:YAG laser, the value of the Vickers
hardness measured in the aluminum substrate shows an evident decrease, ranging from 82.3 HV10, in
the supply state, to 49.8 HV10. This decrease in the Vickers hardness of the substrate is already evident
after the first cycle of removal, and it is intuited that it is also a consequence of the effect of “indirect
annealing” caused in the polymerization oven.
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4. Discussion

4.1. Continuous Wave 1kW Nd:YAG Laser Efficiency

The laser equipment used has allowed for the elimination of FEP and PTFE coatings by a
mechanism of thermal decomposition. The stripping rates obtained were 150 cm2/min for FEP and
600 cm2/min for PTFE. In other studies similar to this work, using laser sources for removal of epoxy
polyester or polyurethane paint values between 50 and 140 cm2/min have been obtained [34,36,49].
The fluoropolymers appear to show a low stripping rate compared to other polymer coatings. In any
case, the process of laser stripping of PTFE coatings presents more efficient values than in FEP coatings.

The yield rate for the FEP of 160 J/cm2 and the PTFE of 50 J/cm2 are consistent with studies
performed for industrial paint stripping applications. For example, for the stripping of chlorine rubber
paint and epoxy polyester paint, values are reached between 120 to 240 J/cm2 [33,49,50].

In this work, the average thickness of the PTFE coating is 19 µm, and that of the FEP is 61 µm, that
is, the PTFE thicknesses are 3 times lower than those of the FEP. On the contrary, the microhardness
shows values of the order of 2 times higher in the PTFE (60–70 MPa) than in the FEP (22–30 MPa).
Finally, the reflectance at 1064 nm, which corresponds to the emission wavelength of the (CW) Nd:YAG
laser, reaches 5% for PTFE and 27%–28% for FEP. In short, the higher stripping rate or, in other
words, the best efficiency of the laser, is related to the lower coating thickness and with the lower
reflectance value.

On the other hand, the microhardness of the coating seems to have a minor effect on the efficiency
of the laser, since the softer polymer (FEP) has a worse stripping rate.

4.2. Substrate

The roughness values in the substrates after the stripping processes applied in this study have
suffered slightly different trends, but not particularly significant [51]. It is observed that the roughness
indicators Ra and Rz in the aluminum substrates, after the PTFE pickling, are slightly lower than after
the pickling of the FEP. This is probably due to the greater difficulty of eliminating the FEP: two passes
and a lower forward speed, 250 mm/min vs. 500 mm/min.

The mechanical properties of the substrate of EN AW 5251 undergo an important change.
This modification is due to the thermal effect caused by the curing-polymerization (Figure 2) that
produces the recrystallization of the structure [52]. The effect of laser stripping process on the
mechanical properties of the substrate is of little relevance. A decrease in the tensile strength value Rm

is observed, which goes from 256 MPa in the state of supply to 196–205 MPa after curing the FEP or
PTFE, that is, a loss of 27%–28%. After laser stripping, the variation is 195–203 MPa, a loss of between
1%–2%. The Vickers hardness shows similar behavior. In the state of supply, it reaches 82.3 HV10 and,
after the polymerization, decreases to 53.5 HV10, a loss of 35%. After the laser stripping, the decrease
in Vickers hardness in the substrate does not reach 1%.

Several published works demonstrate the impoverishment in the properties of substrates after
laser stripping processes, including structural embrittlement due to hydrogen inclusions [53], or
surface microfusion defects and a loss of fatigue properties [54]. Is noticeable that none of these effects
seems to have been shown in the current study.

5. Conclusions

Analyzing the results in the present study, it is reasonable to reach the following conclusions:

• Stripping process by (CW) Nd:YAG laser is much more efficient for PTFE than for FEP coatings,
after evaluating the process fluence (J/cm2) and the stripping rate (cm2/min).

• The greater efficiency of laser stripping technique is related to the lower reflectance of the
fluoropolymer and the lower thickness value of the coating.
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• The microhardness of the fluoropolymer coating does not show any relationship with the efficiency
of the laser stripping.

• The Nd:YAG laser stripping of PTFE coatings seems to produce a smaller increase in Ra and Rz

roughness on substrates than those produced in the case of FEP.
• The mechanical properties, tensile strength, and Vickers hardness of the aluminum alloy EN AW

5251 H34 suffer little significant variations (1%–2%) after successive cycles of (CW) Nd:YAG laser
coating removal, both for PTFE and FEP.

