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In this study, the coating adhesion test results are presented for a primer that was coated on laser-interference
structured surfaces of as-received Al2024-T3 specimens, i.e., without employing any polishing, cleaning, or
any other surface alteration techniques. All of the laser-interference processing was performed by splitting the
primary beam of a Q-switched Nd:YAG pulsed nanosecond laser into two beams and focused them to the same
spot. The specimens were spray painted with a chromate-containing epoxy primer, CA7233, compliant to MIL-
PRF-23377 Type I Class C2 specification. The adhesion of primer on Al surface with different treatments was
assessed using the ASTM D3359 X-cut and cross-hatch tests. It was found that the laser processed specimens meet
the performance requirements in the coating adhesion specifications by having a higher or identical ranking for
coating adhesion specimens than those prepared with current state-of-the-art chemical conversion or sulfuric
acid anodizing. The rastering with either 4 mm/s or 6 mm/s with a laser fluence of 1.78 J/cm? is recommended

to attain acceptable coating adhesion, even higher than that with the anodizing surface treatment.
These results indicate that laser-interference shows significant potential as a non-chemical surface preparation

technique for these coatings.

1. Introduction

In this study, data on coating adhesion for laser-interference surface
treatments of aluminum alloy AA 2024-T3 is presented with the aim of
identifying laser processing parameters that would be considered
acceptable to pass the adhesion requirements. Passing the coating
adhesion tests is prerequisite for more comprehensive corrosion testing.
The aluminum alloy AA 2024-T3 is used extensively in aerospace ap-
plications due to its excellent strength-to-weight ratio and relatively low
cost (Brown [1]). Due to its susceptibility to localized corrosion, which
was found to affect its service performance, A12024 surfaces need to be
protected. For protective coating application, the surface of Al alloys is
commonly pre-treated to enhance both the adhesion between the sub-
strate and primer for corrosion resistance. Conversion coatings with
corrosion inhibitors and anodizing treatments have been used widely for
the pre-treatment of Al surface. For conversion coatings,
hexa-chromates are the most common inhibitors. As shown in Fukuda
Fukushima [2], anodizing treatments are conducted in highly acidic
solutions under high anodic potentials to form an alumina-based surface
layer with its unique columnar pores. After anodizing, a sealing
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treatment can be used to fill the pores of the anodized layer with hot
water where some inhibitors can also be added to improve corrosion
resistance (e.g., Gonzalez et al. [3]). Conversion coating and anodizing
treatments, however, require the use of harmful chemicals and produce
the chemical wastes, increasing the process and disposal costs for these
surface treatments. Thus, other alternative inhibitors, such as
tri-chromate and non-chromate inhibitors, which were used by Pearl-
stein and Agarwala [4] and Campestrini et al. [5], respectively, were
also studied to reduce the use of toxicity intrinsic to the hexa-chromates.

Another way to minimize the use of toxic inhibitors is through novel
non-chemical surface treatments. Laser-based surface treatments, that
can be used for coating removal and surface cleaning for Al alloys (such
as in Critchlow et al. [6]), were shown to strengthen bonding between Al
surface and adhesive. The improved adhesion by laser treatment was
previously attributed by Critchlow et al. [6] to the removal of organic
contaminants, and by Langer et al. [7] to the increased surface rough-
ness which promotes interlocking between the adhesive and Al alloys.
Critchlow et al. [6] and Langer et al. [7] and all of the studies on this
topic used a single-beam laser setup. Kai et al. [8] found that short-pulse
lasers, such as excimer lasers, were found to provide a mechanism for
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changing the surface morphology without significant damage to the
underlying material. However, these proof-of-principle studies were
conducted using laser systems that employed small laser beam sizes, e.
g., between 10 and 500 pm, without large scale application of the
structuring.

Unlike in all previous studies aimed at laser treatment surfaces of
Al2020-T3, specimens were treated in this study using a Q-switched Nd:
YAG based on a laser-interference technique, as shown by Daniel et al.
[9] and Lasagni et al. [10]. The laser interference power profile was
created by splitting the beam and guiding those beams to the sample
surface by overlapping each other with defined angles. The coherent
beams was shown to create an interference pattern, such as dot-, line-,
and ring-shaped by Daniel et al. [9] and Sabau et al. [11]. Recently,
Meyer et al. [12] showed that the solidification under high cooling rates
for short-pulse lasers was found to offer the possibility to obtain new
phases, surface compositions, and/or surface microstructures. To the
best of our knowledge, this study is the first to investigate the use of the
laser-interference structuring (LIS) for surface preparation as a
non-contact process, i.e., without abrasion or additional chemicals.

Considering the aerospace applications, a commercial primer, Des-
oprime™ HS CA7233 Military Epoxy Primer (PPG Aerospace Coatings),
which complies MIL-PRF-23377 specification [13] was selected in this
study. The chromate-based epoxy primer was spray painted on the
aluminum surfaces treated with LIS, conversion coatings or anodization,
and the adhesion of the primer was estimated. To assess the adhesion of
coating systems, Troconis and Frankel [14] used the blister test, pull-off
test [15], peel test [16], and scratch tests [16]. Among the listed tests,
the scratch-based tests, such as X-cut and cross-hatch, are relatively
simple to conduct and provide quantitative assessment of adhesion
strength according to the ASTM D 3359 standard [16]. In these scratch
tests, X-cut or cross-hatch patterned scribes are made through the
coating and then a standard-specified tape is used to delaminate coating
on the scribed surface. After the removal of the tape, a semi-quantitative
adhesion rating can be assigned by analyzing delimited area along the
scribes [16]. These scratch tests have been used by Subasri et al. [17]
and Alrashed et al. [18] to assess the adhesion of primer alone or primer
with top-coat.

As part of a larger effort to investigate a laser-based surface treat-
ment as a non-chemical surface preparation for aerospace coating sys-
tems, the goal of this study is to identify laser-interference processing
parameters for which the primer-coated Al2024 surfaces would pass the
coating adhesion requirements. The paper is organized as follows. First,
materials, surface preparation, and testing methodology are introduced.
Second, results for the surface profile and roughness are presented for
the as-received and laser structured conditions. Third, the results for the
adhesion of the primer coating according to ASTM D3359 using the X-
cut and cross-hatch scratch tests are presented. Data on the dependence
of coating adhesion on the laser fluence and laser raster speed is pre-
sented and discussed. The effect of the coating thickness, and storage
time prior to coating application on the coating adhesion is also
discussed.

