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This paper presents an investigation of the influence of the spray angle on thermally sprayed coatings.
Spray beads were manufactured with different spray angles between 90 and 20° by means of atmospheric
plasma spraying (APS) on heat-treated mild steel (1.0503). WC-12Co and Cr3;C,-10(Ni20Cr) powders
were employed as feedstock materials. Every spray bead was characterized by a Gaussian fit. This opens
the opportunity to analyze the influence of the spray angle on coating properties. Furthermore, metal-
lographic studies of the surface roughness, porosity, hardness, and morphology were carried out and the
deposition efficiency as well as the tensile strength was measured. The thermally sprayed coatings show a
clear dependence on the spray angle. A decrease in spray angle changes the thickness, width, and form of

the spray beads. The coatings become rougher and their quality decreases.

Keywords Cr;C,-NiCr, hard material, morphology, off-axis,
spray angle, thermal spraying, WC-12Co

1. Introduction

Sculptured sheets in the automotive industry require
forming tools that are able to meet highest demands
regarding shape accuracy, even at high complexities, in
particular for high-strength steels. These demands are
influenced by many uncontrollable variables and partly
insufficiently investigated boundary conditions like met-
allurgical phenomena and tribological effects (Ref 1).

A commonly used process for forming of metal sheets
is deep drawing. In recent years, the requirements for the
productivity of deep drawing tools have particularly
increased in the field of the automotive industry. At the
same time, the application of high strength steels has
increased due to their potential in the fields of light weight
design and advancement in strength (Ref 2). During the
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forming process of high strength steels enormous press
capacities operate, which significantly lead to tool wear.
Therefore, it is becoming more and more important to
enhance the wear resistance of deep drawing tools by an
appropriate surface modification (Ref 3).

A novel approach to surface modification of deep
drawing tools is the thermal spraying technology. How-
ever, thermally sprayed coatings normally feature unde-
sirable properties like high porosity and roughness
especially on complex geometries. In recent years, the
complexity of deep drawing tools has highly increased.
Consequently, it is often not possible to realize a per-
pendicular spray angle on the whole component surface
during the spray process (Fig. 1). This can lead to signifi-
cant changes of the coating properties (Ref 4-7). There-
fore, it is of high importance to study the influence of the
spray angle on the coating properties. This can provide
fundamentals to determine the tolerance to which coatings
exhibit reproducible properties.

In the present study, experiments have been conducted
to investigate the angular dependence of the spray profile,
roughness, porosity, hardness, morphology, tensile
strength and deposition efficiency of two hard materials in
an atmospheric plasma spray process.

2. Experimental

2.1 Substrate Preparation

Rectangular heat-treated mild steel substrates (1.0503)
with a dimension of 200 x 100 x 5 mm® were employed
as base material. The substrates were cut from sheet
material. In preparation for thermal spray experiments,
the substrates were grit-blasted with coarse-grained
alumina (¢=1180-1700 pm), at a pressure of 4 bar, an
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Fig. 1 Scheme of a thermal spray process of a deep drawing
tool. Some regions with a high geometrical complexity cannot be
coated with a perpendicular spray angle

inclination angle of 45°, and a distance of 100 mm. The
substrates showed an average roughness Rz of 50 pm after
grit blasting. Afterward, the samples were cleaned in an
ethanol ultrasonic bath (15 min) and heated in a furnace
(30 min) to approx. 100 °C.

2.2 Feedstock Powder

Two commercially available powders, a WC-12Co
(Sulzer Metco, Metco 72F-NS) powder and a Cr;C,-
10(Ni20Cr) (Sulzer Metco, AMDRY 367) powder, were
employed as plasma spray feedstocks. The particle size
distribution of the powders was measured by means of
laser scattering. The WC-12Co powder possesses particle
sizes of 15 to 45 um with a mode of 30 um, the Cr;C,-
10(Ni20Cr) powder below 45 pm with a mode of 20 pum.
Their cumulative particle size distribution is shown in
Fig. 2. The WC-12Co powder was manufactured by an
agglomeration and sintering process and shows a sphe-
roidal shape (Fig. 3a). The Cr;C,-10(Ni20Cr) powder was
spattered and broken and exhibits a blended shape
(Fig. 3b). The chemical composition was measured by
inductive coupled plasma—mass spectroscopy (ICP-MS)
(Co, Fe, Ni, Cr), the difference method (W), and gra-
vimetry (C). The results are shown in Table 1.

2.3 Experimental Setup

The deposits were manufactured using atmospheric
plasma spray equipment Sulzer Metco, model Multi Coat
equipped with a F4-MB torch. The main spray parameters
are listed in Table 2. The plasma gun moved at a velocity
of 0.5 ms™! for 60 overruns accomplished in front of each
substrate. The distance between the spray gun and sub-
strate was 130 mm. To prevent overheating of the sub-
strates, the specimens were cooled from the backside with
compressed air with a pressure of 2.76 bar.

