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ARTICLE INFO ABSTRACT

Handling Editor: Dr. S Ludwick Additive manufacturing, and particularly the cold spray technology for additive manufacturing (CSAM), is fast

becoming a key technology to produce components in an efficient and environmentally friendly manner. This

Keywords: method usually requires a final rectification to generate specific surface topographies. The novelty of this paper is
Cold Spray additive manufacturing related to the capabilities of the CSAM technique to control the surface topography of the samples. Thus, this
A,lum_mum work investigates the topography of CSAM samples and its correlation with the processing parameters. Pure Al
Titanium . . . i . i -

Topography and Ti samples were manufactured following two different deposition strategies: traditional and metal knitting.
Microstructure This last strategy constitutes a promising alternative for CSAM to obtain near-net-final shape components. The
Nanoindentation topography was analyzed by confocal microscopy considering the form, waviness, and roughness components.

Moreover, the microstructure and mechanical properties of the samples were also investigated in order to assure
reliable freestanding CSAM deposits. Results showed that the waviness was controlled by the spraying line
spacing, and that the waviness and roughness profiles of the metal knitting samples presented the largest
wavelengths regardless the material. The metal knitting method generated samples with higher thickness and
porosity than the traditional strategy, while the mechanical properties at the local scale were not varied. The
study highlights the CSAM technology potential for controlling the deposit’s surface topography.

and heat. Consequently, the CS manufacturing process is dominated by
the plastic deformation of the spraying particles. Then, the processing

1. Introduction

Additive Manufacturing (AM) has been proposed as an alternative to
the traditional processes for producing components with defined ge-
ometry. AM creates near-net-shape parts, and the final piece is
commonly obtained after a finishing machining stage. This process
significantly reduces the amount of waste generated, making it an
environmentally friendly alternative [1].

Recently, the cold spray technique (CS) has been revealed as a
promising candidate for additive manufacturing (CSAM) due to its low
deposition temperature [2,3]. During the CSAM process, fine powder
particles are accelerated in a high velocity compressed gas stream at
temperatures below their melting point. The particles impact onto a
target plate, deforming and bonding together to produce a layer. A
CSAM deposit is built up layer-by-layer to form a part or component.
Therefore, the kinetic energy of the particles is turned into high strain
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characteristics by CS do not significantly change the properties of the
feedstock powder by heating or melting during the CSAM part fabrica-
tion, and also prevents the materials oxidation during the deposition [4,
51.

One of the challenges in CSAM fabrication is to improve the
geometrical precision of the sprayed samples to obtain near-net shape
components. Particularly, the nozzle path during the deposition process
can significantly improve the geometric quality of the component. The
traditional strategy is based on a linear zigzag-like and normal move-
ment of the nozzle regarding the target surface, which might be repro-
duced to spray the consecutive layers, or it might be done by alternating
the spraying directions. This sequence promotes the sidewalls growth
out of the normal angle with the target surface. Furthermore, the greater
the thickness of the deposited material, the more relevant this geometric
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deviation is, resulting in a pyramid-like shape. However, it is possible to
compensate this undesirable geometry by imposing an optimal sequence
of movements to the CS nozzle. Recently, some researchers have
developed methods to obtain near-net-final shape CSAM parts by
imposing optimal nozzle trajectories using a robot arm system [6,7].
One of these strategies is known as metal knitting (MK). MK consists of
spraying with a circular movement at an angle different from the normal
one [6].

Previous studies have demonstrated the MK strategy effectiveness in
generating components by CSAM with a dimensional tolerance close to
the final one for metallic alloys [6,8]. Vaz et al. [6] generated CSAM
parts of 316L stainless steel, pure Cu, pure Al, pure Ti, and Ti6Al4V using
MK and traditional strategies. They evaluated the obtained geometry by
inspecting the sidewall angles, and visual characteristics of the parts.
They observed that MK strategy makes feasible controlling the sidewall
angles during the build-up, which is not possible by employing the
traditional strategy.

