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Coating characteristics are highly dependent on substrate preparation and spray parameters. Hence, the
surface must be adapted mechanically and physicochemically to favor coating--substrate adhesion.
Conventional surface preparation methods such as grit blasting are limited by surface embrittlement and
produce large plastic deformations throughout the surface, resulting in compressive stress and potential
cracks. Among all such methods, laser patterning is suitable to prepare the surface of sensitive materials.
No embedded grit particles can be observed, and high-quality coatings are obtained. Finally, laser surface
patterning adapts the impacted surface, creating large anchoring area. Optimized surface topographies
can then be elaborated according to the material as well as the application. The objective of this study is
to compare the adhesive bond strength between two surface preparation methods, namely grit blasting
and laser surface patterning, for two material couples used in aerospace applications: 2017 aluminum
alloy and AISI 304L stainless steel coated with NiAl and YSZ, respectively. Laser patterning significantly
increases adherence values for similar contact area due to mixed-mode (cohesive and adhesive) failure.
The coating is locked in the pattern.

Keywords adhesion testing, thermal barrier coating, atmo-
spheric plasma spray (APS), Nd-YAG laser, laser
surface texturing, grit-blasting

1. Introduction

New processes and materials are emerging with specific
properties or endurance life and/or lower environmental
impact. In this approach, surface treatments carried out by
thermal spraying appear quite promising, as they can ex-
tend the life of components while improving their per-
formance (Ref 1). The adhesion of thermally sprayed
coatings strongly depends on the substrate topography
(wettability, contact area) (Ref 2), substrate temperature
(coating/substrate gradient temperature) (Ref 3), and
surface composition (physicochemical contact) (Ref 4).
Surface cleanliness is a key parameter for coating quality

(Ref 5). Both substrate and coating temperature also
control the residual stress distribution (Ref 6).

Adhesion is related to the nature and strength of the
bonding forces between two materials, such as ionic,
covalent, metallic, hydrogen, and van der Waals forces
(Ref 7). Practical adhesion adds mechanical anchoring
effects. Generally, oxides, carbon, and oils have to be re-
moved from the surface (particularly for metallic surfaces)
before final use, as they change the physicochemical
characteristics and/or contact surface (Ref 8). Among
other methods, degreasing and grit blasting are classical
procedures applied prior to thermal spraying. Degreasing
involves chemical modification of the surface, while grit
blasting modifies the surface morphology by creating a
uniform roughness that provides mechanical interlocking
of the particles to the substrate (Ref 9). Grit-blasted sur-
faces are contaminant free with abrasive granules. This
technique is very effective for most materials, but ductile
materials may be damaged with severe surface plastic
deformation and/or microcracks (Ref 10). In addition, grit
inclusion can occur, decreasing the adherence of the sub-
sequent coating. New technologies such as laser tools have
been developed to adjust the coating–substrate adhesion,
but they also suffer from some disadvantages. Laser tools
have proved their efficiency in surface treatments [for
cleaning purposes (Ref 10), topography modification (Ref
11), heat treatment (Ref 12), etc.]. Laser surface treatment
offers several advantages such as easy automation, local-
ized treatment area, three-dimensional treatment, and
great flexibility. A controlled interaction between the laser
and material enables surface modification processes for all
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types of materials such as glasses, ceramics, polymers, and
metals (Ref 13). A specific laser tool adapted (in terms of
wavelength, pulse duration, spot size, and pulse frequency)
to the material to be treated, combined with a scanner for
three-dimensional shape modification, could promote
mechanical and physicochemical bond strength for thick
coatings elaborated by thermal spraying. Laser processing
parameters have been shown to influence not only the
surface topography but also the microstructure of the
material due to the heat flux absorbed during such treat-
ment (Ref 14, 15). The interaction between the laser and
material is typically described by considering three main
factors: the laser light, the material, and the environment.
Conversion of the absorbed energy into heat via collisions
is the most important effect. The energy supplied is suffi-
cient for ablation (fast transition from overheated liquid to
a mixture of vapor and drops) of micrometric layers (Ref
16). Using a scanner or automated microstepping stage,
specific patterns can be produced on a surface according to
the product application(s). Furthermore, laser patterning

can offer a solution to remove bond coats in different cases
(e.g., thermal barrier coating systems) based on the inter-
locking effect in the substrate–coating couple.

In this study, a comparison between a conventional
surface treatment method (grit blasting) and laser surface
patterning was carried out to identify which main surface
topography parameters are involved in the tensile and shear
stresses. The results are presented and characterized based
on standard adhesion methods to determine the interface
toughness with different mechanical and physicochemical
forces for two coating–substrate couples (Ref 17).

