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Abstract Due to the recent developments of hardware
components and the hereby resulting ability to increase
process parameters, the application area of the cold gas
spray technology is expanding quickly. The present
research focuses on the influence of working gas pressure
and working gas temperature on the adhesive strength of
inner diameter coatings, which were produced with two
different alloy steel powder variants. Gas pressure and gas
temperature were varied in four different parameter sets. At
first, the powder variants were examined for morphology
and particle size distribution. Secondly, the influence of
four different process parameters on the achievable particle
velocity was measured. In addition, the arithmetical mean
height (Sa) of the coating was measured in order to
determine the effect of the four parameter sets on the
achievable surface roughness. Furthermore, the impact of
the process parameters on the steel particles’ penetration
depth into the aluminum substrate was examined. Finally,
adhesion strength measurements of the inner diameter
coatings were carried out. The results reveal that with
rising process parameters, the particle velocity increases,
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and the achievable surface roughness is lowered. It was
also shown that the penetration depth of the particles into
the substrate increases with increasing particle velocity. In
addition, this study demonstrated a dependence of the
process parameters on the adhesion strength for inner
diameter coatings.
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Introduction

Cold gas spraying (CGS) is a coating technology which
was developed in the mid-1980s at the Institute of Theo-
retical and Applied Mechanics of the Russian Academy of
Science in Novosibirsk (Ref 1). In the CGS process,
powder particles with a particle diameter (usually
5-50 pm) are accelerated to high particle velocities (300-
1200 m/s) using a de Laval nozzle (Ref 2). The particles
are deposited by plastic deformation on impact with the
substrate or coating. CGS is a solid-state process in which
the particle temperature is always well below the melting
point of the feedstock powder (Ref 3, 4). Due to very high
particle velocities, the substrates do not have to be spe-
cially roughened before starting the coating process,
whereas in other thermal coating technologies samples
must be prior activated to ensure a solid adhesion between
the coating and substrate (Ref 2). Gas pressure and gas
temperature are the main parameters affecting the particle
velocities and thus also the achievable adhesion strengths.
In general, the higher the applied process parameters (gas
pressure and gas temperature) in the fabrication step of the
coating, the higher the particle velocities at the nozzle
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outlet. In addition to gas pressure and gas temperature, the
position of the particles in the gas stream and the particle
size and particle morphology of the feedstock powder can
also influence the particle velocity (Ref 5-7). Previous
studies have shown that increasing particle velocities
ensure that the adhesion strength of the coating on the
substrate continues to increase. In general, the higher the
particle velocity, the higher the deformation of the depos-
ited particles and the higher the adhesion strength (Ref
5, 8, 9). For instance, an adhesion strength of more than
60 MPa can be achieved with powder 316L on an alu-
minum substrate (Ref 9-11).

According to the current state of the art, gas tempera-
tures of up to 1000 °C can be achieved in combination with
60 bar gas pressure (Ref 12). Previous research has shown
that CGS technology can be used for inner diameter coat-
ings, particularly for the surface coating of cylinder bores
in the automotive industry. In these investigations, sub-
strates were not specially roughened, while adhesion
strengths of the fabricated coatings were still sufficient
(Ref 12, 13). Furthermore, it is known that only particles
with a velocity above the critical velocity can be deposited.
Therefore, no deposition of particles occurs below the
critical velocity (Ref 14-17). Experimental and theoretical
studies have shown that the critical velocity depends on the
properties of the powder and the substrate, e.g., particle
size and morphology, particle temperature, particle oxygen
content and substrate preparation (Ref 18-23). Although
the mechanisms of particle adhesion are not yet fully
understood, it can be assumed that the adhesion process is
strongly dependent on the impact velocity of the particles,
which results from spraying conditions (Ref 24, 25). High
gas and particle temperatures and high particle velocities
improve adhesion (Ref 26). In addition, former experi-
ments revealed that the substrate surface roughness had an
influence on the adhesion strength of the CGS coating. The
rougher the surface, the higher the deformation of the
particles on impact and thus the adhesion strength of the
coating to the substrate (Ref 27).