The experimental setup is shown in Fig. 4. A spray
procedure was performed by moving the spray gun
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Fig. 2 Cumulative particle size distribution of WC-12Co and
Cr;C,-10(Ni20Cr) powders

horizontally over the substrate. This results in a spray
bead in the middle of the substrate. The substrates were
coated with spray angles between 90 and 20°. The spray
angle is defined as 90° when the spray jet is parallel to the
substrate normal and 0° when the jet is perpendicular to
the normal. Directly after each coating procedure the
temperature on the coating surface was measured by
pyrometry. The average temperature of the coatings
amounted to 70 °C irrespective of the spray angle.

2.4 Analytics

The profile and the roughness of the spray bead were
measured with a 3D surface profilometer (Alicona, model
Infinite Focus). The topography of the profile was
analyzed by scanning across the spray bead (in Fig. 4 into
z-direction). The deposition was characterized by the
relative deposition efficiency, which is defined as the ratio
of weight gain of specimen coated with a spray angle of
90° to the weight gain of specimen coated with shallower
spray angles. Cross sections of the coated samples were
investigated by light microscopy (Zeiss, Axiophot) and
porosity measurements were done by image processing
software (Zeiss, Axiovision 4.6). Microhardness mea-
surements were performed by a Vickers indentation with
0.1 kp (0.981 N) (Leco, model M-400). Each indentation
was done for 15 s. Tensile stress tests were accomplished
according to DIN EN 582 with a tensile testing devise
(Mohr & Federhoff). The roughness, porosity, deposition
efficiency, and tensile strength measurements were
repeated three times, and the mean of the three values
including the standard deviation were determined. The
microhardness test was repeated five times.

2.5 Theoretical Background

The central limit theorem states that a sum of »n inde-
pendent, identically distributed random variables at the
limit (n — o) can be described by a continuous proba-
bility density function, the normal or Gaussian distribution
(Ref 8). According to this, a random variable is normally
distributed when it is developed from an interaction of a
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Fig. 3 SEM images of morphology and polished cross section of employed spray powders (a) WC-12Co and (b) Cr;C,-10(Ni20Cr)

Table 1 Chemical composition of investigated powders

Table 2 Spray parameters

Cr3C,-10(Ni20Cr) Powder WC-12Co Cr3C,-10(Ni20Cr)
[wt.%] WC-12Co Cr;C;, Ni-20Cr Plasma gun FAMB F4-MB
Argon flow rate 65 L min 65 L min
w 81.52 Hydrogen flow rate 7 L min~! 15 L min~!
Co 12.07 Current intensity 550 A 550 A
C 6.15 13.57 Powder carrier gas flow rate 32 L min~! 32 L min~!
Ni 78.40 Powder feed rate 37 g min™* 28 g min™"
Cr 86.22 20.02

large number of influences and the separate influencing
value only delivers a minor contribution (e.g., particle
impact during thermal spraying). A summation of the
separate influencing values is the normal or Gaussian dis-
tribution. Many terms of science and engineering such as
the spray jet during thermal spraying and the resulting
coating profile can be described exactly or in good
approximation by this distribution (Ref 9). The mathe-
matical description of the Gaussian distribution is:

) =+ e 5 (5

where A is an amplitude scale factor, o is the standard
deviation, xo the mean, and y, an additive constant. The
characteristic bell shape of a normal distribution is shown
in Fig. 5. The deviation between an experimental mea-
sured distribution and the ideal norm distribution is
mathematically determined by the skewness s, the kurtosis
k, and the full width at half maximum FWHM. The

(Eq 1)
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mild steel

powder injection

APS spray gun

Fig. 4 Scheme of a spray procedure

skewness s is a measure of the symmetry of a distribution
in reference to the mean. The skewness can be used to
declare if a distribution is concentrated more on the left
(s < 0) or on the right (s > 0) side. The kurtosis k indi-
cates whether a distribution features a higher (k > 0) or
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Fig. 5 Experimentally measured Gaussian profile and fit (WC-
12Co, a=90°). The profile can be described by the skewness s,
the kurtosis k, the full width at half scale FWHM, the mean x,
and the maximal coating thickness A .x

é

lower (k < 0) peakness regarding the normal distribution.
The full width at half maximum FWHM is defined as the
distance between two abscissa values, where the ordinate
values decreased to half of the distribution’s maximum.
The full width at half maximum is proportional to the
standard deviation .

