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Abstract: Thermal spray is one of the most widely used coating techniques to improve wear, surface
fatigue or corrosion properties. In the atmospheric plasma spray (APS) process, a powdered material
is melted by hydrogen and argon combustion and is propelled at high speed onto the target substrate.
The high impact energy of the particles produces a dense and resistant coating layer. Mechanical
and surface properties of the obtained coating depend on various spraying parameters, such as
gas flow, traverse speed and spraying distance, among others. In this research, the influence of
these manufacturing parameters on the thickness, hardness and resistance of the coating obtained
from a Ni-Al alloy sprayed onto an aluminum alloy substrate was studied. In order to analyze the
effect of these parameters on the coating properties, an extensive experimental program was carried
out. A metallographic analysis, hardness and strength measurements were carried out using the
small punch test to locally study the mechanical properties of the coating surface. The design of
experiments and the response surface methodology facilitate the assessment of the optimal set of
spraying parameters.

Keywords: thermal spray; APS; small punch test (SPT); Ni-Al coating; aluminum alloy

1. Introduction

Components manufactured in different industries require an optimum strength-to-
weight ratio. Some properties, such as fatigue, creep, creep-fatigue, high temperature,
corrosion and wear resistance, must also be considered depending on their functionality.
For instance, landing gear dampers absorb and dissipate landing impact energy and reduce
stresses on the fuselage. For this reason, many of the components of the landing gear
have usually been plated with hard chrome [1-3]. However, environmental regulations
demand the replacement of these hexavalent chromium components due to their harmful
effects on health [4]. In this context, coatings obtained by thermal spraying are a feasible
alternative because, in addition to environmental issues, they improve mechanical perfor-
mance in comparison with conventional hard chrome coatings, both for wear and corrosion
behavior [3,5,6]. Turbine blades in the aeronautical field are also critical because they are
susceptible to fatigue and thermal creep failures [7-9]. Moreover, due to the temperature-
enhanced oxidation [10], coatings are commonly designed as a thermal barrier coating
(TBC) for components that are in contact with hot gases [11-13]. A type of TBC commonly
used in aeronautics and obtained by thermal spraying is the Ni-Al coating. It is used to
protect components subjected to high temperatures and is mainly characterized by very
good adhesion to the substrate [14]. In this case, a top coat ceramic layer, typically ZrO,
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stabilized with 8% Y,0O3 [15,16], which acts as a thermal insulator of the component [17], is
projected onto the Ni-Al metallic layer, i.e., the bond coat. On the other hand, aluminum
substrates are used in applications where the weight must be minimum; however, the low
hardness and tribological properties need to be enhanced by different coating techniques.

High-velocity oxy-fuel (HVOF) and atmospheric plasma spray (APS) are among the
most widely used thermal spray techniques [18]. The main difference between HVOF and
APS thermal spray techniques is the speed at which the particles are projected and the
materials that can be projected. The acceleration of the molten or softened particles to be
projected on the substrate depends on the gases present in that atmosphere. At the same
time that the heat transfer process takes place, pressurized gas streams are produced in the
working atmosphere. The pressure can be obtained with suitable geometries of nozzles in
the spray guns or by means of peripheral devices. In the case of HVOF particles projected at
high speed, the coatings have better adhesion and mechanical properties. Carbide coatings
with maximum hardness and wear resistance are obtained. However, the APS technique
can be applied to a greater variety of materials to be protected with good quality. The fields
of application for both techniques in metallic and ceramic coatings are the aeronautical, oil
and gas, textile and steel sectors.

In particular, APS is a coating technique whereby a powdered material is melted
in a hydrogen and argon combustion process and then propelled toward the substrate
at high speed. The high impact energy of the particles produces a dense and resistant
coating layer [12,19,20]. Plasma in contact with powder particles in the heating region
reaches temperatures between 6000 and 15,000 °C [21]. A gas mixture of hydrogen and
argon is overheated by an electric arc to produce plasma. Simultaneously, the powder is
introduced radially using an inert carrier gas and is accelerated toward the substrate by
the plasma stream. Therefore, refrigeration is required to keep the substrate between 95
and 205 °C [21].