2. Materials and experimental procedures
2.1. Materials

Bare Al 2024-T3 panels with the surface area of 50 mm x 50 mm or
75 mm x 75 mm and the thickness of 0.81 mm (0.032 in) were obtained
from an external vendor. All of the Al 2024-T3 with control pre-
treatments, namely chromated conversion coated (CCC) and sulfuric
acid anodized (SAA), were obtained from the Q-LAB vendor (Westlake,
OH). According to the vendor’s report, CCC treatment was completed
using a hexa-chromate agent according to MIL-DTL-5541 type I (with
hexavalent Cr), and SAA panels were sealed using hot water without
corrosion inhibitors according to MIL-DTL-8625 type II, Class 1. For the
laser structuring, the 2024-T3 0.813 mm (0.032 in) gauge sheet material
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was certified to meet the ASTMB209, AMS-QQA250/4, and AMS4037
standards by the supplier. The thicknesses of CCC and SAA Al 100 mm x
150 mm panels were also 0.813 mm (0.032 in). The CCC and SAA panels
were cut to the size of 50 mm x 75 mm using a shear cutter. The
thickness of chromated and anodized layers was measured at the center
and four spots diagonally 1 cm away from each corner (total five spots)
per panel. A commercial thickness gage (DeFelsko) using ultrasonic
reflection for the thickness measurement was used. In 15 CCC panels, the
average thickness of chromate layer was below the detection limit, i.e.
0.5 pm. In 15 SAA panels, the average thickness of anodized layer was
approximately 4 pm.

A commercially available CA7233 primer kit, compliant to MIL-PRF-
23377 Type I Class C2 specification, was selected in this work. Des-
oprime™ HS CA7233 Military Epoxy Primer was prepared by mixing by
volume one part of CA 7233A base and one part of CA 7233B activator.
Primers for this military specification were manufactured by PPG In-
dustries, Inc. This primer product contained strontium chromate as
corrosion inhibitor.

2.2. Laser-interference structuring

A 10Hz Q-switched Nd:YAG laser (Quanta-Ray PRO 230, Spectra
Physics) was used in this study. The fundamental emission with the
wavelength of 1064 nm was transformed to 355 nm using non-linear
crystals. At 355 nm wavelength, the pulse duration was ~8 ns, result-
ing in an extremely high peak power above 100 MW and greater than
10'2K/s heating rates. The laser interference power profile was created
by splitting the beam and guiding those beams to the sample surface by
overlapping each other with defined angles as indicated by Daniel et al.
[9]. The coherent beams create an interference pattern instead of just
adding their intensity. This allows a microscopic modulation and creates
a light pattern without loss of energy during the interference process. As
shown by Lasagni et al. [10] LIS patterns can be dot-, line-, and
ring-shaped. The laser pulse fluence (pulse energy per unit area) was
increased by using two identical focal lenses in each path of the beams to
focus them to 6 mm spot size, a smaller spot from its original size of 8
mm as used by Sabau et al. [11] and Meyer et al. [12]. The periodicity
between power peaks and laser-interference induced undulations (d), is
defined by the wavelength, A, and the angle, a, between the two beams,
as:

A

= sin(a)2) )

The surface morphology has the following characteristics: (a) un-
dulation spacing of 0.5-50 pm, (b) structured area of 0.27cm?/ shot, and
(c) scanning speed: 10,000 lines at a time, 79 million dots at a time, up to
162 cm?/min. The specimens were processed in raster mode in which
the sample was translated while the laser was on at all times. At the end
of each line scan, the specimen was then positioned normal to the main
scanning direction such that the next line scan will be laser processed.
The overlap between adjacent rows of scans was 1 mm. The scan di-
rection was identical to that of the rolling direction. The beam angle was
12°, for a theoretical periodicity of the structures of approximately 1.7
pm. In this study, two laser fluences of F; = 1.238 and 1.782 J/cm? per
pulse were used by varying the laser spot size (d, = 6 and 5 mm,
respectively) while keeping the same average power of 3.5 W. The pulse
repetition rate was f; = 10 Hz. In order to quantify the effect rastering
speed, U, of the laser beam on the energy deposited on the specimen
surface, the two process variables were introduced: (a) the number of
equivalent pulses, Np, and (b) the accumulated fluence on specimen
surface, F4. Np represents the number of pulses that a local area is
exposed while the F4 represent the total incident laser energy that a local
area would be exposed from the total Np pulses striking it as the laser
beam is scanned over it. For the sake of simplicity, Np is defined at the
centerline while the fluence of each shot is considered to be simply that
for a single laser shot, Fj, as:
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Np(U) =2

and 2

F4 = Np-F. 3

The number of equivalent pulses, Np, and the accumulated fluence on
specimen surface, Fy, are given in Table 1. At 2 mm/s raster speed, the
surface is exposed to approximately 30 shots with an accumulated flu-
ence of approximately 37 J/cm?. As the raster speed is increased, the
surface is exposed to a smaller number of shots and smaller accumulated
fluences.

2.3. Profilometry and roughness analysis procedures

A WYKO NT9100 surface profilometer was used to obtain surface
roughness data for the alloy surfaces in the as-received condition, i.e.,
without any laser processing, and after laser-interference processing.
Wyko optical surface profilometer systems, which was supplied by
Veeco Instruments Inc., are non-contact optical profilers that can be
used to measure a wide range of surface topographical features. The area
chosen for surface profiling was located along the centerline of a laser
scan. A magnification of 50x was used for surface profiling.

The average roughness, or arithmetical mean deviation of the
roughness profile, R,, root-mean-square deviation of the roughness
profile, Ry, maximum roughness, R,, and maximum height of the
roughness profile, Rt, were included in the analysis. R, was calculated by
averaging the absolute height variation within the sampling length by
excluding a few outlying points so that the extreme points have no
significant impact on the final results. By contrast, profile extremes have
a much greater influence on R,, which is an absolute vertical variation
between the maximum profile peak height and the maximum profile
valley depth along the sampling length. Usually, R, averages the five
highest peaks and the five deepest valleys. R, is height variation between
the maximum profile peak height and the maximum profile valley depth
along the sampling length.