3. Results and Discussion

3.1 Topography of the Spray Bead

The spray beads generated at spray angles between 90
and 20° exhibit Gaussian profiles (Fig. 6). For investiga-
tion of the profiles Gaussian fits as stated in paragraph 2.5
were used and the relevant parameters, maximal thick-
ness, full width at half maximum, skewness, and kurtosis,
were calculated. The maximal thickness A,.x of the pro-
file increases between 90 and 80° (Fig. 7). Below 80° the
thickness decreases with increasing spray angle for both
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Fig. 6 Topography profiles of WC-12Co and Cr;C,-10(Ni20Cr) spray beads made with spray angles between 90 and 20°
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Fig. 9 Full width at half maximum FWHM of spray bead

materials. Kang et al. describe the decline in coating
thickness at smaller spray angles with a decrease of the
normal component of the particle velocity regarding the
substrates surface. At the same time the tangential com-
ponent increases and the probability rises to bounce off a
sprayed particle from the specimen’s surface. This results
in a lower layer thickness (Ref 10). The increase of A .y
between 90 and 80° is due to a skew spray jet affected by a
perpendicular powder injection (Fig.8). At 90° the
sprayed particles exhibit a tangential component with
respect to the substrates surface. This leads to a real spray
angle smaller than 90° and an increased probability to
bounce off sprayed particles. However, at 80° the skew-
ness of the spray jet regarding the substrates surface is
compensated and a smaller amount of particles rebound.
Consequently, the maximal thickness A, increases.
The full width at half maximum FWHM increases by
decreasing the spray angle for both investigated materials
(Fig. 9). A slight increase is established between 90 and
50°, whereas the width of the profile increases steeply
below 50°. This behavior is due to a growth of the tan-
gential component regarding the substrates surface when
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Plasma gun

Fig. 8 Experimental setup. The skew spray jet influences the
maximal thickness A,.x of the spray beads and the deposition
efficiency DE
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Fig. 10 Skewness s of spray bead

decreasing the spray angle and results in a broadening of
the spray bead.

The skewness s of the spray beads (Fig. 10) is positive
at a spray angle of 90° for both materials. Between 90 and
40° the skewness decreases relatively steeply. Therefore,
the symmetry of the spray bead increases. Below 40° only
a slight decrease was observed. A positive skewness states
a concentration of the spray bead at its right side (in Fig. 4
bottom). The positive skewness at 90° is caused by the
perpendicular powder injection. A rotation of the sub-
strate to smaller spray angles leads to a decrease in
skewness as long as the substrate rotates in the direction of
the profile’s concentration. A rotation in the other direc-
tion should result in an increase in skewness. This simple
behavior is caused by the geometric parameters at off
normal angles (Ref 11). However, there are further
influencing values such as interaction between sprayed
(hard) material and substrates surface. An evidence is the
relative constant skewness at spraying angles less than 40°.
If the skewness was only influenced by the geometrical
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parameters, it should also decrease at small spray angles.
The kurtosis k possesses a comparable run as the mea-
sured skewness (Fig. 11). At 90° the kurtosis is positive;
hence the spray beads show sharp shapes. On reducing the
spray angle the kurtosis decreases to negative, and below
40° the kurtosis remains relatively constant. Consequently,
the spray bead is broadened and flattened on decreasing
the spray angle.

3.2 Roughness

Both spray beads show an increase in the average
surface roughness Rz at decreasing spray angle (Fig. 12).
Especially, below 50° the roughness increases steeply.
A similar behavior was observed by Smith et al. (Ref 6).
This phenomenon is attributed to an increased probability
of sprayed particles at low spray angles to interlock with
surface inhomogeneities. Consequently, the surface
roughness increases.

3.3 Porosity

Within the margin of error the coatings exhibit constant
porosities between 90 and 50°. Below 50° a significant
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increase of porosity was measured (Fig. 13). Furthermore,
the WC-12Co coatings show a more significant tendency to
increase in porosity at lower spray angles. An explanation
was provided by Smith et al. (Ref 6). Spraying with off
normal angles leads to a surface profile with the shape of a
sawtooth. Consequently, regions in the sawtooth are shad-
owed at lower spray angles and therefore striking particles
cannot cover the complete surface. As a result pores arise.