Author Contributions: Conceptualization, G.G.-V. and L.S.; Methodology, All authors; Validation, All authors;
Formal Analysis, All authors; Resources, G.G.-V., C.S. and P.E.R.; Data curation, G.G.-V., C.S. and Ó.R.-A.;
Visualization, Ó.R.-A.; Writing—Original Draft, G.G.-V.; Writing—Review and Editing, G.G.-V. and Ó.R.-A.

Funding: This research received no external funding.

Acknowledgments: The authors thank TECNIMACOR S.L (Córdoba, Spain) for their availability for the supply
of the different substrates with the coatings studied and the practical information for the development of the
research. In the same way, we would like to show a special thanks to the professor Francisco Moyano, honorary
collaborator of the University of Córdoba (Spain), for his thoughtful and useful advice.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References

1. Ebnesajjad, S. Fluoroplastics. Melt Processible Fluoropolymers—The Definitive User’s Guide and Data Book, 2nd ed.;
William Andrew, Inc.: Amsterdam, The Netherlands, 2015; ISBN 9781455731978.

2. Cardoso, V.F.; Correia, D.M.; Ribeiro, C.; Fernandes, M.M.; Lanceros-m, S. Fluorinated Polymers as Smart
Materials for Advanced Biomedical Applications. Polymers 2018, 10, 161. [CrossRef]

3. McKeen, L. Fluorinated Coatings and Finishes Handbook, 1st ed.; William Andrew, Inc.: Wilmington, DC, USA,
2006; ISBN 9780815515227.

4. Drobny, J.G. Technology of Fluoropolymers, 2nd ed.; CRC Press-Taylor & Francis Group: Boca Raton, FL, USA,
2008; ISBN 978-1420063172.

5. Ashokkumar, S.; Adler-Nissen, J. Evaluating non-stick properties of different surface materials for contact
frying. J. Food Eng. 2011, 105, 537–544. [CrossRef]

6. Teng, H. Overview of the Development of the Fluoropolymer Industry. Appl. Sci. 2012, 2, 496–512. [CrossRef]
7. Thomas, P. The use of fluoropolymers for non-stick cooking utensils. JOCCA Surf. Coat. Int. 1998, 81, 604–609.

[CrossRef]
8. Loeb, G.I.; Schrader, M.E. Modern Approaches to Wettability. Theory and Applications, 1st ed.; Springer:

New York, NY, USA, 1992; ISBN 978-0-306-43985-8.
9. Leo Wu, Z.; Govinda Raju, G.R. Electrical conduction in polyimide-FEP fluoropolymer films. Conf. Electr.

Insul. Dielectr. Phenom. Annu. Rep. 2002, 2, 578–581. [CrossRef]
10. Wood, K.A. Optimizing the exterior durability of new fluoropolymer coatings. Prog. Org. Coat. 2001, 43,

207–213. [CrossRef]
11. Gardiner, J. Fluoropolymers: Origin, Production, and Industrial and Commercial Applications. Aust. J. Chem.

2015, 68, 13–22. [CrossRef]
12. Leivo, E.; Wilenius, T.; Kinos, T.; Vuoristo, P.; Mäntylä, T. Properties of thermally sprayed fluoropolymer

PVDF, ECTFE, PFA and FEP coatings. Prog. Org. Coat. 2004, 49, 69–73. [CrossRef]
13. Ebnesajjad, S.; Khaladkar, P.R. Fluoropolymers Applications; William Andrew, Inc.: Burlington, MA, USA, 2005;

ISBN 0-8155-1502-2.
14. Ross, B.; Bares, J.; Fromme, C. A Semi-Autonomous Robot for Stripping Paint from Large Vessels. Int. J.

Rob. Res. 2003, 22, 617–626. [CrossRef]
15. Nudelman, A.K.; Abbott, K. Plastic media blasting. Met. Finish. 1999, 97, 476–480. [CrossRef]
16. Babets, K.; Geskin, E.S. Application of fuzzy logic for modeling of waterjet depainting. Mach. Sci. Technol.