2.4. Primer coating procedure

Both the laser-structured specimens and the controlled specimens
were stored either in plastic cases in order to avoid air contaminants and
humidity effects for several days, weeks, and even months prior to
coating application. Each specimen was laid in its own plastic case with
the LIS surface facing up such that the LIS surface did not touch the
plastic case surface. The storage duration of the LIS specimens prior to
coating application, is often referred in industry as to open-time, t,. The
open-time was recorded for all LIS specimens in order to study any
possible degradation of the coating adhesion with the open time.

The procedure for the primer coating operation on Al panels was
conducted as follows. For pre-cleaning of control specimens, the Al
surface was rinsed with ethanol and gently wiped with a dust-free cloth.
The surface of the laser structured specimens was not cleaned at all prior
to the laser processing. The cleaned control panels and “uncleaned” laser
structured panels were loaded on a paint rack and spray-coated with
CA7233 primer using a spray gun operated with the nozzle pressure of
0.138 MPa. The painting of primer was conducted within the allowable

Table 1
Energy metrics for several raster speeds for laser fluences F; of 1.238 and 1.782
J/em?,

F; [J/em?] 1.238 1.782

U [mm/s] Np Fu [J/cm?] Np Fu [J/cm?]
4 15 18.57 13 22.28

6 10 12.38 8 14.85

8 7 9.28 6 11.14

10 6 7.43 5 8.91
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temperature range (20-30 °C) and below the upper humidity limit of
65%. The coated Al panels were then dried in a fume hood for 24 h to
allow evaporation of volatile species and subsequently cured in an oven
at 60 °C for 24 h.

2.5. Coating adhesion test procedures and process variables

Following oven curing, the thickness of the primer on Al panels was
measured using the same DeFelsko thickness gage that was used for
measuring the anodized thickness layer. For each panel, the primer
thickness was measured at the center and 4 spots diagonally 1 cm away
from each corner for a total of five measurements per panel. The average
Coating Thickness (CT) was obtained from these five measurements. It
should be noted that the coating thickness of SAA panels includes both
that of the primer and ~4 pm thick anodized layer. Per manufacturer
specifications, the recommended thickness of the primer coating is
15-30 pm.

The adhesion performance of primer coating was tested and assessed
according to ASTM D3359 which specifies X-cut and cross-hatch scratch
test procedures and the criteria of adhesion rating [16]. The adhesion
rating of both scratch tests is based on 0-5 scale increasing by 1 with
0 and 5 assigned for the lowest and highest adhesion. The X-cut tape
adhesion testing was conducted according to procedures from section
seven of ASTM D3359. An X-cut was made through the coating to the
substrate using a pencil type scribing tool with carbide stylus, then a
pressure-sensitive tape was applied over the cut. Within 60-120 s of tape
application, tape was removed by pulling it off rapidly back upon itself
at as close to an angle of 180° as possible. The coating adhesion rating
was assigned by examining the X-cut coating area, which was removed
from the substrate or previous coating, in accordance with the scale
classification shown from ASTM D3359 (section 7). The X-cut test is
easier to perform than the cross-hatch test.

The cross-hatch adhesion tests were conducted according to ASTM
D3359, Section 12. A Paint Adhesion Test (PAT) kit was purchased from
Paul N. Gardner Company, Inc., including the PA-2000 handle and the
cutter PA-2053 (1.0 mm blade spacing with 11 teeth). The coating
adhesion rating for the cross-hatch test was evaluated by examining the
grid area for removal of coating from the substrate using a magnifier,
and rating the adhesion for according with the scale classification. The
X-cut test is considered in industry as a less severe test than the cross-
hatch test. Thus, more specimens were tested for the cross-hatch test
than for the X-cut test, once the X-cut tests indicated that the laser
structured specimens would pass this test.

3. Results for surface morphology

The profiling surface covered an area of 130 x 174 pm. The 3D
height distributions of typical surfaces in the as-received, and unpro-
cessed condition and after laser-interference processing are shown in
Fig. 1. The surface profiles for the as-received surfaces are shown in
Fig. 1a and b for two specimens. The first specimen contains areas that
were laser processed with scanning speeds of 2 and 4 mm/s while the
second specimen contains areas processed with scanning speeds of 6 and
8 mm/s. The surface profiles are shown in Fig. 1 for all laser scanning
speeds of 2, 4, 6, and 8 mm/s in Fig. 1c, d, le, and 1f, respectively. The
laser scan direction was identical to that of the rolling direction.

Optical images obtained with the profilometer are shown for the sake
of completion in Fig. 2 while high-resolution scanning electron micro-
scopy (SEM) images for these laser processing conditions are recently
presented in Meyer et al. [19]. Due to the height variation and optical
limitations, some regions would appear out of focus in the optical mi-
crographs, however, the information from the profilometry and its
corresponding optical image are complimentary. For example, the sur-
face defects intrinsic to the prior rolling operations and
interference-induced structuring is more evident in the optical micro-
graphs than in the 2D profilometry images. For better detail, optical
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Fig. 1. Surface profiles at a laser fluence of F; = 1.238 J/cm? per pulse for (a, b) the as-received specimens and in typical centerlines of a laser scan for raster speeds

of: (¢) 2 mm/s, (d) 4 mm/s, (¢) 6 mm/s, and (f) 8 mm/s.

images obtained with the profilometer are shown only for a quarter of
the profiling surface, covering an area of 65 x 87 pm. The exact quarter
where each optical micrograph was taken is indicated with two letters
that indicate the position of the optically imaged area in the overall
profiling area, namely LL, LR, TL, and TR for lower-left, lower-right,
top-left, and top-right, respectively.

As evidenced by Figs. 1a, 2a and 1b, and 2b, the as-received and
unprocessed aluminum surfaces are not smooth at all, exhibiting
grooves in the horizontal direction from the rolling operation, quite a
few microcracks, and pin-holes. The grooves are evidenced by hori-
zontal dark stripes while the pinholes by round, dark-like features. The
microcracks are evidenced by the jagged like dark-lines between the
rolling grooves and are more visible in the optical micrographs (Fig. 2a

and b) than in the profilometry images.