Furthermore, the differentiating characteristics of the MK process
may also include the generation of a distinctive controlled surface
topography, what has been little explored until the date. The surface
topography plays an important role in the performance of the compo-
nents. It has a decisive influence on friction and wear under lubrication
or dry friction conditions [9], as well as on the surface adhesion con-
ditions of substances and bacteria [10,11], and on its wettability [12].
Friction and wear can be increased or decreased by changing the surface
topography in lubricated or dry tribological systems [13]. Grutzmacher
et al. [10] reported that the surface irregularities have the functions of
storing debris and lubricants, reducing the actual contact area, and
helping to decrease the damage by wear. Regarding wear in dry sliding
conditions, Wang et al. [14] found a correlation between the surface
topography parameters and wear resistance for a hardened mold steel.
They concluded that the parameter with the strongest effect on wear was
the sharpness of the surface height distribution, and the weakest was the
largest height. Additionally, the values of these surface topography pa-
rameters may change during the wear processes in a surface topography
transition phenomenon. This transition can affect the functional per-
formance of machined components, such as friction, lubrication, wear,
and contact mechanics [15]. Most of the surface topography changes
occur in the first few sliding wear cycles and are caused by asperity
removal. Surface profilometry measurements reported by Sakhamuri
et al. [16] showed that the reduction in roughness during sliding tests
was due to wear and plastic deformation. Both phenomena decreased
the height of the peaks. Consequently, the topography of the surfaces in
contact depends on the material’s properties in contact and the wear
mechanisms. This effect is more pronounced in abrasive wear, where a
hard material wears a softer material. Generally, as the surface rough-
ness of the hard material increases, the wear intensifies, with a conse-
quent increase in wear rates [17]. Conversely, in dry contacts between
ductile materials of similar hardness, the roughness is modified from the
first steps of the relative sliding process between the surfaces in contact.
The plastic deformation suffered by the asperities, and subsequent for-
mation of mechanically mixed layers, significantly control the evolution
of the wear process [18]. In lubricated tests, the contact between sur-
faces is limited, reducing the effect of surface topography on the wear
process [19].

Additionally, surface topography plays a crucial role in the adhesion
of bacteria, and thus, surface irregularities are designed to control it.
Specifically, the size ratio of bacteria and topography wavelengths seem
to be the parameters that determine the adhesion process of bacteria on
surfaces [11]. Consequently, there is the possibility of controlling the
behavior of materials at a surface level through features generated by
specific or random surface topography profiles. Regarding the wetta-
bility, various studies have reported that its behavior can transit from
hydrophilic to hydrophobic by increasing the size of pores from tens to
hundreds of nanometers [12,20]. Therefore, there is a clear dependence
between the surface properties and its topography.
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The surface topography of CSAM samples has been generally
measured by contact profilometry [21] or confocal microscopy [22].
The roughness data is usually reported by means of the ISO roughness
parameters, such as average roughness (R,), root mean square roughness
(Rg), and roughness depths (R,). These are the most important param-
eters to evaluate the vertical characteristics of the surface deviations
[23]. However, these parameters do not give a complete information
about the topography of the surface. To carry out a complete charac-
terization of the surface topography, the surface profile should be
segregated into three contributions that, ordered from largest to smallest
scale, are: form, waviness, and roughness. A topographic characteriza-
tion at these different scales is of special interest when the contact be-
tween surfaces is examined and the behavior of materials in contact
intends to be predicted. The quantification of the surface topography
allows to predict the contact area and, consequently, the pressure con-
centration factors. Different works have investigated the waviness and
roughness surface profiles to study their influence on the contact pres-
sure distribution [24], to simulate the hydrodynamic pressure evolution
under lubrication regime [25], or to determine the influence of the
surface topography on the abrasive wear [26]. Consequently, the
topographic characterization at different scales may help to optimize
surfaces to achieve better tribological performances.

The study of the surface topography generated on CS samples has
been generally focused on minimizing the surface irregularities [22,27,
28]. Research in this field has shown that the roughness of the sprayed
samples is dependent on the particles impact velocity [22] and on the
step between spraying lines [27]. The published results related to the
surface topography are the ISO roughness parameters, but only few
studies provide a detailed description of the surface irregularities based
on the profile generated by different wavelength contributions [29].
Besides that, the modification of the surface topography of CSAM sam-
ples has been typically achieved by post-processing the sprayed CSAM
samples using different techniques: chemical material removal, laser
micro-machining, mechanical machining or mechanical treatments
[30].

The aim of this work is to analyze the capacity of CSAM to generate
specific surface topographies to improve the manufactured components
performance. For this purpose, this research has analyzed the correla-
tion between the surface topography of CSAM samples with the pro-
cessing parameters. The evaluated samples were Al and Ti CSAM
components manufactured by two deposition strategies: traditional and
MK. Pure Al and Ti materials were selected for this study because these
lightweight materials and their alloys have found a market space in the
last decades, due to the increasing demand to reduce emissions and
improve the fuel economy in the automotive and aerospace industries
[31,32]. A topography measurement procedure is proposed to discrim-
inate the effect of the different manufacturing factors on the topography
profile components: form, waviness, and roughness. Additionally, the
microstructure’s morphology and phase analysis were carried out using
optical and electron microscopy. Also, the mechanical properties of the
samples have been evaluated using the instrumented indentation tech-
nique. Therefore, a comparative study of the microstructure and me-
chanical properties between samples manufactured by traditional and
MK deposition sequence has also been included.