The aim of this study is to determine the influence of
different process parameters (working gas pressure and
working gas temperature) on the particle velocity and the
resulting adhesion strength of two different alloy steel
powders with different chemical compositions, particle
sizes and morphologies using a CGS system for inner
diameter coatings. Initially, different powder variants were
examined for particle size and particle morphology.
Afterward, the impact of various process parameters on
particle velocities and the achievable surface roughness of
the coating was investigated. Furthermore, the penetration
depth of the steel particles into the substrate was evaluated.
Finally, the adhesion strength of the inner diameter CGS
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coating on the substrate and its influencing variables were
analyzed.

Experimental Procedure
Cold Spray Experimental Setup

In this study, a standard 6/11 EvoCSII cold spray system
and an angled head developed by Impact Innovations
GmbH (Rattenkirchen, Germany) for components with an
inner diameter > 70 mm were used to prepare the inner
diameter coatings for adhesion strength measurements
(Fig. 1). The gun rotates 360° and moves up and down. The
spraying path (spiral) results from the travel speed and the
rotating speed of the spray gun. The powder was fed into
the process simultaneously using two powder feeders,
which blasted the feedstock powder into just a single
injection line. Utilizing this, the powder was immediately
injected before the nozzle. An adapted convergent-diver-
gent (De-Laval) nozzle with a length of 55 mm and an
expansion ratio of 12.438 was installed into the angled
head. The distance of 12 mm between the nozzle outlet and
the substrate resulted in a spray spot diameter of 8 mm.
Using this method, the nozzle is cooled with water to
prevent clogging. Different parameter sets and feedstock
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Fig. 1 Schematic display of the experimental setup for inner diameter
coated cold gas spray coatings (based on (Ref 12)). Reprinted by
permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Journal of Thermal Spray Technology, Cold Gas
Spray Inner Diameter Coatings and Their Properties, Joachim Meef3
et al., Copyright 2022 (Ref 12)
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powders led to different deposition efficiencies. Two iron-
based powder types (316L and M3/2) with different mor-
phologies, in terms of particle size distribution and chem-
ical composition, were investigated as feedstock powders
for CGS coatings. Powder 316L is a commercially avail-
able stainless steel powder from Sandvik Osprey, Ltd.
(Neath, Great Britain), which is atomized using nitrogen
gas. Powder M3/2 is a water-atomized tool steel powder
with some carbides (MC & M6C) from Hogands AB
(Hogands, Sweden). Table 1 shows the chemical compo-
sitions of the two alloy steel powder variants 316L and M3/
2.

An aluminum liner (AlSi7MgCu0.5) with an inner
diameter of 82.38 mm, a height of 146 mm and a wall
thickness of 11 mm was used as a substrate. In order to
achieve an approximately constant coating thickness of
350 pm, the powder feed rate or the gun travel speed has to
be adjusted, since the deposition efficiency varies with
different process parameters (gas pressure and gas tem-
perature) and different powder variants (316L and M3/2).
In these studies, the gun travel speed was adjusted, and the
powder feed rate was maximized in all measurements to
produce the fastest possible coating process and thus
minimize the temperature effect of the process on the
substrate. The gun travel speed in these investigation was
4 mm/s for powder M3/2 and 8 mm/s for powder 316L.
Table 2 shows the detailed spraying conditions. In this
research, the following different parameter sets were uti-
lized (see Table 3).

Sample Characterization
Scanning electron micrographs (SEM) images were taken

with a Zeiss EVO 60 XVP in order to evaluate the mor-
phology of the powder particles. In addition, the two alloy

Table 1 Chemical compositions of powder 316L and M3/2

Element Chemical composition (%)

316L M3/2
Iron (Fe) 61.0 72.1
Chromium (Cr) 18.7 4.0
Nickel (Ni) 12.7
Tungsten (W) 6.0
Vanadium (V) 5.6
Molybdenum (Mo) 2.9 6.6
Carbon (C) 2.5 4.8
Manganese (Mn) 1.4 0.3
Oxygen (O) 0.4 0.6
Silicon (Si) 0.4

steel powders were characterized by dynamic image anal-
ysis using a CAMSIZER® X2 from Microtrac Retsch
GmbH (Haan, Germany). In particular, a volume-based dry
measurement approach for the particle size distribution was
applied with the aim to quantify the nominal particle
diameter (x_area) and circularity (C) of the particles.