2. Experimental Procedures

2.1 Materials

As initial materials for study, 2017 aluminum alloy
substrates (Mg= 0.6 %, Cu=4 %, Mn= 0.7 %, Fe= 0.7 %,
and Si = 0.5 %; wt.%) were used (solution heat-treated).
The substrates were buttons with thickness of 10 mm and
diameter of 25 mm. The aluminum alloy chosen for this
study is widely used in aircraft structural applications.
Embrittlement problems occur during conventional sur-
face pretreatment of ductile material such as 2017 Al alloy
(Ref 9). The powder deposited on the substrates was NiAl
(95 to 5 wt.%, AMDRY 956, Sulzer-Metco) with particle
size from 45 to 90 lm (d0.1 to d0.9) with mean of 67 lm.

For the second couple, AISI 304L stainless steel sub-
strates (C= 0.07 %, Si = 1 %, Mn= 2 %, P= 0.045 %,
S= 0.015 %, Cr = 18 % Ni = 9 %; wt.%) were selected.
The substrates were buttons with thickness of 10 mm and
diameter of 25 mm. Its properties (Young�s modulus
193 MPa, toughness 175HV, thermal conductivity 16.2 W/
m-K) make it an ideal candidate to replace the nickel-
based superalloy (AM1) used in aeronautic engine turbine
blades at room temperature, although not at the expected
in-service AM1 temperatures on the order of 950 to
1100 �C (differing properties and oxidation) (Ref 18). TheFig. 1 Shallow spot-shaped cavities

Fig. 2 Optical cross-sectional micrographs of AMDRY 956 (Ni5Al) powder plasma-sprayed onto aluminum AISI 2017 textured under
different conditions (Ref 19): (a) 10 W, 40 kHz, 32 pulses and (b) 17.3 W, 20 kHz, 48 pulses
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substrates were coated with a thermal barrier coating of
ZrO2-7Y2O3-1.7HfO2 powder (Praxair-ZRO 236-1) with
particle size from 16 to 100 lm (d0.1 to d0.9) with mean of
63 lm. Thermal barrier coatings (TBCs) are highly ad-
vanced materials that are usually applied to protect tur-
bine blades from high temperature (Ref 19).

2.2 Substrate Pretreatment

For substrate pretreatment, several processes were
carried out. Grit blasting (GB) was performed using an
Econoline machine. Samples were treated with tangent
3 bar pressure at 5 cm to obtain roughness of Ra � 6.7 and
Rz � 33 lm for 2017 aluminum alloy and Ra � 4.5 lm
and Rz � 28.3 lm for AISI 304L stainless steel.

For laser treatment, experiments were conducted using
a pulsed fiber laser (Laseo, Ylia M20, Quantel France).
The laser operates at nominal wavelength of 1.06 lm with
pulse duration of 100 ns, maximum power of 20 W, and
variable frequency between 10 and 100 kHz. The laser
beam is circular with diameter of 60 lm at the focal point
and Gaussian energy distribution. The laser patterning
consisted of a series of equidistant lines covered with a
number of holes (to form a spotted surface). The scanner
stops the laser beam, and pulses are generated to form the
holes. Several shapes can be defined for different X–Y
scans and number of pulses (Fig. 1). The topography
changed strongly. The optimal pattern dimensions were
studied depending on the spray process (sprayed powder
and melted particle viscosity). As shown in Fig. 2, deep
and wide holes affected the adhesion bond strength since
the coating did not provide good contact (Ref 20).

In this study, a hole pattern was chosen. Thus, the
textured substrate has an adhesion area that depends on
the shape, height, orientation, distribution, and density of
holes. A hole volume equal to the particle volume and a
hole opening larger than the particle diameter were ap-
plied as criteria.

For 2017 aluminum alloy, the holes followed four grid
patterns. Holes were formed with diameter of 60 lm and
depth of 80 lm (F[L]), where [L] refers to the distance
between two holes in lm along the X and Y directions
(100, 150, 200, and 300 lm).

For AISI 304L stainless steel, large particle size was
used. Two hole patterns (S{D}-[L]) were formed with
diameter {D} of 60 and 80 lm and depth of 35 and 40 lm.
Figure 3 shows an example of the textured surface for
2017 Al and AISI 304L (top view and cross-section).