The structuring induced by the laser-interference is evidenced by the
very fine striations in the vertical direction, i.e., normal to the rolling
direction (Fig. 1c and e for the 3D profilometry; and Fig. 2d and f in the
optical micrographs). In spite of the relatively rough original surface, the
structuring by the laser-interference is thus shown to be pretty robust.
This observation is consistent with that reported by Sabau et al. [11] for
the interference-induced structuring of Al5182 aluminum alloy, where
the variation in the structuring quality was explained by the consider-
ations related to the energy absorption and evaporation of surface
contaminants, such as lubrication oils, in addition to the optical phe-
nomena related to the non-smooth original surfaces.
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20 um
X: -55.7767 mm
Y:-11.4477 mm

(C) Z:-200.299 um

Fig. 2. Optical micrographs acquired by the profilometer. The corresponding location of the quarter area to the profilometry images shown in Fig. 1 is indicated in
parenthesis: (a, b) the as-received specimens (TL, BL) and in the typical centerline of a laser scan for raster speeds of: (c) 2 mm/s (BL), (d) 4 mm/s (TR), (e) 6 mm/s
(BL), and (f) 8 mm/s (TL). Laser fluence was F; = 1.238 J/em? per pulse.

3.1. Results for roughness parameters
Table 3

The surface roughness at a fluence of F; = 1.238 J/cm? per pulse.

The average roughness, or arithmetical mean deviation of the

roughness profile, R,, root-mean-square deviation of the roughness Raster speed [mm/s] R, [nm] Rq [nm] R, [pm] Ry [um]
profile, Ry, maximum roughness, R,, and maximum height of the a0 311.9 394 4.3 4.98
roughness profile, Ry, are shown in Table 3. As the height of the laser- 2 483.5 611.1 4.61 5.12
interference structuring is expected to be less than 1.5 pm as shown :}0 2232 Z;;'g 2-29 2-2;
by Lasagni et al. [10] while the R, and R; are on the order of 4-5 pm, the 6 3346 439.9 579 7,45

R; and R; are expected to be the least affected by the laser structuring. An 8 359.4 442 5.26 6.15
increase in all surface roughness metrics can be observed between the
indicators measured for the laser structured specimens with respect to
the indicators measured for the as-received specimens, i.e., without any
laser structuring. The increase in the surface roughness indicators with

2 As-received, without any laser processing.
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respect to that of the unprocessed condition, i.e., dR[%] = 100 (R/Ro -

1), is shown in Table 4. The mean deviations of the roughness profile

(R, and Ry) were found to increase for all of the laser structured con-
ditions by approximately 20-50%.

3.2. Results for LIS surface area

As evidenced by the profilometry data, LIS increases the surface area
for adhesion. An attempt is made here to quantify the “roughness fac-
tor,” rys, to use same the terminology introduced by Wenzel [20] for
coating adhesion. rys is thus defined as the ratio of the LIS solid surface
area to the original and unprocessed surface area. For one laser pulse,
the expected surface morphology is shown in Fig. 3 and would consist in
alternating depressions unto the as-received surface (in regions of
maxima interference laser power) and mounds over the as-received
surface due to the solidification of the migrated liquid metal (from
maxima power regions). These alternating depression-and-mound
structures are generated by the freezing of the nanosecond
Marangoni-induced metal flow as indicated by Lasagni et al. [10] and
Sabau et al. [11]. For the raster mode, the surface is exposed to multiple
laser pulses, as indicated by the number of equivalent pulses, Np, in
Section 2.2. As the regions of maxima power created by the interference
may not be superimposed for successive laser pulses, and some of the
mounds formed at previous pulses maybe partially remelted and liquid
metal would be moved partially to the depressions and partially to the
mounds. Thus, the resulting surface morphology may be more complex
than that illustrated in Fig. 3. In order to estimate the surface area after
LIS, the wetted perimeter of the depression-and-mound LIS in the di-
rection normal to the structuring direction has to be evaluated. The
following considerations and assumptions can be made based on
experimental evidence of the LIS geometry from Lasagni et al. [10] and
Fig. 2, as illustrated in Fig. 3: (a) per each periodicity interval, d, the LIS
profile can be approximated by a trapezoid with a lower base, b, and top
base, a, and height, h; for low fluences, there would be two mounds per
periodicity as the mounds, which grow from each of the neighboring
depressions, do not merge; (b) the trapezoid shape is considered to be
weakly dependent on the fluence, as the LIS induced depressions and
mounds are based on migrating/spreading of the Marangoni-induced
liquid metal and freezing it in place after the 2-3 ns pulse, hence the
ratio a/b is considered to be fixed at 0.5; (c) h(F, U) varies with fluence
and raster speed U (through Np); (d) the base size, b, was considered to
be fixed at ~0.5d (as it can be inferred from Fig. 2). To summarize, the
roughness factor can be calculated, as:

b la N2 (h(F,U)\*> a
rus(F,U) = 142 2\/1(1-7_1) +< . ) -1, )

with a/b=0.5and b/d=0.5.

The height of the first “interference” mound, i.e., after one laser
pulse, h;, depends on the fluence. For one laser pulse, the h; was
considered to be 0.05 and 1.2 pm for fluences of 1.24 and 1.78 J/cm?,
respectively, as indicated by Lasagni et al. [10] for pure Al. Several
observations can be made to offer a glimpse in the variation of h with

Table 4
The percentage increase in surface roughness metrics with respect to those for
the as-received condition at a fluence of F; = 1.238 J/cm? per pulse.

Raster speed [mm/s] dR, [%] dR, [%] dR, [%] dR; [%]
2 55 55 7 2

4 22 29 23 16

6 18 22 44 52

8 27 23 31 26

*as-received, without any laser processing.
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respect Np (and consequently with U). For subsequent laser pulses, the
same Marangoni forces as those at previous pulses would move less and
less molten metal over the uphill slope of the mound; hence the incre-
mental increase in the mound height, Ah;, for each pulse, i, would
decrease with each subsequent pulse (i.e., Ah;; < Ahy). Also, the larger
h;, the smaller Ah; is expected to be, as it more kinetic energy would be
required to push the liquid metal uphill for larger mounds. To qualita-
tively estimate h(F,U), it is assumed that Ah;;; = B(F) Ah; and that § is
0.5 and 0.8 for fluences of 1.78 J/cm? (h; =1.2 pm) and 1.24 J/cm? (h;
= 0.05 pm), respectively. With these assumptions, h(F, U), can be
calculated, as:

1= pF)
1= B(F)