Particle diameter x_area displays the equivalent particle
diameter, which corresponds to the diameter of an equal-
area circle. This parameter is suitable for comparing the
CAMSIZER® X2 results with a laser scattered light
analysis. Circularity C indicates the roundness C, which is
obtained from the particle circumference U and the particle
area A. In this regard, perfect circles or spheres have a
roundness of 1. For all other shapes, the roundness is < 1.
c= 8 (Bq 1)

The influence of different parameter sets on the particle
velocities was measured with a cold spray meter from
Tecnar Automation Ltée (Saint-Bruno-de-Montarville,
Canada). The distance of the measuring point to the nozzle
outlet was 12 mm.

The surface roughness of the inner diameter coating was
measured with a MarSurf CP Select from Mahr GmbH
(Gottingen, Germany) at 3 different locations (top, center,
bottom) on the liner. In order to assess the influence of
various process parameters on the surface roughness, the
arithmetic mean height (Sa) was measured according to
DIN EN ISO 25178. The parameter A represents the con-
sidered area of the coating, whereas z(x, y) illustrates the
profile height. In this study, the measuring area covered an
area of 3 mm x 3 mm.

1
Sa = —// |z(x, y)|dxdy
AJS 4

Cross sections of the cylinders were made after the
coating processes with which the steel particles’ penetra-
tion depths were measured. The micrographs were taken in
the midsection of the liner at 0°, 90°, 180° and 270°. For
this purpose, the cylinder liners were cut into small slices
using a diamond blade. The samples were cold embedded

(Eq 2)

Table 2 CGS spraying conditions

Gas type N,
Working gas temperature (°C) 900 & 1000
Working gas pressure (bar) 50 & 57
Spray distance (mm) 12

Gun travel speed (mm/s) 4-8

Gun rotating speed (rpm) 120
Powder feed rate (cm>/min) 50.49
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and successively grounded with silicon carbide abrasive
paper. Subsequently, the cross sections were treated with
polishing pastes to achieve a surface quality of up to 1 pm.
Then, micrographs were taken using the Zeiss Axio Imager
M2m from Carl Zeiss Microscopy Deutschland GmbH
(Oberkochen, Germany). The porosity of the coating was
determined by gray contrasts using Imagic IMS Image
Processing V18Q4 software. The test area was 1 mmz, and
the thresholds were adapted to the coating: coating 316L
between 0 and 140 and coating M3/2 between 0 and 60.
The adhesion strength measurements of various coatings
were carried out using a PosiTest AT-A from DeFelsko
Corporation (Ogdensburg, New York, USA). Fig-
ure 2(a) shows the coated cylinder surface with bonded
dome-shape stamps (dome radius of 41 mm), which were
prepared for adhesion strength measurements. Fig-
ure 2(b) shows a cross section of the adhesive bond
between the dome-shaped stamp and the CGS coating. The
stamps were glued to the coated cylinder liner surface with
an FM® 1000 epoxy resin adhesive film, which obtains a
maximum strength of 70 MPa and was provided by HTK
Hamburg GmbH (Hamburg, Germany). Removal mea-
surements were carried out after a curing time of 1 h at
175 °C in the oven. In these experiments, a glue thickness
between 60 pm and 90 um was required. With an elec-
tronically controlled hydraulic pump, which distributed an

even and continuous pull-off speed of 1.5 MPa/s, the
stamps were then removed. Although this setup is not a
standard test, it allows the measurement of the adhesion
strengths directly on the cylindric surface coating of the
specimens. In contrast, the standard adhesion test (ASTM
C633) for thermally sprayed coatings can only be used for
specimen with a straight test surface and therefore is not
suitable for measurements on internal coatings.