2.3 Morphological Analyses

Characterization of the morphology of pretreated
samples with and without coating was performed by
optical microscopy (MOZ2 Zeiss) and scanning electron

Fig. 3 Example top view and cross-sections for (a) 2017 Al surface patterning (F200) and (b) AISI 304L surface patterning (S80-150)

Fig. 4 Sketch of the anchoring force (FAnc) of a splat as a
function of the in-contact surface shape
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microscopy (SEM, JEOL JSM 6400). The in-contact
area was computed using image analysis to compare the
adhesive bond strength between the different surface
treatments.

Melted particles recede on the surface during thermal
spray, causing the coating to become trapped on the sur-
face after solidification. Quenching stresses and/or resid-
ual stresses are created. The interface mechanical force is
dependent on the stresses, friction forces, and blocking
mechanisms (Fig. 4). If a thin object (splat) is placed on an
inclined plane (Fig. 5), a pressure P is applied. The friction
force f is characterized as

f ¼ lPs; ðEq 1Þ

where l and s are the friction coefficient and contact area,
respectively. fv is the force needed to remove the object
vertically, i.e.,

fv ¼ f cos h: ðEq 2Þ

This removal force fv is proportional to the projected area.
The surface roughness can be expressed using the fol-
lowing function in orthogonal coordinates:

z ¼ f ðx; yÞ: ðEq 3Þ

If a thermally sprayed coating fills the surface, the vertical
force dfv required to remove the coating from an
infinitesimal area ds can be expressed as

dfv ¼ lPds cos h; ðEq 4Þ

where h is the angle between the vertical and the infinites-
imal region. The total force for a domain D is thereforeZ

D

dfv ¼

Z

S

lP cos hds ¼ �l�P

Z

S

cos hds; ðEq 5Þ

where l and P are replaced by their mean. Consequently,
the adhesive bond strength is

F ¼

�l�P
R
S

cos hds

D
: ðEq 6Þ

F can be computed theoretically from R (the in-contact
ratio, computed by image analysis) as

F ¼ �l�PR: ðEq 7Þ

Therefore, R can be used as a criterion for the
mechanical adhesion force. The in-contact ratio R rep-
resents the ratio in contact between the coating and
substrate per unit surface area (Eq 8). The surface ratio
R was determined by image analysis (Fig. 6, 7). The
interface was analyzed and the length computed using
ImageJ software and algorithms (Fig. 6).

R ¼
Adhesion area

Plane area
: ðEq 8Þ

Patterns add 6 to 10 times the in-contact surface. Table 1
presents the surface area ratio for the grit blasting and
laser treatments. The in-contact ratio strongly depends on
the grid pattern. Large values are obtained for laser pat-
terning compared with grit blasting.

2.4 Coating Production

NiAl and YSZ coatings were deposited using standard
thermal spray parameters (Ref 21, 22) (Table 2). Thick

f
v

fv

P

Fig. 5 Illustration of the mechanical friction force on the
interface between a thin object and an inclined plane

Fig. 6 Image analysis of adhesion area: grit-blasted surface with
the computed interface in red (Color figure online)

Fig. 7 Image analysis of surface area for laser surface texturing,
with the interface computed for one keyhole in red (each keyhole
adds 11 times the adhesion area compared with a planar surface)
(Color figure online)

Table 1 Surface area ratios for grit blasting (GB) with
100, 150, 200, and 300 grids for different patterns

Holes

Grid [L]

100 150 200 300 GB

F[L] 7.3 3.7 2.5 1.7 2.7
S60-[L] 6.4 3.1 2.1 1.3 1.8
S80-[L] 6.9 3.4 2.3 1.4
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coatings (300 lm) were produced by atmospheric plasma
spraying with an F4 torch (Sulzer-Metco, Neuwiesen-
strasse 158401, Winterthur, Switzerland) mounted on an
XYZ robot (ABB robot, Affolternstrasse 44, CH-8050
Zurich, Switzerland). The samples were moved rotation-
ally and the torch moved vertically for homogeneous
coating deposition. Samples were cooled down to room
temperature using a perpendicularly guided air jet.

2.5 Adhesion Tests

Adherence tests were carried out to provide values for
each system. A simple unidirectional test will result in dif-
ferent stresses locally (multiscale effect) (Fig. 8) (Ref 23).

The elastic body deforms and creates tensile and shear
stresses near an interface (interfacial instabilities). Two
adhesion tests were used to cover all stress possibilities.