The calculated values for h(F, U) and rys are shown in Table 5. For
comparison, ryjs for the first pulse was estimated to be 1.014 and 2.18 for
fluences 1.24 and 1.78 J/cm?, respectively. As expected, h and ryg
exhibited weaker variation with Np (and U) especially at medium/high
fluences (e.g., 1.78 J/cm? with h; = 1.2 pm) than those at low fluences
(e.g.,1.24J /cm? with h; = 0.05 pm). The U-dependence of rys is weaker
at lower U values (4-6 mm/s) and weaker at the larger fluence of 1.78 J/
cm? s is smallest at highest speed (10 mm/s). This qualitative data will
be used further on to understand the effect of raster speed on the coating
adhesion.

h(F,U)=h(F) 5)

4. Results for coating adhesion testing

Before proceeding to the presentation of the coating adhesion results,
the process variables related to the laser processing and coating appli-
cation are presented. The coating Adhesion Rating (AR) depends on the
laser fluence, Fj, laser raster speed, U, coating thickness, CT, and storage
open-time, t,. In short notation, AR is a function of four variables (F;, U,
CT, t,). As a proof-of-principle investigation, this study was limited to
few combinations of process parameters. In this study, the number of
conditions and ranges for the process parameters, which were investi-
gated, include: (a) two values for F; of 1.24 and 1.78 J/cmz, (b) four
raster speeds U of 4, 6, 8, and 10 mm/s; and (c) three open times of 20,
70, and 228 days at which the number of data was larger than five. The
values selected for the fluence and raster speeds were based on the study
by Sabau et al. [11] on another Al alloy.

For these conditions, most of the data was available for a coating
thickness range of 15-23 pm (the nominal recommended coating
thickness by the primer supplier is 15-30 pm with a mean of approxi-
mately 23 pm). Moreover, the adhesion results from the panels with the
average coating thickness larger than the mean value of 23 pm that is
specified by the manufacturer are briefly presented in the appendix. The
number of conditions were identified in Table 6, where the selection of
process parameters for the three analyses conducted in this study are
shown.

4.1. Results for coating adhesion testing

All primer adhesion results discussed in this section were obtained
from the panels with the average thickness of the coating of 15-23 pm;
investigating the coating adhesion rating dependence on the other three
variables (F;, U, t,). For most conditions investigated, the Adhesion
Rating (AR) was measured for at least five specimens per each condition.
The AR results can be presented either in a raw format, such as histo-
gram, which counts the number of measurements that have a certain
rating, or as an average. The average was applied to the measurement set
using several filters. For example, the average adhesion rating over a
given coating thickness range can be defined for each laser fluence, Fy,
raster speed, U, and open time, t,, as:

ARI(F,, U,1,) =AVE[AR(F,, U,CT, 1,)] for 15um < CT <23um (6)
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Fig. 3. Schematic of: (a) LIS surface topology and (b) simplified surface profile.

Table 5
Estimated LIS height, h, and roughness factor, rs, for several raster speeds.
F; [J/cm?] 1.238 1.782
U [mm/s] Np h [um] rus Np h [um] TLs
4 15 0.24 1.26 13 2.40 3.58
6 10 0.22 1.23 8 2.39 3.57
8 7 0.20 1.18 6 2.36 3.54
10 6 0.18 1.16 5 2.33 3.50
Table 6
Selection of process parameters for three analyses conducted.
Parameters F; [J/ U [mm/s] CT [pm] to No.
Investigated cm?] [days] data
sets
Fluence and 1.24 4, 6, 8, and 15 to 23 All 2x4
speed and 10 data
1.78
Open time 1.24 4 and 6 15to 23 Six 6
and combined values
1.78
Coating 1.24 4, 6, 8, and 15 to 23, 23 All 3
thickness 10 to 30, and 30 data
to 44

First, the results for the X-cut adhesion test are presented. Pictures of
selected LIS panels after X-cut adhesion tests are shown in Fig. 4. The
average primer thickness and the adhesion rating, from 0A, 1A, 2A, 3A,
4A, or 5A, are indicated at the bottom of each picture. It would have
been more appropriate to assign fractional ratings of 4.5A and 3.5A for

the panel shown in Fig. 4(b) and (c), respectively, based on the fact that
its rating was considered to be below the 5A but definitely above the 4A.

Pictures of selected Al control panels after X-cut adhesion test are
shown in Fig. 5. For the CCC control specimens, the X-cut rating was
found to exhibit a large variation, from 5A for the specimen shown in
Figs. 5a-1A for the specimen shown in Fig. 5c.

Second, the results for the cross-hatch adhesion tests according to
ASTM D3359, Section 12, are presented. Pictures of selected cross-hatch
adhesion test are shown in Figs. 6 and 7 for six laser-structured speci-
mens and four control specimens, respectively. It would have been more
appropriate to assign a fractional rating of 4.5B for the LIS panel shown
in Fig. 6d, based on the fact that its rating seemed to be below the 5B but
definitely above the 4B. Pictures of selected cross-hatch adhesion test for
five control specimens, three specimens prepared with CCC and two
specimens prepared by SAA are shown in Fig. 7. The coating adhesion of
LIS specimens is very good, with some specimens exhibiting the highest
coating adhesion rating. Moreover, the cross-hatch test rating of coated
LIS specimens outperforms that of the control specimens, which were
prepared with CCC.

The results for all of the X-cut and cross-hatch coating adhesion tests,
which were conducted on coupons for which the coating thickness was
between 15 and 23 pm, are summarized in Fig. 8a and b, respectively,
for LIS, CCC, and SAA coated panels. In this histogram data, the ratings
were combined for all coating sessions, i.e., irrespective of the open-
time. The histograms shown in Fig. 8 indicate the number of data per
each coating adhesion rating, AR, for each laser fluence, F;, and each
raster speed, U. The data shown with empty symbols and solid symbols
are for LIS panels with a the laser fluence of 1.78 and 1.24 J/em?,
respectively. As the X-cut test is considered in industry as a less severe
test than the cross-hatch test, more specimens were tested for the cross-
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Fig. 4. Pictures of X-cut tested laser-structured Al panels at rastering speeds of (a—c) 4 mm/s and (d) 10 mm/s at a laser fluence of F; = 1.238 J/cm? per pulse.
Coating thickness and X-cut test score according to ASTM D3359, section 7, are indicated for each figure.

(d)

Fig. 5. Pictures of X-cut tested Al panels prepared with (a—c) CCC and (d) SAA treatments. Coating thickness and X-cut test score according to ASTM D3359, section

7, are indicated for each figure.

hatch test than for the X-cut test, once the laser structured specimens
would pass this test.