1.1. APS Process Parameters

Typical parameters influencing the APS process include the plasma gas composition,
the geometry of the electrodes, the spraying distance, the atmosphere used, the transverse
speed of the torch, the substrate temperature and the powder size and quality [22-24].
Generally, the plasma gas is composed of Ar or mixtures of Ar + Hp, Ar + He and Ar + Ny,
sometimes N, and a mixture of N, + Hp. For industrial applications, typical Ar flow rates
in plasma torches, such as F4, range between 40 and 50 slpm, and can reach 80 slpm in some
facilities. Each gas has its own role in the formation of the plasma jet [25]: Ar stabilizes the
arc within the nozzle, whereas N, or H, improve heat transfer to the particles, due to their
high thermal conductivity. The plasma composition also has an influence on plasma jet
velocity and enthalpy [26]. The plasma torch temperature is approximately 13,727 °C [27],
reaching particle velocities at the nozzle outlet from 20 to 500 m/s, depending on the
particle size [28]. For APS, the spraying distance from the torch to the substrate varies
from 60 to 150 mm, whereas the atmosphere is usually air. Moreover, the temperature of
the substrate is an important parameter for ceramic coatings that are sprayed on metals
due to the likely generation of residual stresses [29-32]. In alumina coatings, it has been
demonstrated that adhesion is best when the substrate temperature is between 300 and
500 °C [33].

1.2. Testing of Coatings

Gradients of physical and mechanical properties between the substrate and the coating
might produce failures, e.g., crack initiation and propagation, or reduction of corrosion and
creep resistance [34-36]. It must be noted that thermal stresses are generated during cooling
after fabrication [37] and that cracking within coatings can be caused also by thermal cycles
in the absence of mechanical loading [38]; in addition, coating oxidation must be taken
into account [4,10,39,40]. Failures of thermal spray coatings might be classified according
to the operating mechanism in: abrasion, delamination, bulk failure and spalling [41].
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Mechanical characterization of coatings has traditionally focused on the measurement of
adhesive resistance between layers [42]. Some examples of common techniques are the
tensile adhesion test, double cantilever beam test, scratch test or laser shock adhesion test
(LASAT) [43]. Kang et al. [44] used Acoustic Emission technology to study delamination
failures. In addition, due to the increasing use of thermal spray coatings, specific standards
have emerged to evaluate their adhesion properties, such as the ISO 14916: 2017 [45] or the
ISO 27307:2015 [46] that standardize the tensile adhesive test and the transverse scratch
test, respectively, or the ISO 19207:2016 [47], which considers the classification of adhesive
strength by indentation. In thermal spraying of coatings, the most used test is ASTM
C633 [48]. It is used to determine the adhesion or cohesion strength of thermal spray when
subjected to tension perpendicular to the surface. To do this, a cylinder of the same metal
that would be used as the coating substrate in actual use is sprayed. The cylinder length of
this substrate shall not be less than 37.5 mm, with parallel surfaces between 23 and 25 mm
in diameter, with one end threaded to fix the load test tool and the other flat end for the
application of the sprayed coating. Subsequently, a similar test tool, but without a coating,
is glued to the surface of the coating with a suitable adhesive bonding agent. The adhesive
bonding agent must be at least as strong as the required minimum adhesion strength or
cohesion of the coating.

Adbhesive fracture can also be determined using indentation results on the interface
of layers [49]. Testing coating samples separated from the substrate by machining is also
possible [50]. Some authors have studied the fracture toughness of plasma-sprayed thin
specimens using a double-torsion test method [51] or a three-point bending test [52]. Nord-
horn et al. [53] combined the three-point bending test on APS coatings with a probabilistic
and FE-integrated approach. In comparison to the extensive research on adhesive prop-
erties, little research analyses the plastic behavior of thermally sprayed coating; macroin-
dentation [54] and nanoindentation [55] tests, in combination with numerical modeling,
are useful techniques to shed light on the ductile behavior and fracture micro-mechanisms
of coatings. When a thin substrate and a biaxial stress state must be characterized, the
small punch test (SPT) is proposed here as a feasible alternative for the failure analysis of
coating-substrate systems.