Coating adhesion is usually tested by pull-off tests (de-
scribed in DIN EN 582-ASTM standard C633). The tested

Table 2 Thermal spray parameters defined for NiAl and
YSZ powders

NiAl YSZ

Primary gas flow rate, slpm Ar 50 Ar 44
H2 8 H2 13

Spray distance, mm 120 120
Arc current, A 600 630
Powder feed rate, g/mm 27 23
Carrier gas flow, L/min 3.3 3.4
Injection angle, � 75 90

Fig. 8 Adhesion in tensile and shear stress

Fig. 9 Microtensile stage, global view of the system; coated
specimen; schematic view of coating failure with crack propa-
gating through the coating then to the interface
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samples were buttons joined with cylindrical counterparts
using adhesive film (FM1000). A constant displacement
rate (1.026 mm/s) was applied using a tensile test machine
to complete failure. The maximum force was attributed
to the adherence at the interface for the considered
surface.

Secondly, another testing procedure was used to char-
acterize the adhesion under shear mode, namely in-plane
tensile tests using a tensile microstepped stage (DEBEN
micromachine) under a light microscope. The sample
geometry was defined according to the standard tests of
ISO 6892 (Fig. 9). Top-view pictures of the specimen
surface were captured during tensile testing with the
coating located on the edges. NiAl-Al2017 samples were
used. The displacement rate was 10 lm/s. When the crack
had propagated through the coating, the energy was re-
leased through the interface and the test stops.

3. Results

Tensile adhesion tests were performed on the previously
described coating–substrate samples to evaluate the inter-
face energy for the surface preparations. Figure 10 shows
the adherence values for the NiAl–Al2017 couple. The
cohesive bond strength of the coating was estimated to be
60 MPa. The grit-blasted surface (GB) gives an expected
adhesive failure (Ref 24), i.e., adhesive debonding, at about

25 MPa. The laser-treated substrates (F150, F200, and F300
grids) failed at the interface at larger values (52, 35, and
34 MPa, respectively). An unexpected cohesive failure oc-
curred in the samples treated with the closest holes (F100).

Figure 11 shows the pull-off test results for the YSZ–
AISI 304L couples. Similar behavior was observed. The
adhesion strength was 11 MPa for the grit-blasted surface.
The adhesive bond strength was 4, 7, 14, and 30 MPa for
the 300, 200, 150, and 100 lm grid, respectively, for the
S60 patterns and 5, 10, 19, and 33 MPa for the S80 pat-
terns. Cohesive failure occurred for the closest holes and
largest holes (S80-100).

Figure 12 shows cross-sections of tested specimens with
adhesive and cohesive failure. According to these cross-
sections, different fracture modes can be noted for the
grit-blasted and laser-treated surfaces. The patterned
surfaces show mixed-mode (adhesive and cohesive) fail-
ure. Few particles are locked at the interface after grit
blasting (Fig. 12a–d) compared with laser patterning. The
coating is locked in the holes, which hence act as anchors
(Fig. 12b–e). Cohesive failure is observed for the closest
configuration (Fig. 12c–f). The interface bond strength
was higher than the coating cohesive bond strength.
Cracks stopped near holes (obstacles), increasing the
interface energy release rate.

The stress during pull-off tests is mainly tensile, hence
another test was carried out, viz. in-plane testing (with
mainly shear stress), on both grit-blasted and laser-treated
surfaces (F200 and F100). Four specimens were tested.

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Max.

GB1

F100-0

F150-0

F200-0

F300-0

Adherence (MPa)

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Max.

GB1

F100-0

F150-0

F200-0

F300-0

Adherence (MPa)

Fig. 10 Results of tensile adhesion tests for NiAl coating elaborated on grit-blasted and different patterned 2017 aluminum alloy
substrate
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Cracks of 1344 ± 345, 234 ± 34, and 148 ± 22 lm were
identified, respectively (with the crack going through the
coating and through the interface due to the energy re-
leased). Different behaviors occurred according to the
interface morphology (Fig. 13). Cracks followed the
interface, but the coating was also trapped in holes (going
around or through). The obstacles diminished the energy
released at the interface due to the mixed-mode failure.

4. Discussion

Firstly, the pattern shape and sprayed particles must be
adapted for good contact (to be detailed in a future pa-
per). The adopted hole shape seems to be correct (with
good filling, as illustrated in Fig. 12). The porosity ratio is
larger in the holes than for the coating, but the difference
is negligible.

A comparison between the standard and innovative
surface preparation methods is illustrated in Fig. 14 (by
the adherence values for different in-contact ratios R).
The laser-treated surface slope is twice that for the grit-
blasted surface (NiAl–Al2017: 15.75 for LST and 8.18 for
GB; YSZ–AISI 304L: 7.47 for LST and 4.53 for GB). The

adhesive bond strength is doubled for the same contact
area. On the one hand, R cannot be larger than 3.5 for the
grit-blasted surface. On the other hand, the adhesive bond
strength has a limit for the laser-treated surface (with
cohesive toughness of 34 MPa). Therefore, the adhesive
bond strength can be calculated analytically for both
treated surfaces. The grit-blasting limits are about 25 and
18 MPa, while those for laser surface texturing are about
112 and 44 MPa, for couple 1 and 2, respectively.