Results and Discussion
Powder Characterization

Figure 3 shows SEM images of the two powder variants.
The particles of powder 316L are almost spherical with
some satellites surrounding the powder particles. In con-
trast, powder M3/2 is irregular and elongated. These
morphology types are a result of various powder manu-
facturing processes. In general, gas-atomized powder
(316L) tends to be spherical and regular in shape, while
water atomized powder (M3/2) has irregular powder par-
ticles (Ref 28).

The volume-related particle size distribution of the
particles’ diameter x_area of powder 316L and powder
M3/2 is shown in Fig.4 and 5. The particle size

Table 3 Four different
parameter sets

Parameter set

Gas working pressure (bar)

Gas working temperature (°C)

50 900
57 900
50 1000
57 1000

1
2
3
4
dome-shaped stam . .
(materiafl 4301 )p (FI\/[%@I]J]e 000) eyliwerlines

84 pm JZJ

/ ' 2 mm "

thickness substrate

dome-shaped
stamp
(radius = 41mm)

CGS coating

(@) | (b)

Fig. 2 (a) Coated cylinder surface with bonded dome-shaped stamp prepared for adhesion testing; (b) Cross section of the adhesive bond

between the dome-shaped stamp and the CGS coating
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Fig. 3 SEM images of the powder used in the experiments: (a) 316L and (b) M3/2

Fig. 4 Particle size distribution
of powder 316L

Fig. 5 Particle size distribution
of powder M3/2
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distribution of powder M3/2 ranges from 7.5 to 70.0 pm
and is symmetrically distributed (gaussian distribution).
Powder 316L has a non-symmetric distribution with a
particle size distribution from 5 to 47.5 um, whereas most

particles show a size < 20 pum.
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A summary of Fig. 3 and the roundness of the particles
is displayed in Table 4 with the values d10, d50, d90, C and
apparent density. The different particle size distribution of
the two powders is especially reflected in the value of
x_area d90. The x_area d90 value of powder M3/2 is 37%
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Table 4 Particle size d10, d50, d10, circularity C and apparent
density

Particle property 316L M3/2
Xe min (d10) in pm 8.76 21.02
Xe min (dso) in pm 16.19 34.72
Xc min (doo) in pm 30.02 47.67
C 0.9387 0.8534
Apparent density in g/cm3 3.1 2.6

higher than x_area d90 value of powder 316L. Further-
more, Table 3 shows the circularity C of the two powders
and illustrates the difference between spherical and irreg-
ular particle shapes. The measured value C confirms the
SEM images from Fig. 1 (C3;6. > Cpm3/2)- Sphericity plays
an important role in relation to particle velocity. A reduc-
tion in the sphericity (C |) of the powder particles leads to
a significant increase in particle velocity (Ref 29). Due to a
larger d90 value and a lower C value, the drag coefficient
of powder M3/2 is higher than the one of powder 316L and,
therefore, higher particle velocities should be expected
(Ref 12, 30, 32). In addition, previous studies have shown
that particle size and particle density have another impor-
tant influence on particle velocity. The larger and heavier
the particles, the lower the particle acceleration (Ref 33).
The higher apparent density of 3,1 g/cm® for powder 316L
has a negative effect on particle velocity compared to the
apparent density of 2,6 g/cm’ for powder M3/2.

A higher particle velocity leads to a higher particle
deformation in the impact and thus reduces the surface
roughness (Ref 8, 34). In addition, the stepover distance of
the individual spray paths can have an influence on the
surface roughness during coating. The swirling pitch is
twice as large for powder 316L as for powder M3/2, which
is due to the different gun travel speed (swirling pitch
4 mm per revolution for powder 316L and 2 mm per rev-
olution for powder M3/2). The gun travel speed was
adjusted that the same coating thickness was achieved with
the same powder feed rate.