The higher porosity and dependency on the spray angle
of the WC-12Co coatings compared to the Cr;C,-
10(Ni20Cr) ones can be explained by the shape, size, and
manufacturing method of the employed powder. The WC-
12Co powder exhibits a spheroidal shape with a mode of
30 pm, whereas the Cr3C,-10(Ni20Cr) is spattered and
broken with a mode of 20 pm. Due to the spherical shape of
the WC-12Co powder, off normal sprayed particles are
likely to slip when they hit the surface. Thus, growing pores
are not filled up during spray process. In contrast, it is more
likely that a spattered Cr;C,-10(Ni20Cr) particle interlocks
with the surface of the coating. This can prevent a growth of
pores. The lower particle size mode of the Cr;C,-
10(Ni20Cr) effects smaller spikes at the coating surface and
thereby denser coatings. Additionally, the sintered WC-
12Co powder possesses a higher porosity than the spattered
and broken Cr3C,-10(Ni20Cr) powder (cp. Fig. 3). Conse-
quently, the WC-12Co coatings are more porous.

3.4 Relative Deposition Efficiency

The relative deposition efficiency DE increases app.
5% from 90° to 80° (Fig. 14), whereas below 80° the
deposition efficiency decreases rather linearly. A decrease
in spray angle results in a reduction of the normal com-
ponent and provides a benefit to the tangential component
of the spray particles regarding the substrates surface. An
increase in the tangential component results in a higher
probability that particles bounce off from the surface of
the substrate. Therefore, the deposition efficiency
declines. The increase between 90 and 80° is attributed to
the perpendicular powder injection into the spray flame.
This leads to a skew spray jet with respect to the substrates
surface (Fig. 8). The effect is compensated up to 80°.
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3.5 Hardness

Figure 15 illustrates the results of the microhardness
tests. The WC-12Co coatings exhibit hardness between
1080 and 1240HV,;, while Cr;C,-10(Ni20Cr) show hard-
ness values between 930 and 1080HV, ;. The WC-12Co
data points are more widely distributed. This hardness
variation is attributed to a more inhomogeneous structure
of the coating, which results from the larger powder par-
ticle size of the WC-12Co powder. Within the error of
margin no dependency of microhardness and spray angle
can be stated. The microhardness test affects only small
indentations into the coating. Therefore, the influence of
pores and changes in microstructure cannot be measured.
A macrohardness test should deliver more reliable results.

3.6 Tensile Strength

Figure 16 illustrates the results of the tensile tests. The
coatings show a high tensile strength of 67 + 8 N mm >
for WC-12Co and 65 &+ 1 N mm~ for Cr;C,-10(Ni20Cr)
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Fig. 16 Effect of spray angle on the tensile strength

at a spray angle of 90°. Both coatings exhibit a significant
decrease of the tensile strength on decreasing the spray
angle. Particularly, the tensile strength of the WC-12Co
coating is strongly influenced by the spray angle.

The coatings sprayed with an angle of 90° delaminated
during the tensile tests at the interface between substrate
and coating. A decrease in spray angle resulted in an
increased probability of a mixed fracture composed of
interfacial and cohesive failure. At 30° all coatings failed
cohesively. This behavior is due to the rough coating
microstructure at smaller spray angles and especially at
30° caused by the high porosity of the coatings.

3.7 Morphology

Polished cross sections of the Cr;C,-10(Ni20Cr) and
the WC-12Co coatings are illustrated in Fig. 17. The
Cr3C,-10(Ni20Cr) coatings show a dense structure
between 90 and 50°. Below 50° large pores arise. In con-
trast, the WC-12Co coatings exhibit relative large pores
even at 90°. The larger diameter of these pores is due to
the particle size of the applied WC-12Co powder. Fur-
thermore, the WC-12Co coating is more sensitive to a
change in spray angle. Already at 50° a decline in coating
quality is observed.

4. Summary and Conclusion

The results of this study demonstrate that both inves-
tigated spray materials show a significant dependence on
the spray angle. Independent of the type of powder a
change of thickness, width, and profile of the plasma
sprayed bead could be established. Especially, from 50°
onward the geometry of the spray bead changes consid-
erably. This is connected to an increase in surface rough-
ness and porosity as well as a decrease of tensile strength.
The cross sections show a decline in microstructure from
30° for CryC,-10(Ni20Cr) and from 50° for WC-12Co,
whereas a relative linear decrease in deposition efficiency
is observed below 80°.
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Fig. 17 Cross sections of Cr;C,-10(Ni20Cr) and WC-12Co
coatings deposited with spray angles between 90 and 30°

Our results suggest that within the traditional 90-45°
spray window coatings with only a marginal loss of coating
quality can be manufactured. In this window mainly
the thickness of the coating and the deposition effi-
ciency decrease. However, for highest shape accuracy the
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influence of the spray angle must be taken into consider-
ation. Below 45° the coatings show a clear decrease in
quality. If possible, these shallow spray angles shall be
avoided. If it is not procedurally possible, it must be ac-
cepted that the coatings are thinner, with a higher porosity
and a higher surface roughness. Only the thickness of the
coating can partially be influenced by transferring the
spray gun more slowly or numerously over the specimen.
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