2000, 4, 81–100. [CrossRef]
17. Yanishevsky, M.; Merati, A.; Bombardier, Y. Effect of Atmospheric Plasma Paint Removal on the Fatigue

Performance of 2024-T3 Aluminium Alloy Sheet. J. Miner. Mater. Charact. Eng. 2018, 06, 15–24. [CrossRef]

http://dx.doi.org/10.3390/polym10020161
http://dx.doi.org/10.1016/j.jfoodeng.2011.03.018
http://dx.doi.org/10.3390/app2020496
http://dx.doi.org/10.1007/BF02693055
http://dx.doi.org/10.1109/CEIDP.2002.1048862
http://dx.doi.org/10.1016/S0300-9440(01)00185-0
http://dx.doi.org/10.1071/CH14165
http://dx.doi.org/10.1016/j.porgcoat.2003.08.011
http://dx.doi.org/10.1177/02783649030227010
http://dx.doi.org/10.1016/S0026-0576(99)80814-9
http://dx.doi.org/10.1080/10940340008945701
http://dx.doi.org/10.4236/jmmce.2018.61002


Polymers 2019, 11, 123 13 of 14

18. Bauer, J.P.; Ruddy, E.N. Options for complying with the aerospace MACT standard for depainting. Met. Finish.
1996, 94, 28–39. [CrossRef]

19. Hensley, C. A Systems Approach To Depaint Chemistry by Chris Hensley; AeroChem Inc.: Oklahoma City, OK,
USA, 2009.

20. Kirts, E.; Stone, P.L. Paint Removal Using Cryogenic Processes; DTIC Selected: Port Hueneme, CA, USA, 1992.
21. Grapperhaus, M.J.; Schaefer, R.B. Lead paint removal with high-intensity light pulses. Environ. Sci. Technol.

2006, 40, 7925–7929. [CrossRef] [PubMed]
22. Simon, C.M.; Kaminsky, W. Chemical recycling of polytetrafluoroethylene by pyrolysis. Polym. Degrad. Stab.

1998, 62, 1–7. [CrossRef]
23. Pezzetti, F.; Riva, A. A Process for Removing Fluorocarbon Resin-Based Coatings; European Patent Office: Milan,

Italy, 1995.
24. Tsunemi, A.; Hagiwara, K.; Saito, N.; Nagasaka, K.; Miyamoto, Y.; Suto, O.; Tashiro, H. Complete removal

of paint from metal surface by ablation with a TEA CO 2 laser. Appl. Phys. A Mater. Sci. Process. 1996, 63,
435–439. [CrossRef]

25. Schmidt, M.J.J.; Li, L.; Spencer, J.T. Removal of chlorinated rubber coatings from concrete surfaces using an
RF excited CO2 laser. J. Mater. Process. Technol. 2001, 114, 139–144. [CrossRef]

26. Chen, G.X.; Kwee, T.J.; Tan, K.P.; Choo, Y.S.; Hong, M.H. Laser cleaning of steel for paint removal. Appl. Phys.
A Mater. Sci. Process. 2010, 101, 249–253. [CrossRef]

27. Sakuma, K.; Hasegawa, S.; Takahashi, H.; Ota, M.; Hayasaki, Y. Holographic laser sweeper for in-process
debris removal. Appl. Phys. B Lasers Opt. 2015, 119, 533–538. [CrossRef]

28. Pantelakis, S.G.; Kermanidis, T.B.; Haidemenopoulos, G.N. Mechanical behavior of 2024 Al alloy specimen
subjected to paint stripping by laser radiation and plasma etching. Theor. Appl. Fract. Mech. 1996, 25, 139–146.
[CrossRef]

29. Head, J.D.; Niedzielski, J.P. Laser Paint Stripping; DTIC Selected: South Lion, MI, USA, 1991.
30. Kumar, M.; Bhargava, P.; Biswas, A.K.; Sahu, S.; Mandloi, V.; Ittoop, M.O.; Khattak, B.Q.; Tiwari, M.K.;

Kukreja, L.M. Epoxy-paint stripping using TEA CO2 laser: Determination of threshold fluence and the
process parameters. Opt. Laser Technol. 2013, 46, 29–36. [CrossRef]

31. Klingenberg, M.L.; Naguy, D.A.; Naguy, T.A.; Straw, R.J.; Joseph, C.; Mongelli, G.A.; Nelson, G.C.; Denny, S.L.;
Arthur, J.J. Transitioning laser technology to support air force depot transformation needs. Surf. Coat. Technol.
2007, 202, 45–57. [CrossRef]