Previous research demonstrated the correlation between
coating roughness and particle size: smaller particle
diameters lead to lower CGS surface roughnesses (Ref 34).
Furthermore, the mean roughness depth (Rz) of CGS inner
diameter coatings after mechanical processing depends on
the grain size of the feedstock powder (Ref 12). Thus, it
can be said that the used particle size affects the surface
roughness of the CGS coating. In these experiments, it is
expected that the coatings of powder 316L have lower
arithmetical mean heights (Sa) of the manufactured coating
surfaces than the coatings of powder M3/2, since
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x_area d90 of powder M3/2 is 37% higher than x_area d90
of powder 316L.

Particle Velocity

Particle velocity measurements were carried out in order to
investigate the influence of the four parameter sets (see
Table 3) on the velocity of the two powder variants. Fig-
ure 6 shows that the average particle velocity of the two
powder variants was lowest for the first parameter set and
highest for the fourth parameter set. This result confirms
previous studies which have shown that the particle
velocity increases with rising working gas pressure and
working gas temperature (Ref 12, 13, 35, 36). For all four
parameter sets, the particle velocity of powder M3/2 was
higher than the one of powder 316L. Moreover, the dif-
ference in particle velocities between the powder variants
ranged from 6.1% in parameter set two (638 to 677 m/s) to
8.9% in parameter set one (605 to 659 m/s). Powder M3/2
has a slightly lower density (16% lower than 316L) and a
larger x_area d90y;3,, value (d90hz, 63% larger than
d9031¢1.). However, the heavier M3/2 powder particles
compared to 316L are accelerated faster. This observation
is partly due to the fact that the drag coefficient of the
irregular particle shapes of powder M3/2 is higher than the
one of the round particle shapes of powder 316L. As a
result, the increased drag coefficient allows the particles to
accelerate faster in the applied gas stream (Ref 12, 30, 32).

In the investigated parameter range of this study, it was
shown that an increased gas pressure of 14% (7 bar dif-
ference between parameter set one and parameter set two)
had a significant greater influence on the particle velocities
than a 11% higher gas temperature (100 °C difference
between parameter set one and parameter set three) for
both powders. In addition, the percentage increase in
velocity at a pressure increase of 7 bar was 2.7% for
powder M3/2 and 5.5% for powder 316L. In contrast, the
particle velocities increased by only 0.9% for powder M3/2
and 2.6% for powder 316L at a 100 °C difference of gas
temperature. This is conclusive with previous studies,
which have shown that working gas pressure has a greater
effect on particle velocities than working gas temperature
(Ref 13). The significant higher particle velocities of
powder M3/2 ought to result in more substrate’s defor-
mation on impact than the slower accelerated particles of
powder 316L (Ref 5). In addition to the particle size, the
surface roughness of the CGS coating is also influenced by
the particle velocity and the deformation of the particles
upon impact. A lower particle velocity leads to a higher
roughness of the coating (Ref 34). For this reason, an inner
diameter coating with process parameter 4 (higher particle
velocity) should have a lower arithmetical mean height
(Sa) and a higher particle penetration depth into the
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Fig. 6 Particle velocity at

different gas tel?peéatures.and 720 o316L
gas pressures. Powder variants
used: 316L and M3/2. Number 700 mM3/2
of measurements = n. Error bars
represent the standard deviation
(1 sigma) 680
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Parameter set 1

substrate than an inner diameter coating with process
parameter 1 (lower particle velocity).

In addition, for coatings with small standoff distance, it
should be noted that a bow shock effect occurs between the
nozzle exit and the substrate. It is known that the bow
shock effect has a negative effect on particle velocity and
slows down if the standoff distance is too small. This effect
can already occur at a standoff distance of 60 mm and
reduce the deposition efficiency by 40%. The influence of
the bow shock effect is greater for non-spherical particles
than for spherical particles due to the higher drag coeffi-
cient (Ref 37). For this reason, it is assumed that the bow
shock effect also influenced the results in the present
investigations. The bow shock effect could be one expla-
nation for the fact that for powder M3/2 the gun travel
speed has to be halved to achieved the same layer thickness
as for powder 316L, although the measured particle
velocity (without bow shock effect) was higher for powder
M3/2 than for powder 316L.

