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Abstract
Paint removal is a common maintenance requirement for aircraft as well as
naval and land vehicles, since external paint gets damaged and loses much of
its corrosion protection effectiveness with time. Paint removal is also conducted when metallic aircraft structures are inspected periodically for fatigue
cracks and corrosion. The conventional methods of removing paint employed
throughout the Canadian Forces mainly include chemical stripping and abrasive media blasting. Chemical stripping involves the use of hazardous chemicals, which are high in Volatile Organic Compounds (VOC) and Hazardous
Air Pollutants (HAP). Abrasive media blasting typically results in a substantial
quantity of solid waste consisting of paint and blast residues. Such waste is
subject to control under increasingly stringent environmental and safety
regulations and its disposal is costly. The new Atmospheric Plasma (AP) paint
removal process purports to be a high chemical energy, low thermal energy
(cold plasma process), that should not damage temperature sensitive substructures, such as heat treated aerospace aluminium alloys. Fatigue strength
is one of the key properties in aircraft structures. In order for AP paint stripping to be accepted as an aerospace industry standard paint removal process,
it must be thoroughly tested to demonstrate that it does not adversely affect
the fatigue properties of the substrate. This paper investigates effect of the
paint removal process on fatigue crack growth of 7075-T6 and 2024-T3 aluminium panels.
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1. Introduction
Fatigue is a localized damage process produced by cyclic loading, consisting of
crack nucleation, propagation and final failure. The fatigue failure of a material
is dependent on the interaction of a large stress with critical flaws or discontinuities. Since fatigue cracks almost always nucleate at a free surface, any surface condition and treatment can have significant effect on fatigue life. At low
applied stresses or high cycle fatigue, the crack nucleation and early (short) crack
growth period dominates the fatigue life and, therefore, factors such as surface
finish and treatment become even more influential [1] [2] [3] [4].
The presence of a clad/anodized layer and residual tensile stresses has proven
to be the controlling factors for crack nucleation of aluminium alloys [4].
Therefore the exposure of the metal surface to plasma treatment could override,
mask or add to the deleterious effect of the current surface condition.
Investigation of failure modes in aircraft structures suggests that 62% of significant failures can be attributable to fatigue, while only 14% due to overload
[5]. The importance of fatigue in aerospace structural design suggests the need
for addressing the effect of the novel de-painting method on fatigue behaviour.
It should be noted that certain materials have a fatigue limit or endurance
limit, which represents a stress level below which the material will not fail and
can be cycled indefinitely. Unlike steel and titanium (in benign environmental
conditions), aluminium, as many other alloys, does not exhibit well defined endurance limits (see Figure 1). In other words, they will fail eventually; it is only a
matter of accumulating a sufficient number of cycles over their lifetime [6] [7].
During the normal lifespan of a military aircraft, many cycles of de-painting
and re-painting processes are performed to prevent corrosion or any surface deterioration and to enable necessary inspections for cracks and other surface
damages. It is imperative to determine the effects of any potential paint stripping
method on mechanical properties, in particular, the fatigue behaviour of substrate

Figure 1. S-N curve of aluminium and steel alloys [6] [7].
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materials. In addition, aluminium alloys such as 7075-T6 or 2024-T3 gain their
high strength due to their specific heat treatment. Consequently, the paint stripping process should not negatively affect the mechanical properties of the alloy.
Atmospheric Plasma paint stripping is a non-intrusive, media-free process for
removing organic coatings from a variety of substrates and has the potential to
replace conventional paint stripping methods. The power supply in the Atmospheric Plasma process produces a high frequency electromagnetic field. As
compressed air flows across the field, the atoms become ionized and produce
“cold” plasma [8]. The chemical energy oxidizes the organic component found
in paints and coatings, converting much of the removed paint into harmless
gases such as water vapour, CO2, and solid residue. The total solid waste volume
is estimated to be about only 10% of the original paint coating volume.