For the data shown in Fig. 8a, the total number of X-cut tests was 4
and 16 for specimens prepared with laser fluences of 1.78 J/cm? and
1.24 J/cm?, respectively. The calculated average X-cut ratings were
3.3A and 5A for the CCC and SAA controls, respectively. For the laser
structured panels with laser fluence of 1.24 J/cm?, the calculated
average X-cut ratings were 4.6A, 4.5A, 5A, and 3.7A for 4, 6, 8, and 10
mm/s raster speeds, respectively. For the X-cut test, the SAA panels
exhibited the highest adhesion rating while CCC panels showed a spread
in the rating indicating quite a variation in the adhesion. Among all of
the laser-structured conditions, the LIS panels with 10 mm/s raster
speed exhibited the lowest rating; however, the average rating for this
condition was still above that of the CCC panels. The average X-cut
adhesion rating for the LIS surface treatment with 4, 6, and 8 mm/s was
comparable to that for SAA surface treatment panels and higher than
that for the CCC panels.

The results of cross-hatch coating tests of primer-coated Al panels are
summarized in Fig. 8b. For the data shown in Fig. 8b, the total number of

cross-hatch tests was forty-one and thirty-six for laser fluences of 1.78
and 1.24 J/cm?, respectively. The statistical analysis of the cross-hatch
test data shown in Fig. 8b is now presented. Several statistical Student
t-Tests were conducted for the cross-hatch AR. The statistical analysis
was performed using the Kaleidagraph software [21] by calculating
Satterthwaite’s approximate t-Test; a method in the Behrens-Welch
family for unpaired data with unequal variance as indicated by Armit-
age and Berry [22]. The following variables were computed for each test
of unpaired data (xi; i = 1, N and yj; j = 1, M) with unequal variance
student t-Test, as given by Armitage and Berry [22]: mean values (X and
Y), mean difference (X — Y), standard deviations (o, and o), t-Value
t = (X-Y)/sz with s; = \/0,2/N + 6,2/M, degree of freedom (DOF) as
given by the Welch-Satterthwaite equation, and the two-tail (or
two-sided) P-value. This P-value, or calculated probability, is the prob-
ability of finding the observed value “equal to or more extreme than
what was actually observed.” In our case, we used the Student t-Tests to
determine if there is a statistically significant difference between the two
means compared. If this P-value would be below a certain level (e.g.,
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21 pm, 5B

Fig. 6. Pictures of cross-hatch tested laser-structured Al panels, test scores (ASTM D3359, section 12), and coating thickness at rastering speed of (a-c) 6 mm s ! and
(d-f) 8 mm s ! at a laser fluence of F; =1.782 J/cm? per pulse. Grid size is 1 mm x 1 mm.

(a)

~ 20 pm, 4B (d) 22 ym, 3B

(c)
Fig. 7. Pictures of cross-hatch tested Al panels test scores (ASTM D3359, sec-
tion 12), and coating thickness for (a, b) CCC and (c, €) SAA treatments. Grid
size is 1 mm x 1 mm.

0.05 or 0.01), the conclusion would be that there would be a difference
between the two group means, difference which would be statistically
significant at the 95% or 99% confidence level, respectively.

The first Student t-Test was used to statistically compare the differ-
ences in AR between LIS(1.24 J/cm?) and LIS(1.78 J/cm?) at each laser
speeds. As shown in Table 7, the t-Tests results indicate with 99% con-
fidence level that each of the following datasets means are statistically
different: () AR (1.24 J/cm?, 6 mm/s) and AR (1.78 J/cm?, 6 mm/s),
(b) AR (1.24 J/cmz, 10 mm/s) and AR (1.78 J/cmz, 10 mm/s), and (c)
AR (1.24 J/cmz, all speeds) and AR (1.78 J/cm2, all speeds). Here the
“all speeds” was used to indicate lumped data for all the speeds. The
means for data sets with LIS with 6 and 10 mm/s are not statistically
different. The second Student t-Test was used to statistically compare the

differences in AR data between SAA and LIS(1.78 J/cm?). As shown in
Table 8, the t-Tests results indicate that for all of the individual laser
speeds (except 6 mm/s) the AR means for LIS 1.78 J/cm? are not sta-
tistically different than those for the AR with SAA. The mean values for
6 mm/s LIS at 1.78 J/cm? are statistically different than the mean for
SAA as the mean for this LIS conditions is significantly higher than that
for the SAA.

5. Discussion

Having established based on the mean values that LIS(1.24 J/cm?)
and LIS(1.78 J/cm?) are mainly statistically different and that LIS(1.78
J/em?) and SAA (the highest AR for the control specimens) are statis-
tically identical, an analysis of the AR data is made in order to study
possible correlations for the coating adhesion performance to the laser
processing space. Coating adhesion rating data can be also analyzed by
averaging the data for each of the variables considered. The adhesion
results from both X-cut and cross-hatch tests are summarized for the
average and minimum adhesion ratings, AR, in Table 9. Due to the
limited number of data for the X-cut test, the average shown was the
proper average for the two laser fluences used instead of showing the
averages per each fluence. For the cross-hatch test, both averages at the
two laser fluences are shown in Table 9. The standard deviation is also
shown for the cross-hatch ratings for the specimens prepared with the
two laser fluences of 1.24 and 1.78 J/cm? Using the 2 ¢ as a 95%
confidence level interval, for an assumed student t-distribution of the
ratings, the Lower Confidence Limit (LCL) of the mean was calculated
and it is shown in Table 9. The LCL can be used as a design basis value for
the coating adhesion which represents the minimum value above which
95% of the coating adhesion ratings would be expected, i.e., minimum
property values that would be reached with 95% confidence. For all the
speeds, but the 8 mm/s, the LCL is higher for LIS at 1.78 J/cm? fluence
than those at 1.24 J/cm? fluence. At 1.78 J/cm? fluence, for all of the
speeds, but the 8 mm/s, the LCL is larger than 3, value which is close to
that for the LCL of 2.8 for SAA. At 1.24 J/cm? fluence, the LCL is higher
than 3 only for the 8 mm/s. Thus, more laser speeds were found to yield
a higher LCL than the SAA at the 1.78 J/cm? fluence than at the 1.24 J/
em? fluence. A wider laser processing space was found at the 1.78 J/cm?
fluence than at the 1.24 J/cm? fluence.
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Fig. 8. Histograms for coating adhesion rating for LIS, CCC, and SAA coated panels for the: (a) X-cut and (b) cross-hatch tests. The solid symbols and empty symbols
indicate data obtained at fluences F; of 1.238 and 1.782 J/cm? per pulse, respectively.