Surface Roughness

Figure 7 shows the measured values of the arithmetical
mean height (Sa) of the CGS coatings with powder 316L
and powder M3/2 for all four parameter sets. In this matter,
coatings with powder M3/2 had a significantly rougher
surface than coatings with powder 316L. The arithmetical
mean height (Sa) of the coating with powder M3/2 was
between 68% (for parameter set four) and 90% (for
parameter set one) above the arithmetical mean height (Sa)

659

n= 1000

693

677
665

638 639

621

Parameter set 2 Parameter set 3 Parameter set 4

Process parameter

of the coating with powder 316L. This is due to the larger
and more irregular particle shapes of the feedstock powder
M3/2, when compared to the feedstock powder 316L
(x_area d90 M3/2 is 37% higher than x_area d90 316L).
The differences in surface roughnesses are illustrated by
the 3D view of various fabricated surfaces in Fig. 8 and 9.
In this study, the influence of the swirling pitch on the
surface roughness was not investigated. Therefore, only the
surface roughness values can be compared within one
powder variant, since the pitch was the same. Although
there is a clear difference in the surface roughness between
the individual powder variants, which in this study is lar-
gely due to the particle size, the influence of swirling path
must be investigated in further steps.

The results of this study confirm the observations from
previous studies that the surface roughness is influenced by
the feedstock powder, especially by particle size and par-
ticle morphology (Ref 12, 34). In addition to this, the
surface roughness was reduced with higher temperature
and gas pressure for both coating variants. The arithmetical
mean heights (Sa) of the CGS coatings decreased from 19.1
(parameter set one) to 16.3 pm (parameter set four) for
powder M3/2, while powder 316L displayed a reduction
from 10.0 (parameter set one) to 9.7 um (parameter set
four). In this study, there was a linear relationship between
particle velocity and the arithmetical mean height (Sa) for
powder M3/2 with a coefficient of determination of R\
» = 0.8478. However, there was no linear relationship for
powder 316L because the coefficient of determination was
R? 3161 = 0.1534. For powder 316L, no influence of
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Fig. 7 Arithmetical mean
height (Sa) of the coating at 25
different gas temperatures and
gas pressures. Powder variants
used: 316L and M3/2. Number
of measurements = n. Error bars 20
represent the standard deviation
(1 sigma)

316L
m M3/2

Arithmetical mean height (Sa), um

Parameter set 1

Fig. 8 3D representation of the
CGS coating with powder 316L

different process parameters on the surface roughness was
measurable. This could be due to the fact that coatings with
small particle sizes already exhibit comparatively low
surface roughness at low process parameters and the sur-
face roughness hardly decreases with increasing process
parameters (Ref 34).

In general, an increase in the utilized process parameters
in CGS coatings increases the particle velocities.
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R*316L=0.1534 n=9
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Therefore, the plastic deformation of the particles on
impact itself and the deformation process of the already
underlying deposited particles also increase. Due to the
high plastic deformation of the particles, the surface
roughness of the CGS coating decreases, then (Ref 8, 34).
This observation was also confirmed in the present inves-
tigation for CGS inner diameter coatings. With increasing
process parameters, the surface roughness decreased for
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Fig. 9 3D representation of the Parameter set 1 - Parameter set 2 5

CGS coating with powder M3/2
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Fig. 10 Example of measuring the penetration depth of powder
particles into the aluminum substrate using cross sections (parameter
set one)

both powder variants. Coating M3/2 has a generally higher
surface roughness compared to coating 316L due to the
particle size.

Microstructure

Figure 10 shows the measurement of the penetration depth
of the powder particles into the aluminum substrate using
cross sections. Figure 11 highlights that the penetration
depth of the powder particles was significantly higher for
powder M3/2 than for powder 316L. No significant influ-
ence of different process parameters on the penetration
depth of the powder particles into the substrate could be
determined for both powder variants. The higher penetra-
tion depth of the M3/2 particles can be explained by the
higher particle velocities in comparison with the velocities
which can be attained with powder 316L (see Fig. 6).
These results confirm previous investigations, which have

60

40

20

shown a strong relation between particle velocities and
penetration depths of accelerated particles. The higher the
particle velocity, the greater the plastic deformation on
impact. As the velocities increase, the deformation of the
particles and the substrate increases, too. Furthermore, a
higher plastic deformation of the particles on impact leads
to a higher penetration depth into the substrate (Ref
8, 23, 26, 34).