2. Materials & Procedure
Aluminium 7075-T6 and 2024-T3 are common alloys used in the aerospace industry, which are made with a specific temper (heat-treatment). Four test panels
prepared of the two alloys in two thicknesses were used to investigate the effects
of Atmospheric Plasma paint stripping on the materials’ properties, in particular
fatigue. All the test panels had dimensions of 16'' × 48'' with a total number of
112 holes of approximately 0.125'' (3.175 mm) in diameter featuring 0.015'' Electron Discharge Machining (EDM) notches. Due to preferential fatigue cracking
occurring in the outer holes on the panel, the 34 holes with EDM notches were
machined out and cold expanded using Fatigue Technology Inc. (FTI) CBTS
4-4-N-1A1.1860 tooling, leaving 78 holes with EDM notches, as shown in Figure
2. The panels were then sent to the Canadian Quality Engineering Test Establishment (QETE) for surface preparation and priming/painting which included
Alodine 1201 (pre-treatment meeting MIL-DTL-5541 Ty I Cl 1A) and coating
with primer (MIL-PRF-23377 Ty I Cl C2) and finishing with grey blue top coat
(MIL-PRF-85285 Ty I Cl H FED-STD-595C #35237). The primer was composed
of additional anti-corrosion pigments and normally dried with a slightly rough
surface to enhance adhesion ability to the topcoat [9] [10]. The topcoat was de-

Figure 2. Test panel prior to Atmospheric Plasma paint stripping illustrating the hole setup with dotted lines and arrows. The inset shows the close up of a hole with an EDM
notch.
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signed to adhere to the primer and create a smooth, outer protective layer whose
colour depended on the pigments used.
The Atmospheric Plasma paint stripping was performed using a PlasmaFlux
system manufactured by Atmospheric Plasma Solutions (APS) [11] [12] [13],
shown in Figure 3(a).
The process was performed in a working chamber with a 3D robotic surface
equipped with an exhaust and filtration system. The plasma generated a high
velocity flow of chemically active nitrogen and oxygen radicals, which exited the
nozzle tip as a plasma plume, as shown in Figure 3(b). The robotic stage and
plasma pen were controlled by three stepper motors and three rack and pinion
drives that have the ability to move in the X (forward), Y (side), and Z (height)
directions.
After partially stripping the aluminium panels, an MTS Uniaxial Load Frame
was used to cyclically load the panels, as shown in Figure 4. Each panel was fatigue loaded using a sinusoidal waveform at a gross maximum stress of 14 ksi,
load ratio R = 0.1, and a frequency of 3 Hz. The testing parameters and the resulting number of cycles to produce similar size cracks from all the holes are
listed in Table 1. Fatigue cycling was concluded after each panel showed sufficiently large cracks, as shown in Figure 6.
The panels were then scanned using a TecScan Eddy Current (EC) Scanner to
map out cracks emanating from each hole. A typical EC scan is shown in Figure
5.
To determine whether the test panels had been locally altered due to heat
from the AP process, conductivity tests were performed on all panels in accordance to ASTM E1004-09 [14] before and after the paint removal treatments.
To investigate the effect of stripping process on fatigue crack growth, specific
rows on each panel were selected and exposed to Atmospheric Plasma paint
stripping with the parameters described in the following section. The rows were
selected due to their location on the test panel and their ability to be compared
to equivalent rows (lines) on the test panel.

(a)

(b)

Figure 3. Front view of APS PlasmaFlux paint removal system with: a) 3D robot and exhaust cabinet; and b) close up of the plasma plume.
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Figure 4. A test panel mounted in a MTS uniaxial load frame for fatigue testing.

Figure 5. Fatigue tested panels scanned by EC showing the fatigue cracks
developed from all notched holes (Al 7075-T6 TP2 Thick).
Table 1. Parameters of fatigue testing aluminium panels.
Panel
Al 7075-T6 TP5
(Thick 0.250'')
Al 2024-T3 TP3
(Thick 0.250'')
Al 2024-T3 TP2
(Thin 0.0625'')
Al 7075-T6 TP3
(Thick 0.250'')

Target Max/Min
Loads (lbf)

Target Max Total Number Average Machine
Stress (ksi)
of Cycles
Runtime (hrs)

56,000/5600

14

76,123

8

56,000/5600

14

174,881

18

14,000/1400

14

260,000

26

56,000/5600

14

83,750

8
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3. Results & Discussion
This study investigated whether Atmospheric Plasma paint removal would affect
crack growth by fatigue testing 7075-T6 and 2024-T3 aluminium panels after
paint stripping and analyzing the results through Non-Destructive Evaluation
(NDE) techniques. The results are discussed in two subheadings of paint removal and fatigue testing to demonstrate the effect of removal process (if any)
on the fatigue behaviour of the substrate metals.