2. Materials and experimental methods
2.1. Materials

The materials evaluated in this work were pure Al and pure Ti
manufactured by means of the high-pressure CS technique, using a
Plasma Giken PCS100 equipment. The samples were sprayed on 100 x
100 x 3 mm? 1008 steel plate substrates, previously grit-blasted to clean
their surfaces and reach a roughness R, > 6 pm, which were detached
from the CSAM samples after spraying. The Al and Ti powders were
fabricated by water-atomization.
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Two types of sample’s manufacturing strategies were studied for
each material: traditional (T) and metal knitting (MK). The CS param-
eters are presented in Table 1 and the spraying strategies parameters are
presented in Table 2. Fig. 1 shows a schematic representation of the
spraying sequence of both strategies, T and MK, based on the scheme of
deposition showed by Vaz et al. [6]. The T strategy was performed at an
angle of 90° regarding the substrate plane, and the gun movement was
linear and bidirectional with a step between layers of 1 mm. Conversely,
the MK samples were sprayed at an angle of 60° regarding the substrate
plane, and the gun motion was a combination of a rotational movement
and a lineal movement, which was bidirectional and with a step of 2
mm.

2.2. Surface topography measurements

The surface topography was directly measured over the as-
manufactured samples’ surfaces. The surface profiles were performed
by confocal microscopy using an RTEC Instrument Universal Profil-
ometer UP-24.

Six 3D images were obtained along each sample, separating the
images a minimum of 3 cm from the others and from the edges, with an
optical resolution of 0.94 pm and a vertical resolution of 72 nm. Then, a
minimum of three linear profiles were acquired from each image,
following the perpendicular direction to the spraying lines. The analysis
of the linear profiles was carried out through the open-source code
Gwyddion. Fig. 2 presents an example of a 3D image obtained by
confocal microscopy, the transversal profile selection, and its corre-
sponding topography profile for a Ti-MK sample.

The surface topography analysis has been done by discriminating
between the roughness, waviness and form profiles that constitute the
surface profile. This means that the topography profile is divided into
three profiles considering different wavelength ranges. The largest
wavelengths correspond to the form, the lowest ones to the roughness,
and the ones in between conform the waviness. The wavelength at which
each profile is divided, are known as the cut-off wavelengths (1). In the
present study, the cut-off wavelengths, as well as the evaluation length
for the topography analysis (l¢), were selected by following the ISO 4287
[33], ISO 4288 [34], and ISO 11562 standards [35]. In this procedure,
the WSm and RSm parameters are used, which measure the mean width
of the waviness and roughness profile elements within the evaluation
length, respectively. Both parameters are defined by Equation (1), where
S; is the width of the irregularity i. The WSm and RSm values that have
been considered for each sample are reported in Table 3, along with
their respective A and the frequency ranges, v, according to the stan-
dards. The table does not differentiate between Al or Ti samples because
the necessary A were similar for both materials.

1 n
WSm,RSm=— Z S; Equation 1
i=1

n 4

Then, the waviness and roughness profiles were used to calculate the
arithmetical mean height (W,, Ry), the maximum height of profile (W,
R;) and the root mean square deviation (Wq, Rq) parameters (ISO 21920
[36]). The W, and R, parameters measure the average deviation of the
heights (z(x)) of the waviness and roughness irregularities from the
mean line along the sampling length (1), respectively, as described by
Equation (2). Therefore, it represents the average height of the profile.
The Wy and Ry are the root mean square of the waviness and roughness,
respectively, defined by Equation (3). Finally, the W, and R, are the

Table 1
CS parameters.

Material Gas Gas Pressure (MPa) Gas Temperature (°C)
Al N, 3.0 450
Ti Ny 6.0 900
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Table 2
Spraying strategy parameters.
Strategy Standoff Angle with the Radius Step
distance (mm) substrate plane (°) (mm) (mm)
Traditional 40 90 N/A 1.0
Metal 30 60 2.0 2.0
Knitting

b)

a)
—

Fig. 1. Schematic representation of the spray gun movement during the CSAM
process conducted by means of the a) traditional and b) metal knit-
ting strategies.

average of the addition of the five highest peaks (Z,) and the five lowest
valleys (Z,) of the waviness and roughness profiles along the evaluation
length (Equation (4)), respectively. The evaluation length is divided into
five sections lengths (l5.) and the highest peak and lowest valley of each
section are selected.

1"
We, R :f/ |z(x)|dx Equation 2
e JO
1 e
Wy, Rg =1 /E/o 22 (x)dx Equation 3
1 5
W.,R, =z ZZpi + Zv; Equation 4

I
-

i

2.3. Morphological and microstructural characterization

The particles shape, samples morphology and microstructural
composition were analyzed by scanning electron microscopy (SEM) in a
Hitachi S-3400 equipment, with a Brucker detector for energy dispersive
X-ray microanalysis (EDX). Secondary and backscatter electron images
(SEI and BSEI respectively), with compositional contrast, were used.
Moreover, the particle size distribution of the feedstock powders was
characterized by dry mode laser scattering (LS) technique using a
Beckman Coulter LS13320 equipment, according to the ASTM B822-02
standard. For the LS dry mode, it is assembled to the equipment the
Tornado DPS system device, where the powder is sucked without a
suspension medium, e.g. water or ethanol, and flows through the laser
illumination/detector system.