Many important interface fracture problems involve
mixed-mode (shear and opening) displacement along
crack surfaces following linear elastic fracture mechanics
(LEFM). Interface fracture must be influenced by non-
planarity of the interface and by the phase angle of
loading. The adhesion energy as a function of the phase
angle of loading has been determined by Hutchinson et al.
(Ref 25) to be

Gi ¼ Gi1ð1þ tan2ðw 1� kð ÞÞ; ðEq 9Þ

where k is a material parameter corresponding to the
interface, w is the phase angle of loading, and Gi1 is the
energy release rate in mode I. A limit for the energy re-
lease rate to kink out in the coating (crack propagating
through coating) can be calculated. Cracks can propagate

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

100

150

200

300

GB

Adherence (MPa)

GB S60-[L] S80-[L]

Fig. 11 Results of tensile adhesion tests for YSZ coating sprayed on grit-blasted and different patterned AISI 304L stainless steel
substrates
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easily on planar surfaces, so holes are considered isolated.
Cracks are stopped in front of and/or go around each hole.
Cracks are deflected in the coating due to the sharp edges.

Straight crack propagation (going through the coating)
between intersplat interfaces is easier than following the
interface, because of the altered phase angle near holes.
The macroscopic interfacial toughness depends on the
interface energy and mechanical anchoring. The total
adhesive bond strength for a textured surface can be
considered to be the superposition of the adhesive and
cohesive strength.

Therefore, the cohesive zone ratio was calculated as a
function of the patterning (Fig. 15). The assumption is
cohesive failure above each hole (cohesive zone= hole
diameter) and adhesive failure on the plateau. Figure 16
shows the adherence as a function of the cohesive zone
ratio for both couples. The number of holes per unit sur-
face area increases for the different grid patterns, and the
adhesive bond strength changes linearly. Firstly, for the
plane surface (cohesive zone ratio = 0), the adherence
values are 12 and 0 MPa for NiAl–Al2017 and YSZ–AISI
304L, respectively, corresponding to physical bonding.
Then, the coating cohesive energy release rate is repre-
sented by the slope. The cohesive energy release rate is
larger for the NiAl than the YSZ coating. Consequently,
mixed-mode failure has a stronger effect.

Numerical analysis of crack propagation for different
stresses will be developed in the future, enabling compu-
tation of the optimal pattern morphology for use and
choice of material couples. After validation, the presented

Fig. 12 Micrographs presenting the interface after tensile testing for (a) grit-blasted surface, (b) F200-30, and (c) F100-0 for NiAl–
Al2017 and (d) grit-blasted surface, (e) S60-150, and (f) S80-100 for YSZ–AISI 304L

Fig. 13 Microscopic observations of crack propagation during
in-plane testing of NiAl–Al2017 for (a) grit-blasted and (b) laser-
treated samples
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method can be used as a guideline in the thermal spray
industry to improve interface adhesion; For example,
based on initial results, bond coat removal for thermal
barrier application is possible due to the large adhesive
bond strength.

5. Conclusions

Application of laser micropatterning of a substrate
surface to increase coating adhesion has been studied. The
textured surface with optimized hole morphology enables
interesting adhesion values to be obtained, being higher
than those generally observed after conventional pre-
treatment. The adhesive bond strength was multiplied by
two for both coating–substrate couples (metallic–metallic
and ceramic–metallic) for similar contact area. Holes in-
deed create obstacles to interfacial crack propagation.
Cracks go through the coating, increasing the energy re-
quired (due to mixed-mode failure). The interface bond
strength is larger than the cohesive toughness for the
closest holes. The periodicity of the pattern has an effect
on the adherence due to mechanical anchoring, which
stops crack propagation for different applied stresses.

Secondly, the influence of the substrate surface topog-
raphy was studied and its effects on coating adhesion
determined. The adhesive bond strength is linearly pro-
portional to the contact area. The macroscopic bond
strength is linearly dependent on the cohesive zone. Pre-
diction of the adhesive bond strength is possible based on
the pattern morphology and periodicity. The effectiveness
of laser surface patterning for surface treatment to en-
hance the adhesive bond strength has been demonstrated,
with mixed-mode failure being a key issue.
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