3.1. Paint Stripping
Four aluminium panels were paint stripped along specific rows, as shown in
Figure 6. The stripped lines were compared to the similar locations on the opposite end of the panel, in terms of fatigue crack growth behaviour. The test
panel was designed in order to subject the notched holes to the same tensile fatigue loads. This enables the comparison between fatigue results of symmetrical
holes, and sheds light on the effect of de-painting process, if any. Aluminium
panels “Al 7075-T6 TP6 Thick” and “Al 2024-T3 TP3 Thin” were stripped in
three regions while “Al 7075-T6 TP5 Thick” and “Al 2024-T3 TP2 Thin” were
stripped in two regions.
Different severities of the AP paint stripping process were performed on each
row of the panel, in terms of the thickness of paint left on the panel, as shown in
Table 2. Figure 7 shows two typical cross sections of pristine and stripped

(a)

(b)

Figure 6. Panel layout showing the types of stripped panels: a) stripped in three regions
(lines) of panel Al 2024-T3 TP3 Thick; and b) stripped in two lines of panel Al 7075-T6
TP5 Thick.
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(a)

(b)

Figure 7. Metallographic cross section of the test panel Al-2024-T3 TP2 Thin: a)
illustrating unstripped region of primer (yellow-green)and topcoat (grey); and b) stripped
region with approximately half of remaining primer thickness.

regions of the 2024-T3 TP2 Thin test panel. Depending on the panel, the average
primer thickness ranged from 13 to 32 µm and the total paint plus primer thickness ranged from 40 to 70 µm.

3.2. Fatigue Testing
Following paint stripping, the panels were then subjected to cyclic loading to
generate cracks emanating from EDM notches at the panel holes. The resultant
crack lengths of stripped and unstripped lines were measured and compared.
Figure 8 is an example of the TecScan Eddy Current scanner used to obtain an
accurate image of the test panels; the associated software was used to measure
167
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Table 2. Paint stripping parameters and remaining paint thicknesses of the paint stripped
lines for each aluminium panel.
Aluminium Panel

Line

Line 9
Al 2024-T3 TP3
Thick

Line 7

Line 5

Line 9
Al 7075-T6 TP3
Thick

Line 7

Line 5

Line 8

Plasma Pen Parameters
Speed: 10 in/s
Height: 0.1 in Number of Passes: 1
Speed: 10 in/s
Height: 0.15 in Number of Passes: 5
Speed: 10 in/s
Height: 0.25 in Number of Passes: 10
Speed: 10 in/s
Height: 0.125 in Number of Passes: 1
Speed: 7 in/s
Height: 0.125 in Number of Passes: 5
Speed: 3 in/s
Height: 0.125 Number of Passes: 5
Speed: 10 in/s
Height: 0.15 in Number of Passes: 5

Remaining Paint
Thickness* (µm)
7.19

3.46

2.46

13.06

3.78

0.78

4.01

Al 7075-T6 TP5 Thin
Line 6

Line 8

Speed: 10 in/s
Height: 0.15 in Number of Passes: 20
Speed: 10 in/s
Height: 0.25 in Number of Passes: 3

0.35

6.94

Al 2024-T3 TP2 Thin
Line 6

Speed: 10 in/s
Height: 0.5 in Number of Passes: 3

8.34

*Measurements were averaged from 8 data points.

Figure 8. Resulting EC scan showing test panels with cracks (Al-7075-T6 TP3), with
crack measurements.

each crack length individually. The typical measurements are provided in Table 3
showing a comparison of cracks from stripped areas to their counterparts which
had not been stripped. Figure 10 shows the crack length results for each hole
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Table 3. Al 2024-T3 TP3 Thin panel crack length measurements and averages, units are
in inches.
Hole

Line 2*

Line 9

Line 4*

Line 7

Line 6*

Line 5

1

0.39

0.49

0.29

0.55

0.42

0.28

2

0.24

0.27

0.33

0.18

0.21

0.22

3

0.37

0.16

0.17

0.13

0.26

0.04

4

0.10

0.63

0.08

0.16

0.08

0.40

5

0.21

0.39

0.24

0.29

0.23

0.23

6

0.13

0.06

0.14

0.09

0.10

0.29

7

0.71

0.36

0.42

0.12

0.39

0.50

AVERAGE

0.31

0.34

0.24

0.22

0.24

0.28

*Stripped Lines.