An optical microscope (OM) Zeiss Axioscope 5 and its image analysis
software were used to obtain the samples thickness and porosity. The
porosity and thickness measurements were done on panoramic images
of the samples cross-sections. Ten images were used to calculate the
average and standard deviation of both parameters. The porosity values
obtained from each image corresponded to the area fraction of pores
within the evaluated area. Besides that, a microstructural study was
done by SEM, and a qualitative chemical composition evaluation was
done by EDX. To conduct the microstructural study, the samples were
metallographically prepared on their transversal and parallel cross-
sections to the spraying direction, following the ASTM E1920 and
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Fig. 2. a) 3D image obtained by confocal microscopy, b) its corresponding 2D image indicating the transversal profile selection, and c) the graphical representation

of the topography transversal profile.

Table 3
RSm and cut-offs with the corresponding frequency ranges used to separate the
topography profiles of the T and MK samples.

CS sample Profile WSm, RSm Cut-off, A Frequency range
(mm) (ISO 4288) (1/mm)
Traditional Waviness 2 8 0.125 <v < 1.25
Roughness  <0.4 0.8 v>1.25
Metal Waviness 4 8 0.125<v < 0.4
Knitting Roughness <1 2.5 v>0.4

ASTM E3 standards. The samples were mounted in a low-stiffness resin
after cutting with an alumina cutting wheel for the Al samples, and with
a diamond cutting wheel for the Ti samples. All the samples were
smoothed and polished in a typical multistep process for these materials
until reaching a mirror finish. The final step was done using a suspension
of alumina of 0.05 pm.

2.4. Mechanical properties characterization

Nanoindentation tests were performed to evaluate the mechanical
properties of the material itself, without the effect of microscopic de-
fects, such as porosity. A nanoindenter Agilent G200 was used with a
Berkovich indenter to measure the asymptotic hardness (Hy) and elastic
modulus (E) on the samples cross-sections. The samples were prepared
following the same polishing procedure employed for the microstruc-
tural characterization. The Hy and E were evaluated as a function of the
penetration depth at a total of three heights along the samples’ thick-
nesses to analyze any possible variations. These properties were evalu-
ated on the samples’ cross-sections at percentage distances from the
substrate regarding the total sample thickness of 25 %, 50 % and 75 %.
For this purpose, the samples’ thicknesses were measured first, and then
the 25 %, 50 % and 75 % values of the sample thickness were deter-
mined. Arrays of 30 indents were conducted at each one of the three
positions, and it was left a separation between indents of 50 pm to avoid
interactions between measurements. The tests were conducted using the
continuous stiffness measurement technique (CSM), where multiple
loading-unloading cycles were superimposed to a main loading process.
The multiple cycles were performed at a frequency of 35 Hz with an
amplitude of 2 nm, and the maximum penetration depth of the main
loading was established at 2000 nm. Therefore, the hardness (H) and E
data could be calculated as a function of penetration depth using the
Oliver and Pharr method [37]. There was some effect on the nano-
indentation tests due to the presence of pores in the sample. This effect
was avoided by selecting the data range available for the measurements,
which was determined as the data presenting a linear trend between the
indentation depth and the harmonic contact stiffness. The Hy value was
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estimated by means of the proportional specimen resistance model
(PSR) [38] when the indentation size effect was present along the
evaluation data range [39]. The indenter was calibrated to obtain the
recording of the actual contact area as a function of the actual contact
depth to calculate the mechanical properties [40]. Two calibrations
were obtained, one on a bulk of pure Al and another one on a bulk of a
Ti6Al4V alloy, which were used for the measurements performed on the
Al and Ti samples, respectively.

3. Results
3.1. Feedstock powder characterization

The feedstock powders used to manufacture the samples were pure
Al and Ti, which showed an irregular shape, as seen in Fig. 3a and b. This
irregular shape is typical of the water-atomized powders. Furthermore,
it was observed in the SEM images (Fig. 3a and b) that the Ti particles
had a morphology in which edges were predominant, while the Al
particles presented a more rounded external profile. The BSE images of
the powder, which consist of element contrasted images, have also been
included in Fig. 3c and d to show that both powders presented a ho-
mogeneous phase composition of Al and Ti, respectively.

The particle size distribution (PSD) of both powders (Fig. 3c) was
practically monomodal and coarse-skewed, although the Al powder
skewness was more significant. Regarding the quantitative results of the
particle size measurements (inserted table in Fig. 3c), it can be high-
lighted that the 50 % of the particles population presented a particle
diameter lower than 51.1 pm in the case of the Al powder, and lower
than 24.8 ym for the Ti powder. Moreover, the distribution width of the
Ti particles was larger, as reflected by the span of the distribution values:
1.54 and 2.94 pm for the Al and Ti particles, respectively.