1.3. SPT on Coatings

As an application example, SPT methodology has been used to mimic the expansion
of stents inserted into arteries and, to this purpose, to study the failure of polymer-coated
stents [56]. Chen et al. [57] studied the behavior of thermally sprayed CoNiCrAlY coatings
using the vacuum plasma method. Tests were carried on at high temperature and constant
load, i.e., small punch creep test. They showed the important role of unmelted particles on
initial cracking during the SP creep test. These authors also studied the HVOF method in
CoNiCrAlY coating using the SP creep test [58], concluding that oxide particles originated
during HVOF spray promote early failures. Other authors [59,60] have used SPT on
thermally sprayed coatings to obtain the ductile-to-brittle transition temperature (DBTT).
A ductile-to-brittle transition shift is also observed for environmental effects in coated
materials, as shown by Nambu et al. [61], who studied hydrogen embrittlement of niobium
coated with palladium using in situ SPT under hydrogen permeation. Displacement-
controlled SP tests have been conducted by Kameda et al. [62,63] in CoCrAlY coatings
over a wide range of temperatures (22-950 °C). These authors analyze the behavior of each
coating region by machining off the outer layers so the specimen surface corresponds to
the examined layer where crack initiation is expected to occur.

The small punch test has also been proposed as an adhesion test, especially for
polymer-coated metals, because some adhesion failures have been observed in medical
applications due to the mechanical expansion [56,64]. Eskner [65] gives a comprehensive
overview of the estimation of mechanical properties of different coatings (NiAl, NiCrAlY,
NiCoCrAlY) on a Ni-base superalloy using the SPT for the application on gas turbines.
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In the present paper, the influence of the variation in APS parameters to obtain a Ni-Al
metallic coating on an aluminum alloy substrate was studied. The relationship between the
most significant process parameters and the mechanical properties of the coating—substrate
system has been evaluated using the small punch test. In turn, the relationship between
these APS parameters and the thickness, hardness and roughness of the obtained coating
was assessed.

2. Materials and Methods
2.1. Materials

The substrate material that was considered is an aluminum alloy AW-5754-H111.
This 5000 series aluminum alloy is characterized by a high magnesium content (2.6 to
3.6 weight %). On the other hand, to obtain the desired coating by means of the APS
technique, NiAl powder from Metco 450NS was used. This powder is widely employed
in aeronautics to obtain, by thermal spray, metallic NiAl coatings on components that
require an improvement in certain properties such as wear, high-temperature and corrosion
resistance [66,67].

2.2. Methodology

Table 1 shows the combination of parameters considered for each sprayed sample. In
total, 15 projected areas were obtained under different conditions, varying the spraying
distance between 130 and 150 mm, the spraying speed between 1000 and 1400 mm/s, the
argon flow rate between 50 and 60 slpm and the hydrogen flow rate between 9 and 10 slpm.
It must be noted that the spraying speed refers to the linear torch velocity and should not
be confused with the powder particles’ velocity. Even though both the argon and hydrogen
flow rates are varied, only three gas combinations are defined (Ar-Hj: 50-10, 55-9.5 and
60-9 slpm); therefore, the gas ratio influence is addressed, from now onward, through the
argon flow rate variable.

Table 1. Parameter combinations for Ni-Al spraying on an aluminum substrate by APS.

... Sprayin, Argon H, .
Combination Dpisthcg Flom;g Rate Flow Rate Spraying Speed
# (mm/s)
(mm) (slpm) (slpm)

1 130 50 10 1000
2 150 50 10 1000
3 130 60 9 1000
4 150 60 9 1000
5 130 50 10 1400
6 150 50 10 1400
7 130 60 9 1400
8 150 60 9 1400
9 130 55 9.5 1200
10 150 55 9.5 1200
11 140 50 10 1200
12 140 60 9 1200
13 140 55 9.5 1000
14 140 55 9.5 1400
15 140 55 9.5 1200