in the test panel along specific lines. As can be seen by the red lines, the fatigue
cracks in the paint stripped holes were rarely larger than those in the nonstripped holes. The graph could even imply that the stripped holes are in fact
slightly shorter than the non-stripped holes as they seem to rest in the bottom of
the pack of lines.
The results are summarized as graphs in Figures 9-12 which provide the average crack length for each stripped and unstripped line. Considering the results,
the range of crack lengths for both stripped and unstripped regions appear to be
very similar; indicating that the AP paint removal process did not appear to
negatively affect the fatigue crack growth behaviour on any of the panels.
It should be noted that the plasma paint stripping process requires several
passes to be conducted over the same painted area, and the substrate became hot
for several minutes depending on the de-painted surface area. However, the extent of heat and its duration did not seem to be sufficient to alter the heat treatment of the aluminium alloys and consequently their fatigue properties. It
should also be noted that conductivity testing after paint stripping did not reveal
any change of temper in any of the four panels as shown in Table 4 [15] [16].
It is noteworthy that though the maximum and minimum loads were kept the
same, the cracks on the aluminium 7075-T6 panels were generated in significantly fewer cycles than the cracks on the aluminium 2024-T3 panels. For example, the Al-2024-T3 TP3 Thick panel required 18 hours in the MTS load frame
but still generated shorter cracks than the Al-7075-T6 TP5 Thick panel that was
fatigued for 8 hours. Al-2024-T3 is known to have superior fatigue properties to
Al-7075-T6.

4. Concluding Remarks
The objective of this study was to determine whether paint stripping using Atmospheric Plasma was beneficial, detrimental or neutral to the fatigue crack
growth properties of aluminium substrates.
Aluminium 2024-T3 and 7075-T6 panels were prepared with 78 holes with
169
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Figure 9. Al-7075-T6 TP3 full crack length results and comparison between all lines
on the test panel. The measurements in stripped regions are shown in orange colour.

Figure 10. Al-7075-T6 TP5 full crack length results and comparison between all lines
on the test panel. The measurements in stripped regions are shown in orange colour.

Figure 11. Al-2024-T3 TP2 full crack length results and comparison between all lines
on the test panel. The measurements in stripped regions are shown in orange colour.
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Figure 12. Al-2024-T3 TP3 full crack length results and comparison between all lines
on the test panel. The measurements in stripped regions are shown in orange colour.
Table 4. Conductivity measurements before and after AP paint stripping.
Conductivity [%Cu~IACS 60 Hz]
Panel
Before Paint Stripping

After Paint Stripping

Al-7075-T6 TP3 Thick

33.40

33.68

Al-7075-T6 TP5 Thick

32.72

32.74

Al-2024-T3 TP3 Thick

29.98

30.02

Al-2024-T3 TP2 Thin

30.95

30.92

Note: Measurements were averaged from 8 measurements.

EDM notches to develop crack growth. The Panels were painted with a standard
military aerospace primer and topcoat scheme to replicate the Canadian Forces
in-service experience. An Atmospheric Plasma paint stripping process was used
to de-paint specific regions of the panels for comparison to the non-stripped regions. Due to the presence of high temperatures during AP paint stripping, it
was unknown whether the process would induce changes in the material property (temper) conditions of the aluminium panels. By varying the nozzle height,
speed and number of passes, results were obtained for numerous severities of
paint removal. The panels were then cyclically loaded in a load frame to generate
visible cracks on the surface of the aluminium panels. The crack lengths on both
the paint-stripped and unstripped regions were measured and compared.
Conductivity measurements indicated no change in conductivity to any portion of the test panels; including the most severely paint stripped locations. This
observation demonstrates that the duration of local heat exposure from the
plasma torch appeared to not be long enough to change the precipitation condition (temper) of the alloys. Plotting the results of the crack length measurements
revealed that the AP paint stripping process was neither detrimental nor beneficial to the fatigue crack growth properties of the metallic substrates. In all cases,
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regardless of paint colour, substrate thickness or aluminium alloy, the averages
of the crack lengths in the paint stripped regions were approximately equivalent
to the lengths in the unstripped regions.
In summary, the results in this study are encouraging for the Atmospheric
Plasma paint stripping process and support further development for the technology’s emergence into industrial applications for paint stripping.
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