32. Madhukar, Y.K.; Mullick, S.; Shukla, D.K.; Kumar, S.; Nath, A.K. Effect of laser operating mode in paint
removal with a fiber laser. Appl. Surf. Sci. 2013, 264, 892–901. [CrossRef]

33. Barletta, M.; Gisario, A.; Tagliaferri, V. Advance in paint stripping from aluminium substrates. J. Mater.
Process. Technol. 2006, 173, 232–239. [CrossRef]

34. Coutouly, J.F.; Deprez, P.; Breaban, F.; Longuemard, J.P. Optimisation of a paint coating ablation process by
CO2 TEA laser: Thermal field modelling and real-time monitoring of the process. J. Mater. Process. Technol.
2009, 209, 5730–5735. [CrossRef]

35. Brygo, F.; Dutouquet, C.; Le Guern, F.; Oltra, R.; Semerok, A.; Weulersse, J.M. Laser fluence, repetition rate
and pulse duration effects on paint ablation. Appl. Surf. Sci. 2006, 252, 2131–2138. [CrossRef]

36. Straw, R.; Arthur, J.; Bowman, R. Robotic Laser Coating Removal System, ESTCP Project WP-0526; EEUU:
Arlington, Virginia, 2008.

37. Siano, S.; Agresti, J.; Cacciari, I.; Ciofini, D.; Mascalchi, M.; Osticioli, I.; Mencaglia, A.A. Laser cleaning
in conservation of stone, metal, and painted artifacts: State of the art and new insights on the use of the
Nd:YAG lasers. Appl. Phys. A Mater. Sci. Process. 2012, 106, 419–446. [CrossRef]

38. German Institute for Standardisation. DIN EN 573-3:2009-08, Aluminium and Aluminium Alloys—Chemical
Composition and form of Wrought Products—Part 3: Chemical Composition and form of Products; German Institute
for Standardisation: Berlin-Tiegarten, Germany, 2009; Volume 1, p. 32.

39. Lü, S.L.; Wu, S.S.; Zhu, Z.M.; An, P.; Mao, Y.W. Effect of semi-solid processing on microstructure and mechanical
properties of 5052 aluminum alloy. Trans. Nonferrous Met. Soc. China 2010, 20, 758–762. [CrossRef]

40. AENOR. Una Norma Española-European Standarization. UNE 38347:2004. Aluminio y Aleaciones de Aluminio
Para Forja. Serie 5000; AENOR: Madrid, Spain, 2004.

41. Whitford Company Industrial Bakeware. Runcorn, Cheshire, UK. Available online: https://www.
whitfordww.com/markets-we-serve/industrial-bakeware/ (accessed on 18 November 2018).

http://dx.doi.org/10.1016/0026-0576(96)81264-5
http://dx.doi.org/10.1021/es061328g
http://www.ncbi.nlm.nih.gov/pubmed/17256550
http://dx.doi.org/10.1016/S0141-3910(97)00097-9
http://dx.doi.org/10.1007/s003390050413
http://dx.doi.org/10.1016/S0924-0136(01)00575-1
http://dx.doi.org/10.1007/s00339-010-5811-0
http://dx.doi.org/10.1007/s00340-015-6011-6
http://dx.doi.org/10.1016/0167-8442(96)00016-X
http://dx.doi.org/10.1016/j.optlastec.2012.04.021
http://dx.doi.org/10.1016/j.surfcoat.2007.04.056
http://dx.doi.org/10.1016/j.apsusc.2012.10.193
http://dx.doi.org/10.1016/j.jmatprotec.2005.11.029
http://dx.doi.org/10.1016/j.jmatprotec.2009.06.001
http://dx.doi.org/10.1016/j.apsusc.2005.02.143
http://dx.doi.org/10.1007/s00339-011-6690-8
http://dx.doi.org/10.1016/S1003-6326(10)60577-8
https://www.whitfordww.com/markets-we-serve/industrial-bakeware/
https://www.whitfordww.com/markets-we-serve/industrial-bakeware/


Polymers 2019, 11, 123 14 of 14

42. International Organization for Standardization. International Standard ISO 2808:2007 Paint and
Varnishes—Determination of Film Thikness; International Organization for Standardization: Geneva, Switzerland,
2007; pp. 1–38.

43. International Organization for Standardization. ISO 14577-1:2015, Metallic Materials—Instrumented Indentation
Test for Hardness and Materials Parameters—Part 1: Test Method; International Organization for Standardization:
Geneva, Switzerland, 2015; pp. 1–46.