Ni-Al powder (Metco 450NS) was sprayed using surface one equipment with an
F4 plasma torch (Oerlikon Metco, Switzerland) with a theoretical plasma temperature of
11,000 °C and nitrogen cooling. The aluminum substrate, before being sprayed with the
coating particles, was shot-blasted using Norblast S-11 AUT equipment with an automatic
shot blasting gun (8 mm) and a short distance of approximately 105 mm. To obtain the
final coating, ten layers were deposited on the aluminum substrate. Subsequently, from
each of the 15 sprayed areas with the NiAl metal coating, i.e., one area for each parameter
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combination, 10 x 10 x 0.5 mm specimens were extracted by laser cutting. Small punch
tests were carried out in these specimens. Three replicates of each defined experiment were
tested for a total of 45 SPT tests, as described in Section 2.2.1. To carry out the small punch
tests, a 430KN MTS-Criterion universal testing machine was used.

On the other hand, metallographic sample preparations were carried out for every
combination of spraying parameters and Vickers HV(.3 surface microhardness was ana-
lyzed, according to ASTM E384-17, with 10 indentations and a minimum distance between
indents of 2.5 times the indent diagonal. The coating thickness was measured from SEM
images of the metallographic preparations. Ten thickness measurements were performed
in 10 different fields of the SEM micrograph. Subsequently, a proctographic analysis of
the samples was carried out by SEM after the Small Punch test. In addition, different
surface roughness measurements were carried out, according to ISO 4287-1997, for all
the 15 runs defined by combining APS parameters, using the Mitutoyo Surftest SJ210
roughness measuring instrument.

2.2.1. Small Punch Test (SPT)

This test, described in CEN [68], has also been used to determine fracture proper-
ties [69,70]. SPT is based on the punching of a thin specimen (0.5 mm thickness) until
breaking, while its edges are clamped between lower and upper dies, by means of a highly
rigid punch (Figure 1).

upper die e —— punch

d,=2.5mm

D, =4mm
r=0.5mm

specimen

lower die

Figure 1. Small Punch testing scheme.

During the test, the load P applied to the punch is registered as well as the punch
displacement, which corresponds to the specimen deflection in its centre, A(mm). From the
SPT curves, the following values are extracted: maximum load, Pmax; yield load, Py /(t/10)
and the displacement corresponding to maximum load, Ap, _ , (Figure 2).

350 —————F——————————F———————

[ Test: SPT ]
300 & AW-5754-H111 + NiAl coating 1
[ Ta=20°C \ ]

250 |

200 4

Load (N)

150 1
100 4

50 |

0 — T T T T
o,o\ 0,5 1,0 15 2,0 2,5
£,/10

Punch Displacement (mm)

Figure 2. Typical load-displacement curve for the Small Punch Test.
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2.2.2. Surface Roughness

A study of the surface roughness produced by the APS coating process was carried out.
Measurements have followed the ISO 4287-1997 Standard [71]. The following parameters
were obtained to characterize the surface profile and thus the associated roughness:

e Amplitude field parameters: Ra, Rq, Rz, Rp and Rv. These parameters are related to
the averaged profile ordinates (Ra and Rq) or to the peak/valley amplitudes (Rz, Rp,
Rv).

e Peak/valley feature parameter: Rc This parameter represents the mean height of
profile elements within the sampling length.

e  Spacing feature parameter: RSm. It is determined by averaging the width of profile
elements.

In the present work, the focus is put on the parameter Ra because it is by far the
most common characterising magnitude in roughness evaluation. However, all values are
given in Table 2. Ra is defined as the arithmetical mean deviation of the absolute ordinate
values Z(x) within the measured length 1; this definition is expressed by Equation (1) and
schematically depicted in Figure 3.

1

Ra— %/|Z(x)|dx (1)

0

Table 2. Results of Small Punch tests, coating thickness measurement, microhardness and surface roughness values for each

APS parameter combination, following the numbering sequence from Table 1.