Figure 12 illustrates the correlation particle velocity and
porosity. The measured porosity for coating 316L ranges
from 5.6% (parameter 4) to 8.7% (parameter 1) and for
coating M3/2 from 3.6% (parameter 4) to 4.8% (parameter
1). Furthermore, for both powder variants, the lowest
porosity was measured for parameter 4 (highest particle
velocity) and the highest for parameter 1 (lowest particle
velocity). Porosity is influenced by powder size, powder
morphology, process temperature and pressure and the
resulting particle velocity. In general, the higher the pro-
cess parameters, the higher the particle velocity and the
lower the porosity (Ref 7, 38). This general statement also
applies to the present results. No significant changes in
porosity were measured over the height and circumference
of the coated liner, indicating consistent coating quality. In
addition, the coefficient of determination for the present
results was determined. The coefficient of determination
for powder 316L R? 5,5 = 0.8692 is significantly higher
than the coefficient of determination for powder M3/2
R? 130 = 0.6787. The present results show a linear rela-
tionship between particle velocity and coating porosity for
powder 316L. No linear relationship between velocity and
porosity can be established for powder M3/2.Adhesion
strength.
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Fig. 11 Depth of penetration of

the coating into the substrate at 35
different gas temperatures and

gas pressures. Powder variants

used: 316L and M3/2. Number 30
of measurements = n. Error bars
represent the standard deviation
(1 sigma) 25
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Fig. 12 Illustration of particle velocity and porosity at different
process parameters (gas temperatures and gas pressures). Powder
variants used: 316L and M3/2. Number velocity measurements

Figure 13 and 14 displays the results of the adhesion
strength measurements. The coated liners were cut into
small strips at 0°, 90°, 180° and 270° positions in order to
measure the effects of the process parameters on the

@ Springer

n =1000. Number of porosity measurements n = 12. Error bars
represent the standard deviation (1 sigma)

circumference of the coated liners. Four dome-shaped
stamps were glued onto each liner along the surface of the
CGS coatings (see Fig. 2a). Two pull-off tests were per-
formed for each powder variant and each parameter set.
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Fig. 13 Adhesion strength at different gas temperatures and gas pressures at different positions of the circumference (0°, 90°, 180° and 270°).
Powder used: 316L. Number of measurements = n. Error bars represent the standard deviation (1 sigma)
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Fig. 14 Adhesion strength at different gas temperatures and gas pressures at different positions of the circumference (0°, 90°, 180° and 270°).
Powder used: M3/2. Number of measurements = n. Error bars represent the standard deviation (1 sigma)

The positioning of the removal stamp had no influence on The requirements of thermally coated cylinder bore

the adhesion strength. surfaces in terms of adhesion strength is approximately
30 MPa in the automotive industry (Ref 39). This
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minimum value for the adhesion strength was significantly
exceeded for both powder variants in all applied process
parameters. The measurements revealed that the adhesion
strength of the CGS coating with powder 316L was higher
than the coating with powder M3/2 in all parameters sets.
Furthermore, removal experiments highlighted that the
positioning of the removal stamp along the circumference
(0°,90°, 180° and 270°) had no significant influence on the
quantified adhesion strengths. This indicates a consistent
quality of the coating over the height and circumference of
the liner. Therefore, only the adhesion strength values of
the 0° position are examined in the following section.

The adhesion strength of the coating M3/2 was mea-
sured between 46.8 MPa (parameter set one and two) and
59.3 MPa (parameter set four). All measured values were
below the maximum glue strength of approximately
70 MPa. Hence, cohesive failure of the coating M3/2 was
observed in all tests. In contrast, the coatings of powder
316L displayed still adherent glue on the surfaces after
removal with a maximum glue strength of 70 MPa in
parameter set two to four. Thus, the bond in the glue failed
awarding coatings with powder 316L an adhesion strength
of approximately 70 MPa.