Table 7
Statistical results from Student t-Tests for individual pairs (LIS-LIS) of cross-
hatch ratings at fluences of 1.78 J/cm? and 1.24 J/cm? at each rastering speed.

Rastering Speed ~ Mean DOF t P-value “Statistically
[mm/s] difference Value different

4 0.34 17 1.02 0.322 -

6 0.88 12 3.28 0.00655 Y

8 0.17 17 0.706 0.49 -

10 1.42 5 4.72 0.00354 Y

All 0.49 74 3.01 0.00356 Y

? Statistically significant at the 99% confidence level, i.e., with P-value < 0.01.

Table 8
Statistical results from Student t-Tests for individual pairs (SAA-LIS) of cross-
hatch ratings. LIS data was at fluences of 1.78 J/cm?.

Rastering Speed Mean DOF tValue P- Statistically
[mm/s] difference value different

4 0.42 12 1.27 0.2283 N

6 0.66 8 2.26 0.0513 Y

8 —0.048 12 —0.142 0.8894 N

10 0.45 10 1.45 0.1767 N

All 0.27 8 0.948 0.3694 N

2 Close to be statistically different at the 95% confidence level, i.e., with P-
value < 0.05.

Based on the X-cut and cross-hatch ratings, surfaces prepared with
LIS, at rastering speeds of 4, 6, and 8 mm/s, and anodizing treatment
provided similar adhesion performance, which was higher than that of
the CCC Al surfaces. Concerning the rastering speed effect on cross-hatch
ratings, the following considerations can be made based on the data
shown in Table 9:

e The average rating for a laser fluence of 1.24 J/cm? is highest at the
lowest rastering speed (4 mm/s), however, the ratings at the 4 and 6
mm/s are very close to each other,

e The average rating for the laser fluence of 1.24 J/cm? does not vary
significantly as the raster speed is increased to 6 and 8 mm/s,

e The average rating for the laser fluence of 1.24 J/cm? is lowest at the
highest rastering speed (10 mm/s),

The average rating for the laser fluence of 1.78 J/cm? is highest at
the rastering speed of 6 mm/s; however, the ratings at the 4 and 6
mm/s are very close to each other,

e With the exception of the 8 mm/s series of specimens, the average
rating for the laser fluence of 1.78 J/cm? does not vary significantly
for the other rastering speeds, and it is higher than those for laser
fluence of 1.24 J/cmz,

The average rating for the laser fluence of 1.78 J/cm? is the lowest at
the rastering speed of 8 mm/s,

Overall, the lower confidence limit for the ratings at a laser fluence of
1.78 J/cm? were higher than those ratings at laser fluence of 1.24 J/
cm?,

The highest ratings, and with the smallest standard deviation, were
found for the laser fluence of 1.78 J/cm? and lower rastering speeds
(4 mm/s and 6 mm/s).

Thus, based on the above analysis, the rastering with either 4 mm/s
or 6 mm/s with a laser beam setup at a laser fluence of 1.78 J/cm? is
recommended to attain acceptable coating adhesion, even higher than
that with the anodizing surface treatment.

For the sake of completion, the adhesion rating results for specimens
with different open times and different coating thicknesses are shown in
Appendix A. Although there was not a dedicated effort to systematically
investigate the storage open time effect, the data shows that the adhe-
sion of primer after 200 days was still high, above 3.8 rating, and not
significantly decreased compared to that for the shortest open time
(20-21 days) investigated, indicating that LIS would allow extended
open time for the application of CA7233 primer. Next, the coating
adhesion rating for panels with the average coating thickness larger than
the mean value of 23 pm that is specified by the manufacturer are dis-
cussed in Appendix A. In general, the coating adhesion rating is expected
to be lower with increased coating thickness. The data showed that the
thick-coated specimens exhibited moderate coating adhesion. These
coating adhesion test results for thickest coatings, which are approxi-
mately 40-44 pm thick, almost as twice as large from desired coating
thickness, were reported in Appendix A only as further evidence of the
excellent coating adhesion exhibited by the laser-structured specimens.

The coating adhesion would depend on the surface cleanliness, sur-
face energy, and actual topology of the surface and a correlation of the
coating adhesion performance to the laser processing space can be
inferred by tracking these important factors. The cleaning of the Al 2024
alloy surface from the surface contaminants due to lubrication oils from
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Average, minimum, and lower confidence limit adhesion ratings from X-cut and cross-hatch tests for LIS, CCC, and SAA

panels coated with CA7233 primer.

Al surface Rastering X-cgll)toiailtlng Cross-hatch rating Cross-hatch rating
Speed (Fi=1.24 J/cm?) (Fi=1.78 J/cm?)
treatment [mm/s] ﬂuences).
Avg.| Min. Avg. LCL| Std-dev. Avg. LCL | Std-dev.
4 4.7 4 4.3 2.66 0.82 4.6 3.26 0.67
LIS 6 4.8 4 4.0 2.58 0.71 4.9 42 0.35
8 4.6 4 4.0 3.18 0.41 42 2.76 0.72
10 3.7 3 3.25 2.25 0.5 4.67 3.67 0.5
LIS All 4 2.64 0.68 4.55 3.07 0.74
CCC N/A 3.3 1 3.6 0.64 1.48 3.6 0.64 1.48
SAA N/A 5 5 42 2.8 0.7 4.2 2.8 0.7

prior rolling operations was observed by Meyer et al. [19] at a fluence of
1.24 J/cm?. The XPS data shows that this laser technique is effective at
removal of some surface contaminants, particularly for C which was
modestly reduced for 2 laser pulses processing dramatically reduced for
8 laser pulses. It is expected that at the higher fluence of 1.78 J/cm? the
cleaning would be even more efficient, i.e., requiring even fewer laser
shots to clean the surface. Preliminary data on contact angle measure-
ments for LIS surfaces at a fluence of 1.24 J/cm? were used to calculate
the surface energies of ~30 mN/m for CCC and LIS surfaces with 2, 4, 6,
and 8 pulses/spot and ~66 mN/m for SAA. This indicate that the wetting
behavior indicate that LIS surfaces were compatible with CCC and that
the wetting behavior exhibited a weak variation with respect to the
number laser shots per spot (all smaller than 8). Concerning the topology
variation with processing, the roughness factor for LIS surfaces, ry;s, was
qualitatively evaluated in Section 3.2. rys was estimated to mono-
tonically decrease with increasing U; being smallest at highest speed (10
mm/s). rys is likely to exhibit a small variation with U, especially at
lower U values (4-6 mm/s). Moreover, rys is likely to exhibit a weak
dependence on U at the higher fluence considered (1.78 J/cm?). Finally,
rus is likely to be larger at the 1.78 J/cm? fluence than at the 1.24 J/cm?
fluence. All of these findings enumerated in this paragraph indicate that
CA would be likely to exhibit the following trends: (a) be higher at the
lower end of the speed range considered (4-6 mm/s), (b) be lowest at the
highest speed considered (10 mm/s), and (c) be higher at the 1.78 J /cm?
fluence.