Run P40y Pmax  Ap,,, Tﬁ?:l:ilgss Microhardness Ra Rq Rz Rp Rv Rc RSm
# N) (N)  (mm) (um) (0.3 HV) (um)  (um) (um) (um) (um) (um) (um)
1 55.1 2646 192 78 £ 23 142 £ 4 7.5 9.3 458 232 227 313 2393
2 58.6 2533 187 112 +12 385+ 15 4.8 6.1 329 162 168 185 1371
3 61.6 3370 1.87 112 +£19 169 + 46 9.9 124 539 263 277 351 1963
4 56.0 2726 194 143 £ 24 142 £ 19 138 168 713 334 379 535 2653
5 63.2 3253 189 97 £25 162 + 26 4.7 6.0 307 163 144 180 123.0
6 54.0 2889 191 87 + 28 159 £ 12 9.6 121 550 270 280 353 2409
7 50.7 2626 194 82 +29 167 £19 9.4 116 527 264 263 339 2188
8 53.1 2509 1.89 164 £+ 35 152 £+ 31 120 145 617 320 297 444 2872
9 54.5 246.6 194 60 + 25 95 £ 16 7.8 9.8 465 237 228 300 1849
10 52.9 2692 191 248 £ 22 202 £ 38 108 132 583 295 289 393 2290
11 54.0 283.7 193 64+9 164 + 42 106 129 584 279 305 448 2765
12 54.6 2635 192 191 £ 55 162 +9 9.1 110 491 235 256 323 2068
13 66.5 3659 187 124 + 40 138 + 32 9.7 117 554 278 276 388 2685
14 57.1 2762 191 165 + 31 193 £+ 37 113 137 594 298 296 444 2872
15 52.4 288.7  1.88 188 £ 58 150 £ 22 9.4 121 581 340 241  31.0 2449

| Z(x)|
A A A e Ml

W

Sampling length,

<& >
< »

Figure 3. Scheme for the determination of the Ra roughness parameter.
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Spraying speed [mm/s)

1200

1100

1000

55

Argon flow [slpm)]

3. Results

SPT results are shown in Columns 2 to 4 in Table 2 for the corresponding parameter
combination numbered in Column 1; following [68], the values Py /(t/10)s Pyax and Ap,
were determined. Measurements of coating thickness that were obtained by APS on the
aluminum alloy substrate are included in Column 4. Additionally, microhardness results
are shown in Column 5, whereas the surface roughness characteristic parameters are
included in Columns 6 to 12.

4. Discussion

In order to facilitate the interpretation of results, three characterizing input variables
were considered as the influential factors in the mechanical response and coating quality:
spraying distance, argon flow rate and transverse spraying speed, following Table 1, and a
response surface methodology (RSM) was followed to analyze results shown in Table 2.
Input variables were codified to obtain a cubic design of experiments (DoE) in which
these variables range between —1 and 1, as shown in Figure 4. The DoE approach is
usually followed to optimize process parameters for coatings [34,72-74]. More advanced
regression techniques that are based on artificial neural networks have also been used by
some authors to predict the influence of thermal spray parameters [75,76]. A codified value
x is determined from the dimensional magnitude X following Equation (2):

2(X—X
re XsEzp - XiZf (2)

where }~(, Xin f and Xsup are the mean, inferior and superior values, respectively.

- o
N \\\\\
\\\\\ N \\\\
° N 1 g . ~
R ~_ i
. ~ - e
T 05 ~—
[ N
- ° § ~ o
4 % 0 o
L -® 2 | ~e
e (% 0.5 L \\.
. N
~ .
TR 1 e ~~
L ] ~ o N
_—. ! e
150 05 S ;
145 o ~ 05
140 ~ 0
135 0.5 - 05
50 130 Spraying distance [mm) Argon flow rate [-] S Spraying distance [-]
(@) (b)

Figure 4. Central composite design for 3 factors with faced points and considering (a) real units X or (b) codified units x.