Figure 15 shows an exemplary test point of the adhesion
strength measurements of three test liners as well as the
dome-shaped stamps after an adhesion strength measure-
ment: (a) coating 316L at parameter set one; (b) coating
316L at parameter set two; (c) coating M3/2 at parameter
set one. Images (a) and (c) show cohesive failure of the
CGS coatings since the coating still adheres to the liner and
the dome-shaped stamp. Image (b) illustrates a failure of

(a)

CGS coating
(316L)

the glue because a glue layer is still detectable on the stamp
and the coated liner.

However, in parameter set one coating 316L showed a
cohesive failure in the adhesion strength measurements
which was similar to the M3/2 experiments. Due to that, a
14% increase in process pressure (parameter set one —
parameter set two) or an 11% increase in process temper-
ature (parameter set one — parameter set three) resulted in
failure of the bonded glue when using 316L coatings.

The significant increase (up to 59.3 MPa) in the adhe-
sion strength of coating M3/2 in parameter set four can be
explained by the combined intensification of the process
parameters (pressure: T 7 bar and temperature: T 100 °C).
In addition, a significant increase of 52% in the adhesion
strength of coating 316L (parameter set one — parameter
set two) was also observed. The increase in adhesion
strength is due to higher process parameters and thus
ultimately to higher particle velocities (see Fig. 6). This
study revealed that the generally valid statement—with
increasing process parameters, the adhesion strength of the
coating also increases—applies to internal coated CGS
coatings, too. Furthermore, previous studies have shown
that with increasing process temperature, the particle
temperatures, and thus, the adhesion strength increases
(Ref 5, 6, 23, 40, 41) This observation is also confirmed via
the present investigation for CGS inner diameter coatings.
The lower adhesive potential within the coatings of powder
M3/2 is presumably due to the carbides in the powder and
the hereby resulting lower plastic deformation of the par-
ticles. However, Fig. 11 shows that due to the high kinetic
energy, the plastic deformation and therefore the

(c)

CGS coating

I
gle (M3/2)

! 10 mm i

dome-shaped stamp

Fig. 15 Exemplary test point of the adhesion strength measurement of the liner as well as the dome-shaped stamp after the adhesion strength
measurements: (a) coating 316L at parameter set one; (b) coating 316L at parameter set two; (c) coating M3/2 at parameter set one
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penetration depth were higher for powder M3/2 than for
powder 316L. In general, the amount of the particles’
plastic deformation plays a critical role in regards to the
penetration depth into the substrate and hereby ensures the
coating’s adherence to the substrate (Ref 42).

Conclusions

This study shows the influence of different process
parameters on particle velocities, surface coating rough-
nesses, particle penetration depths into an aluminum sub-
strate and adhesion strengths of CGS inner diameter
coatings. Two different alloy steel powder variants (316L
and M3/2) with different chemical compositions, particle
sizes and morphologies were used. In summary, this
research provides the following results:

e The larger the particle size of the feedstock powder, the
greater the arithmetical mean height (Sa) of the
manufactured CGS coating.

e When process parameters were increased (parameter
set one to four), the surface roughness decreased by
15% for coatings with powder M3/2 and by 3% for
coatings with powder 316L.

e Particles with higher particle velocities (M3/2 particles
were 8% faster than 316L particles in parameter set
four) penetrated 24% deeper into the substrate than
particles with slower particle velocities.

e Powder 316L as well as powder M3/2 demonstrated
sufficient adhesion strengths (> 30 MPa) for inner
diameter coatings in the automotive industry when
untreated cylindric surfaces and process parameters
with a minimum of 50 bar and 1000 °C are used.

e Increased process parameters led to higher particle
velocities resulting in enhanced adhesion strengths of
the fabricated CGS inner diameter coatings.

e The rotating CGS spray head was used to produce an
inner diameter coating of consistent quality over the
height and circumference of the liner. The position of
the dome-shaped stamps along the circumference of the
coated liner has no influence on the adhesion strength.
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