The low spheroidicity of the employed particles does not represent a
problem for CS deposition [41]. The CSAM deposition has the challenge
of reducing the manufacturing costs, and using irregular water-atomized
feedstock powders helps to the costs reduction since spherical powders,
obtained by plasma-atomizing or gas-atomizing, are much more
expensive than the same chemical composition water-atomized one
[42]. For CS, the high kinetic energy imposed to the spraying particles
results in a severe plastic deformation at the impact onto the substrate,
suppressing the deleterious irregular shape effect on the porosity or
bonding mechanisms.

The investigation of the particles’ cross-sections indicated that the Al
particles presented internal porosity, while the Ti particles did not show
such porosity (Fig. 4a and b). The EDX analysis proved that the particles’
chemical composition was pure Al and pure Ti, as indicated by EDX 1
and 2, respectively (Fig. 4c). The EDX results showed a peak for C
content; however, this element refers to contamination, or to the ad-
hesive tape used to hold the metallic particles for the analysis, and it is
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Fig. 3. SEM (SEI and BSE) micrographs of the Al (a and c) and Ti (b and d) feedstock powders. e) Particle size distribution in volume percentage of the feedstock

powders with and inserted table indicating the d10, d50 and d90 parameters.

not related to the powders chemical composition. Moreover, a detailed
analysis of the powders revealed that there was little contamination with
iron oxide and steel particles in both feedstock powders. An example of
this contamination is presented in the Al powder image in Fig. 4a, with
the corresponding EDX in Fig. 4d. The presence of these particles was
insignificant within the powder, as can be seen in Fig. 3c and d, where no
signs of contamination was detected over a representative area of the
powder.

3.2. Surface topography characterization of the CSAM samples

A first visual examination of the samples revealed that the different
CS deposition strategies had led to different surface topographies, which
were significantly characterized by the regular pattern generated by the
spraying lines. Therefore, the samples’ topography was analyzed as the
sum of their surface form, waviness, and roughness. The waviness was
associated with the periodic profile produced due to the different line
spacings. Conversely, the roughness (shorter wavelengths) corre-
sponded to the surface topography irregularities, and the form (highest
wavelengths) was related to the surface macro-contour.

Fig. 5 presents representative examples of the profiles subtracted
from the surface topography of all the samples, and the calculated
roughness and waviness parameters are reported in Fig. 6. The graphs in
Fig. 5 show that the waviness presented the predicted periodic profile.
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Moreover, it was observed that its wavelength and amplitude (peak to
valley distance) were larger in the MK samples than in the T ones for the
Al and Ti samples. The waviness wavelength in the MK samples was
about 4 mm, while in the T samples was about 2 mm. Moreover, the
marked differences in amplitude are reflected by the waviness param-
eters in Fig. 6a. It can be also observed that the values of the Wy
parameter were similar to that of the W,, indicating that the height ir-
regularities were homogeneous. Besides that, the roughness was also
higher in the MK samples (Fig. 6b), although there was no periodic
pattern in this profile (Fig. 5). As the feedstock particle size was the same
independently of the CS method, the roughness may be also a conse-
quence of the strategy. Particularly, this fact could be associated to the
porosity of the CS deposits, as it is discussed later.

Comparing the Al and the Ti deposits sprayed with the MK strategy, it
was observed that the waviness presented a larger amplitude on the Al-
MK samples than on the Ti-MK ones. The W, parameter was 531 + 70
pm for the Al-MK sample and 296 + 85 pm for the Ti-MK sample
(Fig. 6a), which means that there is a 44 % difference between them.
These differences in the waviness profiles were not observed between
the Al-T and Ti-T samples. Conversely, the roughness results were
similar for both, the Al and Ti samples, comparing the same spraying
strategy (Fig. 6b).
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3.3. Microstructural characterization of the CSAM samples

Fig. 7 presents OM images of the samples’ cross-sections, indicating
their average thicknesses and porosities. The samples presented larger
thicknesses than a typical sprayed coating, as these samples were
sprayed to approach to an AM process. The thickness values were found
between 4.7 and 9.6 mm (Fig. 7). Considering the different sample
manufacturing methods, it was observed that the MK samples presented
significantly higher thicknesses and average porosities as compared to
the T ones. Besides that, comparing the different materials, the Ti
samples were slightly denser and had a lower thickness than the Al ones.

212

The pores presented irregular shapes, and they were distributed in
the interparticle region in all the samples (Fig. 7). Regarding their size, it
was observed that the pore size distribution was more heterogeneous in
the MK samples than in the T samples (Fig. 7). Moreover, the MK sam-
ples presented larger pores, showing a maximum length of about 500
pm, while the larger pore length in the T samples was about 100 pm. In
addition, the porosity distribution along the MK samples’ thicknesses
was observed to be heterogeneous, as it is presented in Fig. 7b. This
graph indicates that the MK samples presented a high porosity, espe-
cially at the top surface nearest area region (latest deformed particles in
the spraying process). Conversely, the T samples showed a uniform
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porosity distribution along the samples thickness.