For the output fitting, a quadratic surface response was considered with three vari-
ables: the spraying distance, x1; the argon flow rate, x7; and the spraying speed, x3, all three
codified, i.e., ranging between —1 and 1. As shown in Equation (3), the surface response
fout expression includes constant (B¢), linear (81, B2, B3), interaction (B12, B13, B23) and
quadratic terms (B11, B22, B33)-

fout(x1,%2,%3) = Bo + Brx1 + Baxa + Baxs + PraX1X2 + B13x1X3 + PazXaXs + B11X3 + Boax + Bazx3 3)

The surface response is fitted using the MathLab function “regstats” that performs
the multilinear regression; the quadratic option including interaction terms was chosen.
In the following subsections, four output experimental results are analyzed through this
regression methodology: maximum load in SPT (Pmax), the measured coating thickness, the
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@® Designed points

B Experimental results

400

1300
1200

Spraying speed [mm/s]

1100

microhardness value and the surface roughness Ra. Generally, the fitted responses showed
R2 regression coefficients between 0.65 and 0.75. This moderate explained dependence
was attributed to the usual scatter found in Small Punch testing and due to the nature
of the Thermal Spray process in which homogeneous properties are hard to be found.
Nevertheless, the influence of APS parameters was discussed by analyzing the fitted
responses and the corresponding output contours.

4.1. Maximum Load in SPT

Table 3 shows the response surface coefficients for Pmayx as a function of the codified
input variables. It can be seen that, in order to obtain higher values of Py, the most
influential variable is the spraying speed. The higher the speed, the higher the Pmax
value. This observation can be explained by the fact that, at a higher spraying speed, less
material is deposited for each pass of the gun, and a more compact and resistant coating is
generated. In turn, this effect may be related to better adherence of the projected particles
to the substrate so that coating spalling effects do not occur between each pass.

Table 3. Regression coefficients for the Pmax response considering x1, x, x3 (in codified units) and
fout in N and percentage over the mean Pmayx value.

Bo B1 B2 B3 B2 B3 B2 B B2 B33

(N) 2876 —101 -29 -9.0 -3.6 34 —-241 -283 126 348
(%) 101.1 —3.6 -1.0 -3.1 —-1.2 1.2 —8.5 -9.9 —44 12.2

On the other hand, short spraying distances produce a certain increase in the value of
Pmax. This is attributed to the fact that, as the spraying distances get smaller, the projected
particles generate compression stresses in the substrate, thus increasing its cracking resis-
tance and so increasing the SPT maximum load. Regarding the effect of the gas mixture, it
is the least significant variable of the three.

In addition, as can be observed in Figure 5, the combination of moderate argon flow
rates (55 slpm) with medium-low spraying distances gives the higher Pnax values.

1400
320
Argon flow = 55 slpm 1350
310
1300 E
o »
£ ©
. £ 1250 =00,
o z
B (=]
a =
— 2 1200 290 5
i P 2 g
0 ‘ = 280 &
>
| Mg F 1150 =
| a T
I ‘ a y
¢ [ 1100 270
‘ 150
145 1050 260
< 140 O 315
2 .
130 1% 1000 2B 3218 <. 250
Spraying distance [mm] 130 135 140 145

Spraying distance [mm]

Figure 5. Response surface of the obtained Pmax for a fixed argon flow rate of 55 slpm.

4.2. Coating Thickness

This output variable presents the fitted response coefficients included in Table 4. It is
observed that the most significant factors that increase the thickness of the coating are the
spraying distance and the argon flow rate, i.e., the gas mixture. The greater the spraying
distance combined with high argon concentrations, the thicker coating is produced on the
substrate. On the other hand, the variation in thickness values might be caused by a higher
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W Experimental results
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— 250

B

o 200

3

£ 150

e

< 100

§

o 50

0.l

1400

1200

Spraying speed [mm/s]

1100

1000

level of porosity within the coating, even if it is the adhesion is good enough; due to a
great spraying distance, the particles’ projection is more scattered, and spacing between
deposited particles is higher, producing microvoids and, in addition, a more pronounced
in-flight cooling before contacting the substrate.

Table 4. Regression coefficients for the coating thickness response considering x1, x, x3 (in codified
units) and fo¢ in pm and percentage over the mean thickness value.