6. Conclusion

This work aimed to study a laser-based surface treatment as a non-
chemical surface preparation for aerospace coating systems. Laser-
interference structuring was conducted at several raster speeds and
two laser fluences. The surface profile and ensuing roughness for un-
processed aluminum surfaces and the laser-interference structured
panels was presented. The as-received and unprocessed aluminum sur-
faces are not smooth at all, exhibiting grooves in the horizontal direction
from the rolling operation, quite few microcracks, and pin-holes. In spite
of the relatively rough original surface, the structuring by the laser-
interference is thus shown to be pretty robust. The mean deviations,
with respect to the unprocessed aluminum surfaces, of the roughness
profile R, and Rq were found to increase for all of the laser structured
conditions by approximately 20-50%.

The commercial CA7233 primer, which complied with MIL-PRF-
23377 specification, was spray painted on the Al surface prepared
with laser-interference structuring, conversion coating or sulfuric acid
anodized. Chromated conversion coated (CCC) and sulfuric acid anod-
ized (SAA) surface of Al 2024 were considered as baseline or control
specimens to assess the coating adhesion performance. The adhesion of
primer on Al surface with different treatments was assessed using the
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ASTM D3359 X-cut and cross-hatch tests. The total number of X-cut tests
was four and sixteen for specimens prepared with laser fluences of 1.78
J/em? and 1.24 J/cm?, respectively. Based on the average X-cut adhe-
sion rating, LIS treatment with 4, 6, and 8 mm/s on Al panels resulted in
primer adhesion comparable to SAA and higher than CCC panels. Based
on the X-cut and cross-hatch ratings, surfaces prepared with LIS, at
rastering speeds of 4, 6, and 8 mm/s, and SAA treatment provided
similar adhesion performance, which was higher than that of the CCC
surfaces.

The total number of cross-hatch tests was forty-one and thirty-six for
laser fluences of 1.78 and 1.24 J/cm?, respectively. It was found that the
average rating for laser fluences of 1.24 and 1.78 J/cm? were highest at
4 and 6 mm/s rastering speeds, respectively. Overall, the lower confi-
dence limit for the ratings at a laser fluence of 1.78 J/cm? were higher
than those ratings at laser fluence of 1.24 J/cm?. It was found that the
highest ratings, and with the smallest standard deviation, were found for
the laser fluence of 1.78 J/cm? and lower rastering speeds (4 mm/s and
6 mm/s). Moreover, as the coating testing results indicate, the surface
preparation by LIS was found to enable an extended storage of the
specimens after the laser-structuring and before the spray coating
operation.

In conclusion, the rastering with either 4 mm/s or 6 mm/s with a
laser beam setup at a laser fluence of 1.78 J/cm? is recommended to
attain acceptable coating adhesion, even higher than that with the
anodizing surface treatment. Based on the data presented, laser-
interference structuring was found to achieve the desired specification
adhesion for the CA7233 primer.
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Appendix A. Effect of open-time and coating thickness effect on adhesion rating

First, the coating adhesion rating dependence of the storage open time is presented. For each laser fluence, the cross-hatch adhesion rating data for
both the 4 mm/s and 6 mm/s were averaged together since their ratings were close and ordered according to the open time. The cross-hatch adhesion
ratings at several open times are shown in Table A1 for the two laser fluences considered in this study. The number of ratings used to obtain each
reported coating adhesion average is also indicated in Table A1. There were only few specimens at open times of 49 days and 235 days. Although there
was not a dedicated effort to systematically investigate the storage open time effect, the data shows that the adhesion of primer after 200 days was still
high, above 3.8 rating, and not significantly decreased compared to that for the shortest open time (20-21 days) investigated, indicating that LIS
would allow extended open time for the application of CA7233 primer.

Table Al
The average cross-hatch rating for both 4 mm/s and 6 mm/s laser raster speeds at two fluences and several open times.
Fy [J/em?] 1.238 1.782
Open time [day] Average Rating No. of ratings Average Rating No. of ratings
20 - - 4.9 16
49 4.5 2 - -
70 3.8 11 - -
228 4.8 5 - -
235 - - 3.7 3

The results of the average X-cut and cross-hatch tests were presented in Fig. A1 for all surface treatments considered and three coating thickness
ranges, namely 15-23 pm, 23-30 pm, and 30-44 um, at a laser fluence of 1.24 J/cm?. For each coating thickness range, the datapoints were connected
for all surface pretreatments in order better illustrate the coating thickness dependence. The data for the ratings were combined for all of the coating
sessions, i.e., irrespective of the open-time. The average adhesion ratings were obtained from at least two specimens per each condition.
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Fig. Al. Average adhesion ratings from (a) X-cut and (b) cross-hatch tests for different coating thickness for laser-structured at a laser fluence of F; = 1.238 J/cm?

per pulse, CCC, and SAA panels. The digit in the LIS# indicate the rastering speed in mm/s.

Based on the X-cut test results, increased coating thickness resulted in lower adhesion on CCC, SAA, and some LIS panels. Similarly, cross-hatch test
results also showed lowered adhesion in the primer coating thicker than 30 pm for all LIS surfaces as well as CCC and SAA surfaces. Moreover, the
adhesion performance of the primer coating for the standard coated specimens (both 15-23 pm and 23-30 pm coating thickness) were not significantly
different. These results are consistent with the vendor specifications that the thickness of primer coating should not exceed 30 pm in order to avoid
reduction of adhesion performance.
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