Fig. 8 shows representative SEM images of the coatings cross section.
Comparing these images with those shown in Fig. 4, relative to the
powder, it can be observed that there is no change in the phases
observed in the microstructure. This result agrees with the characteris-
tics of the cold deposition technique. Since the spraying temperature is
lower than the melting point of the material, the generation or change in
microstructural phases is limited. Additionally, the SEM microstructural
examination of the samples showed that the splats were adequately
bonded to each other, despite the present porosity in the interparticle
region, as can be observed in Fig. 8. Moreover, the chemical composition
of the feedstock powder was proven to be maintained as Al and Ti
correspondingly. The steel particles that were found in the initial feed-
stock powder were also observed dispersed along the samples, as the one
indicated in Fig. 8b.
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3.4. Mechanical properties characterization of the CSAM samples

Fig. 9a presents the Hy values obtained along the samples’ thick-
nesses, each value corresponds to the mean value of the Hy measured
from at least ten indents performed at a particular distance from the
substrate. The distances at which the ten-indentation lines were per-
formed are depicted in Fig. 9b, which corresponded to percentage dis-
tances as regard to the total sample thickness of 25 %, 50 %, and 75 %.
This figure reveals that there was not a significant variation of hardness
with the distance to the substrate location during deposition for any of
the samples. The average Hy values for each sample are reported in
Table 4, along with the E measurements performed by nanoindentation.
These results indicate no effect of the CS strategy on the samples’ me-
chanical properties at the local scale. The T and MK strategies led to
similar Hy and E results for each material. Besides that, the obtained
mechanical properties for the Al and Ti samples were in accordance with
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Table 4
Ho and E measurements performed on the cross-sections of the Al-T, Al-MK, Ti-T,
and Ti-MK samples. The Hy/E ratio is also included.

Material H, (GPa) E (GPa) Hy/E

Al-T 0.68 + 0.08 70.2 + 3.0 9.7 £1.2)1073
Al-K 0.61 + 0.10 72.2 +2.3 (8.4 +1.4)1073
Ti-T 2.26 + 0.41 99.0 £ 5.7 (2.28 + 0.43)-1072
Ti-K 2.25 + 0.36 99.8 + 4.7 (2.25 + 0.38)-1072

literature. The reported Hy and E are 40-50 HV [43] and 69 GPa [44] for
pure Al, and 235 HV and 102 GPa for pure Ti [45].

The Hy/E ratio was also calculated for each material, and it is
included in Table 4. The Hy/E ratio is related to the deformation limit
before permanent strain is caused [46]. Therefore, it can be related to
the surface asperities resistance to plastically deform, and thus, to wear.
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The results showed that this ratio was higher in the Ti samples than in
the Al samples. Conversely, the comparison of the Hy/E ratio between
the T or MK strategies did not show significant differences.

4. Discussion

In this work, the CSAM technique has been again highlighted as a
process that allows to manufacture components with a geometry near to
the final shape. Therefore, the CSAM deposition has the ability of
reducing the machining fabrication step, and thus its associated eco-
nomic and environmental costs. Moreover, the final machining step can
be further reduced if it is not necessary to rectify the surface of the as-
sprayed sample. Therefore, the present study was designed to investi-
gate the influence of the CS fabrication method on the surface topog-
raphy of the as-sprayed samples.

Two different manufacturing strategies were used: following a T path
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and the sequence known as MK. The results indicated that the different
CSAM processes had certainly generated distinct surface topographies.
The topography profile was a consequence of different spraying pa-
rameters: the angle of the spraying gun with the substrate, the step be-
tween spraying lines, the stand of distance and the radius of the circular
movement described by the gun. Both strategies, T and MK, have
generated a waviness profile with a characteristic periodic wavelength,
which was controlled by the spacing step between spraying lines,
regardless of the used material (Al or Ti). The step is the distance be-
tween the repeated movement described by the gun. In the T strategy,
the gun movement consists of parallel lines with the gun normal to the
substrate plane, and the MK consists of impressed circles with the gun in
off-normal angles [6]. The used step in the T strategy was equal to 1 mm,
while the wavelength was measured as 2 mm. Conversely, the MK
strategy showed a waviness profile with a wavelength of 4 mm and the
spraying step was of 2 mm. Besides that, the amplitude of the MK
samples was at least two times that of the T ones (Fig. 6). These differ-
ences were also related to the distinct spraying parameters, as previous
research in the field has pointed out that the waviness amplitude de-
pends on the step distance, the gun velocity, the powder feed and the
number of layers (the total thickness) [47,48].Conversely, the Al-MK
samples were shown to present higher waviness amplitude than in the
Ti-MK, showing a difference of a 44 % in W, (Fig. 6). This observation
was less marked in the T samples, with a W, difference of a 9 %.
Nevertheless, the differences between Al and Ti are not comparable, as
they are related to the combination of the spraying parameters with the
distinct particles’ characteristics (size, morphology, mechanical prop-
erties, etc.).