Bo B1 B2 B3 B12 B13 B23 B11 B2z B33

(um)  178.2 325 25.4 2.6 11.1 0.9 -04 —-120 -385 215
(%) 127.0 23.2 18.1 1.9 79 0.6 -0.3 -85 274 153

As shown in Figure 6, for an intermediate argon flow rate (55 slpm), the maximum
coating thickness would be obtained for a process parameter combination tending to
maximum spraying distances and moderate spraying speeds.

1400
190

Argon flow = 55 slpm 1350
180

55 slpm

| 1300
170

=¥
N
o
o

160

150

-
o
o

140

Spraying speed [mm/s]
)
8

1100 130

Coat thickness [;:m] for Argon flow

150

145 1050 120

140

135

e 1000
Spraying distance [mm] 130 135 140 145 150

Spraying distance [mm]

130

Figure 6. Response surface of the obtained coating thickness for a fixed argon flow of 55 slpm.

4.3. Microhardness

The response surface coefficients are shown in Table 5. It can be deduced that the
highest surface hardness is reached for great spraying distances, the latter being the most
significant variable. Furthermore, as shown in Figure 7, for the medium argon flow rate
(55 slpm), the maximum surface microhardness is found for the corner representing the
higher spraying distance and the slower spraying process.

Table 5. Regression coefficients for the hardness response considering x1, x, x3 (in codified units)
and f,y in HV and percentage over the mean hardness value.

Bo B1 B2 B3 B12 B13 B23 B11 B22 B33

HV) 1487 30.5 —220 —-143 353 293 268 1.4 15.9 18.4
(%) 88.8 18.2 -131 -85 =210 -175 16.0 0.8 9.5 11.0
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1400
I Response: R2=0.741
®  Experimental results
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Spraying speed [mm/s] 1000 130 Spraying distance [mm] 1000

130 135 140 145 150
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Figure 7. Response surface of the obtained hardness for a fixed argon flow rate of 55 slpm.

4.4. Surface Roughness Ra

According to the regression coefficients shown in Table 6, the higher values of surface
roughness are produced by high argon flow rates because this is the most significant vari-
able, as can be deduced from the 3, value, and by the spraying distance, to a lesser extent.

Table 6. Regression coefficients for the Ra response considering x1, X2, x3 (in codified units) and f,t
in pm and percentage over the mean Ra value.

Bo B1 B2 B3 B12 B13 B23 B11 B22 B33

(um) 9.70 1.17 1.72 0.14 0.55 0.79 -056 —-0.81 025 042
(%) 103.6 12.5 18.4 1.5 5.8 8.4 —6.0 —-8.7 —-2.6 44

Additionally, as depicted in Figure 8, for a fixed distance level of 140 mm, it is
observed that the maximum surface roughness is caused by high argon flow rates, whereas
the influence of the spraying speed, as can be interpreted by the contours parallel to the
ordinates in the right picture of Figure 8, is very small.

I Response: R2 =0.672 1400
®  Experimental results
®  Designed points Spraying distance = 140 mm 1350
3
1300 s
' <
w -
= "
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Spraying speed [mm/s] 1000 50 Argon flow [slpm] 1000
50 52 54 56 58

Argon flow [slpm]

Figure 8. Response surface of the obtained Ra for a fixed spraying distance of 140 mm.

In general, as mentioned above, an increase in H, flow rate improves the heat transfer
in the particles, whereas an increase in Ar stabilizes the flame, being one of the possible
reasons why, in this case, the coatings are denser and more resistant for a lower argon flow
rate, i.e., for a higher hydrogen content. Therefore, because the heat transfer is enhanced
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for low argon flow rates, the adherence between the coating and the substrate, and also
between each layer corresponding to the 10 gun passes, is better.

4.5. Fractographic Analysis

Figures 9-11 show a typical example of the fracture observed for the coating—substrate
system after the Small Punch testing of the specimen. In Figure 9, the complete cracking
and failure patterns are observed, and two different of fracture modes can be differentiated.
On one hand, a ductile breakage can be associated with the observed circumferential
cracking, typical in a SPT, through the aluminum substrate whereas the coating mode of
failure is brittle, as it is deduced from the star-shaped cracking pattern that is found in SPT
brittle fracture [77].