44. Ruiz-Cabello, F.J.M.; Rodríguez-Valverde, M.A.; Cabrerizo-Vílchez, M. A new method for evaluating the
most stable contact angle using tilting plate experiments. Soft Matter 2011, 7, 10457–10461. [CrossRef]

45. Ruiz-Cabello, F.J.M.; Rodríguez-Criado, J.C.; Cabrerizo-Vílchez, M.; Rodríguez-Valverde, M.A.; Guerrero-Vacas, G.
Towards super-nonstick aluminized steel surfaces. Prog. Org. Coat. 2017, 109, 135–143. [CrossRef]

46. AENOR. Una Norma Española-European Standarization. UNE-EN ISO 6892-1:2009 Materiales Metálicos. Ensayo
de Tracción. Parte 1: Método de Ensayo a Temperatura Ambiente; AENOR: Madrid, Spain, 2010.

47. Matienzo, L.J.; Zimmerman, J.A.; Egitto, F.D. Surface modification of fluoropolymers with vacuum ultraviolet
irradiation Surface modification of fluoropolymers with vacuum ultraviolet irradiation. J. Vac. Sci. Technol. A
2014, 12, 2662–2671. [CrossRef]

48. Bogdanowicz, K.A.; Pirone, D.; Prats-reig, J.; Id, V.A.; Reina, A.; Giamberini, M. In Situ Raman Spectroscopy
as a Tool for Structural Insight into Cation Non-Ionomeric Polymer Interactions during Ion Transport.
Polymers 2018, 10, 416. [CrossRef]

49. Schmidt, M.J.J.; Li, L.; Spencer, J.T. Ablation of a chlorinated rubber polymer and TiO2 ceramic mixture with
a Nd:YAG laser. Appl. Surf. Sci. 2000, 154–155, 53–59. [CrossRef]

50. Schmidt, M.J.J.; Li, L.; Spencer, J.T. An investigation into the feasibility and characteristics of using a 2.5 kW
high power diode laser for paint stripping. J. Mater. Process. Technol. 2003, 138, 109–115. [CrossRef]

51. Shamsujjoha, M.; Agnew, S.R.; Brooks, J.R.; Tyler, T.J.; Fitz-Gerald, J.M. Effects of laser ablation coating
removal (LACR) on a steel substrate: Part 2: Residual stress and fatigue. Surf. Coat. Technol. 2015, 281,
206–214. [CrossRef]

52. Guerrero-Vacas, G. Análisis Comparativo de los Procesos de Eliminación de Recubrimientos Antiadherentes
Fluoro-Poliméricos en Superficies Metálicas Entre Tecnologías Láser y Pirolíticas. Ph.D. Thesis, Universidad
de Málaga, Málaga, Spain, 2013.

53. Pantelakis, S.G.; Haidemenopoulos, G.N. Effect of novel paint removal processes on the fatigue behavior of
aluminum alloy 2024. Surf. Coat. Technol. 1998, 106, 198–204. [CrossRef]

54. Nemeth, J.P.; Klingenberg, M.L.; Valencia, J.J.; Price, G.A.; Adams, J.R.; Blair, T.P. Naval Application of Laser
Ablation Paint Removal Technology; Navy Metalworking Center–Office of Naval Research: Johnstown, PA,
USA, 2010.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/c1sm06196h
http://dx.doi.org/10.1016/j.porgcoat.2017.04.029
http://dx.doi.org/10.1116/1.579086
http://dx.doi.org/10.3390/polym10040416
http://dx.doi.org/10.1016/S0169-4332(99)00374-8
http://dx.doi.org/10.1016/S0924-0136(03)00057-8
http://dx.doi.org/10.1016/j.surfcoat.2015.02.034
http://dx.doi.org/10.1016/S0257-8972(98)00526-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Fluoropolymers 
	Precedents and Objectives 

	Materials and Methods 
	Processing Procedure 
	Influence Factors in the (CW) Nd:YAG Laser Coating Removal Process 

	Results 
	Physical and Optical Properties of the Coatings 
	Stripping of Non-Stick Coatings by (CW) Nd:YAG Laser 
	State of the Aluminum Substrate 

	Discussion 
	Continuous Wave 1kW Nd:YAG Laser Efficiency 
	Substrate 

	Conclusions 
	References