The roughness profile was obtained after applying filters to remove
the contributions with a wavelength larger than 2.5 mm and 0.8 mm for
the MK and T samples, respectively. The MK samples also presented
more pronounced amplitudes in the surface irregularities as compared
to the T strategy irrespective of the material (Fig. 6). These amplitudes
were in general lower than those of the waviness profile. However, the
R, parameter in the case of the Ti-MK sample was larger than that of the
W,. This outcome was associated to the higher porosity generated in the
MK samples. Both parameters, roughness and porosity are generally
related, as both of them depend on the particle accommodation ability
[49]. The microstructural analysis indicated that the MK samples
exhibited higher porosity percentages as compared to the T samples.

Comparing Figs. 4 and 8, no differences have been observed between
the microstructure of the feedstock powders and that of the coatings.
Besides that, the microstructural analysis has revealed that the MK
strategy produced thicker samples, and with a higher level of porosity
than the T samples. This observation was similar for the Al and Ti
samples. Moreover, the Ti samples presented lower porosity as
compared to the Al samples. This result was unexpected, because CSAM
samples fabricated with ductile materials are usually denser than those
sprayed with stiffer materials, as it has been proven by Vaz et al. [6] in
their work on CSAM parts of 316L stainless steel, pure Cu, pure Al, pure
Ti, and Ti6Al4V using MK and traditional strategies. However, the
opposite trend observed in the present study was associated to the
particle’s morphology. The angular particle morphologies in Ti powder
has been reported to produce lower porosity samples than spherical or
sponge morphologies [50]. Conversely, it should be noted that the
porosity is generally related to the particles velocity, which mainly de-
pends on the spraying gas pressure and temperature [51]. The higher the
particle velocity upon impact, the higher energy amount is spent on the
plastic deformations of the particle, and thus, the particles enhance their
accommodation capacity [51]. In addition, the porosity heterogeneity
noticed in the MK samples was precisely explained to be a consequence
of the different plastic deformation degrees to which each CS layer is
subjected. The first deposited particle layers are subjected to subsequent
plastic deformation caused by the following particles that are impacting
on them [51]. Nevertheless, further research should consider the opti-
mization of the coatings porosity by controlling the gas pressure and
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temperature. Besides that, the porosity level can be reduced by means of
post-processing, such as thermal treatments [8,52]. Moreover, the EDX
microanalysis investigation revealed that the chemical composition of
the samples was similar to that of the feedstock powders.

The deposition strategy was shown to have a negligible effect on the
mechanical properties of the samples, at the local scale (Table 4). The
hardness was measured by nanoindentation, what allows the evaluation
of this parameter regarding the material itself, without the influence of
microstructural defects. The results showed that there was no effect of
the deposition strategy on the E and Hy values of the samples. The T and
MK samples presented similar hardness values for both studied materials
(Table 4). Moreover, the measured elastic moduli were in accordance
with the bulk properties for Al and Ti, respectively, while the Hy of the
CS deposits was slightly increased. The reported E and Hy for pure Al are
69 GPa and 20-45 HV (0.19-0.44 GPa) [53], and the obtained Hy
measured in the Al-T and AI-MK samples were 0.61-0.68 GPa.
Conversely, the literature values of E and Hj for pure Ti (Grade 2) are
103 GPa and 199 HV (1.45-1.95 GPa) [54,55], and the measured Hg in
the Ti-T and Ti-MK were 2.26-2.25 GPa. This increment in Hy was
explained by the work hardening induced during the CS deposition due
to the plastic deformation experienced by the deposited particles [51].

Additionally, the Hy/E ratios of each studied material (Table 4) has
shown that the deformation ability before permanent deformation was
higher in the Ti samples than in the Al ones. Therefore, the wear resis-
tance of the surface asperities is expected to be higher in Ti, with no
significant differences between the T or MK deposition strategy.

In summary, the different CS strategies, T and MK, have been shown
to influence the topography, thickness and porosity of the samples,
while no effect on the mechanical properties was observed. Besides that,
this outcome has been proved for both studied materials, pure Al and
pure Ti. Therefore, it is apparent that the effect of the CS strategy on the
coating’s properties would be similar for all materials.