In the case of Figure 10, it is possible to see in detail how the coating fails due to the
bending that the substrate bears during the punching process happening in the SPT test.
Specifically, the central part of the specimen coated face is subjected to tensile stresses,
therefore the mode of failure that presents is more brittle when compared to the aluminum
cracked substrate. However, it must be highlighted, despite the different fracture responses,
that the adhesion of the coating to the substrate seems adequate.

Figure 11 shows the ductile fracture mode of the aluminum substrate demonstrated
by the microvoid coalescence mechanism, in comparison to the brittle failure of the coating,
as mentioned above. Thus, the micromechanisms, i.e., cleavage in Figure 10 and dimpled
surfaces in Figure 11, are in accordance with the cracking patterns observed in the SPT
broken specimen that shows a circumferential crack in the substrate and a star-shaped
cracking process in the coating.

EHT = 20.00 kV Signal A= SE1 Date: 19 Dec 2019 an»
WD = 33.65 mm Mag= 50X Time: 8:46:22 CT.‘ I |€ N

Figure 9. SEM image of the observed Small Punch Test (SPT) fracture (Test 1).
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Figure 10. SEM image of the observed brittle fracture in the coating for the Small Punch test (Test 1).

Substrate

Signal A= SE1 Date: 19 Dec 2019 an»
Mag= 500X Time: 17:26:40 CT'I I |€ vay
; L4

Figure 11. SEM image of the observed ductile fracture in the substrate for the Small Punch test (Test 13).
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4.6. Coating Metallographic Analysis

Figure 12 shows the coating obtained under the parameter combination defined for
Test 2. The defect typology associated with the coating, such as porosity and delamination,
can be assessed. On the other hand, the homogeneity and the relatively uniform thickness
are demonstrated, as well as the good adhesion between the substrate and coating. It
should be emphasized that most defects begin after 1/3 of the coating was made, i.e.,
on the outer layers of the coating, whereas the strip that is close to the substrate is free
of porosity.

: Substrate

Delamination

-

EHT=20.00 kV Signal A= SE1 Date: 16 Dec 2019 Crm€ an»
WD = 20.37 mm Mag= 1.00KX  Time: 16:32:07 e

Figure 12. SEM image of the coating and the interface with the substrate for the parameter combination (Number 2).

Figure 13 shows how the adhesion between the substrate and coating is not optimal
for the parameter combination, defined as Number 10; in addition, a significant increase in
the number of defects is observed right from the first gun passes during spraying close to
the substrate.
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EHT = 20.00 kV Signal A= SE1
WD = 21.44 mm Mag= 559 X

Figure 13. SEM image of the coating and the interface with the substrate for the parameter combination (Number 10). The
coating thickness is also shown for two locations.

5. Conclusions

An experimental program was carried out with the aim of obtaining, to a first ap-
proximation, the optimal parameter combination for the coating process by means of the
Atmospheric Plasma Spray technique of a Ni-Al coating on an aluminum alloy substrate.
To this purpose, and within the context of mechanical characterization, the Small Punch
test is proposed as an alternative to evaluating the failure mode of these coatings together
with the substrate material when thin work pieces thicknesses are involved.

Results obtained through this testing methodology, analyzing the maximum load as
the output response, have led to the following conclusions:

e  Within the assessed range of variables, low spraying speeds and an increase in spray-
ing distance, for intermediate values of argon flow rates, produce coatings with higher
strength.

e  Alternatively, the thicker coatings were obtained for a greater spraying distance
combined with high argon flow rates.

e  On the other hand, for a greater spraying distance and a slow spraying process, surface
microhardness was maximized.

e  Finally, for high argon flow rates together and great spraying distance, the highest
surface roughness has been found.

It must be noted that the statistical significance has been relatively low; it is thus
concluded that the studied parameter range has been too narrow in order to find high
variations in mechanical properties. In future research, a broader spectrum of spraying
distances and gas flow rates will be assessed.
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The fractographic and metallographic analysis have been a successful method to
identify the failure mode occurring during the Small Punch test of the coating-substrate
system, as well as to establish a relationship between the coating behavior and the presence
of defects due to the selected parameters of APS thermal spray technique.
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