4.1. Modelling the topography profile though spectral analysis

The decomposition of the topography profile that has been con-
ducted in section 3.2 proved that the original topography is a combi-
nation of different profiles (form, waviness, and roughness). Each profile
has been isolated by applying frequency filters to the topography profile
after discriminating the frequency ranges that corresponded to each
profile. It should be noted that each individual profile can be constructed
as a superposition of sinusoidal waves. The fast Fourier transform (FFT)
of the original topography profile provides the amplitude-frequency
spectrum, which reveals the more characteristic frequencies that
constitute the original topography. Therefore, the most characteristic
frequencies for each sub-profile can be identified by considering their
corresponding frequency ranges. Then, the waves superposition can be
done as expressed in equation (5), as a superposition of sinusoidal
waves.

flx)= iAi sin(2zfix + ¢;)

i=1

Equation 5

Fig. 10 presents a representative example of the reconstructed pro-
files for the Al-MK sample. The most characteristic frequencies are
pointed in the amplitude-frequency graph (Fig. 10a), as well as the
frequency ranges that determine the form (vf), waviness (vy) or rough-
ness (v). The first peak in the amplitude-frequency spectrum (Fig. 10a)
corresponds to a frequency of 0.090 mm . The waviness principal peak
was 0.270 mm !, which corresponds to a wavelength of 3.7 mm, similar
to the measured RSm, 4 mm (Table 3). The selected main frequencies
with their amplitudes were used to reconstruct the different profiles by
means of the function defined in Equation (1), and these graphs are
shown in Fig. 10b. Furthermore, it was observed that the original
topography (without the form contribution) was similar to the calcu-
lated topography profile by means of the waves superposition, also
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without the form (Fig. 10c).

Table 5 reports the characteristic frequencies and associated ampli-
tudes to construct a representative profile of each one of the studied
samples in this paper. The frequencies corresponding to the form have
not been added, as they are aleatory, they are not related to the spraying
parameters or materials characteristics. To characterize the waviness, it
is given only one frequency value due to the periodicity character of this
profile. This frequency is related to the inverse RSm value of the T and
MK samples, 2 and 4 mm respectively, as indicated in Table 3. The
waviness frequency range was therefore selected as the frequency value
equal to the inverse of the RSm value. Conversely, the roughness was
characterized by means of several frequencies because this profile was
not periodic. Regarding the amplitudes, the obtained values were
similar to those obtained through the roughness analysis performed in

Table 5
Characteristic frequencies (v ) and associated amplitudes to construct a repre-
sentative topography profile of the Al-T, Al-MK, Ti-T, and Ti-MK samples.

CS sample Ven (1/mm)/Amplitude (pm)

Waviness profile Roughness profile

Al-T 0.511/58 0.818/29
1.328/8

2.453/11
3.168/7

0.494/85
0.763/20
1.301/15
1.884/11
0.840/18
1.371/9

2.167/10
3.007/7

0.489/70
1075/25
1.270/30
1.662/25

Al-MK 0.270/216

Ti-T

0.486/32

Ti-MK 0.244/134

section 3.2.

Therefore, this method allows to obtain a simplified profile of the
surface topography of the samples. This simplified profile can be helpful
to evaluate properties in which the topography is relevant, such as
friction and wear, adhesion or wettability.

Consequently, this study has demonstrated the notable differences
that can be created on the surface topography through the selection of
the CSAM spraying parameters. In addition, studying the topography
considering the generated pattern at different wavelengths provides a
more complete and useful analysis for the material properties investi-
gation, in which the surface topography plays a crucial role. The surface
topography is known to be one of the multiple parameters that influence
the wear response, which is one of the properties that are necessary to
evaluate the typical final use of Ti and Al samples as structural materials.
In this case, the contact between two bodies should be studied consid-
ering the real contact area, which is the contact of the surface asperities.
Therefore, it is important to consider the irregularities size and distri-
bution, which are described by the topographic analysis at different cut-
off wavelengths. Besides that, the surface topography also has a crucial
role in other properties such as hydrophobicity, adhesion, or optical
properties.

5. Conclusions

The effect of two different CSAM deposition methods on the surface
topography was evaluated. The deposition strategies evaluated are
particularly distinguished by the described CS gun trajectory, one
following the traditional sequence (T) and the other based on an un-
conventional path (MK). The study was performed on two different
materials, Al and Ti. This study’s findings indicate that the as-sprayed
samples surface topography is significantly influenced by the CSAM
strategy. In addition, the effect of the deposition strategy was similar for
both studied materials, Al and Ti. The MK strategy generated a topog-
raphy with larger waviness and roughness wavelengths than those
created with the T strategy. The waviness wavelength was related with
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the spraying line spacing. Moreover, it has been shown that the topog-
raphy investigation by analyzing the different wavelength ranges pro-
vide a more realistic description of the sample irregularities.

Regarding the microstructural properties, the MK strategy generated
thicker samples and with a higher porosity than the T strategy for both,
Al and Ti. Finally, the strategies evaluated, T and MK, did no effect on
the mechanical properties, E and Hy, at the local scale. The Hy of the
samples was slightly increased as compared to the bulk materials, but
that increment was similar regardless the used deposition strategy. Be-
sides that, the Hy/E ratio indicated that the surface asperities of the Ti
samples should present a higher wear resistance as compared to the Al
samples.

This study highlights the potential of the different CSAM strategies to
control the surface topography of the manufactured parts. Future
research should consider the influence of these evaluated topography
and properties on the performance of the samples regarding to abrasive
wear, wettability, optical behavior, or any other property for which the
topography is significant.
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