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Abstract The internal diameter (ID) coating by means of
thermal spraying is currently experiencing growing interest
in science and industry. In contrast to the well-established
plasma- and arc-based spray techniques, there is a lack of
knowledge concerning kinetic processes such as HVOF,
HVAF and warm spray (WS). A major challenge repre-
sents the necessity of short spray distances and the compact
design of novel ID spray guns with reduced combustion
power. Conventional WC-Co powders (— 45 + 15 pm) are
not able to achieve a sufficient heat and momentum
transfer. The use of fine powders < 15 um offers an
approach to overcome this drawback as they feature a
larger surface-to-volume ratio and a lower mass. However,
the processing of fine powders requires suitable spray
equipment and a sensitive parameter adjustment. In this
study, warm spraying of fine WC-12Co powders
(= 10 4+ 2 pm) with a novel ID spray gun (HVOF + N,)
“ID RED” (Thermico Engineering GmbH, Germany) was
investigated. First, the flame profile as well as the in-flight
behavior of the particles along the spray jet (spray dis-
tances SD = 10-80 mm) was analyzed at different nitrogen
flows NF = 15-115 L/min to find suitable spray parameter
intervals. Subsequently, planar steel samples were coated
with SD = 10-50 mm and constant NF = 90 L/min. Anal-
yses regarding the microstructure, the mechanical proper-
ties and the phase evolution of the coatings were
performed. The aim was to study spraying with the novel
ID gun and to scrutinize shortest feasible spray distances.
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Finally, steel tubes (internal diameter of 81.6 mm and a
wall thickness of 10.0 mm) were coated with SD = 20 mm
and NF = 90 L/min to investigate in how far the results can
be transferred to ID parts. Correlations between the particle
behavior, the microstructure and the coating properties
were made.

Keywords fine powders - internal diameter (ID) coating -
nitrogen flow - particle behavior - spray distance - warm
spray - WC-Co

Introduction

Atmospheric plasma spraying (APS), twin-wire arc spray-
ing (TWAS), plasma transferred wire arc spraying (PTWA)
and rotating single-wire (RSW) spraying are among the
well-established processes for the coating of parts with
inner surfaces (ID coating). They are particularly used in
the automotive industry to coat cylinder bores of light
metal cast engine blocks to mitigate wear and friction, thus
improving the engine efficiency (Ref 1). Other typical ID
components are tubes, pipe elbows, shock struts of landing
gears, hydraulic actuators, bearings, crankshafts, nozzles,
oil refinery sleeves, barrels, inside bores or pump parts.
In contrast to the arc- and plasma-based techniques,
kinetic spray processes such as HVOF, HVAF and warm
spray (WS) have hardly been scientifically investigated for
the coating of inner surfaces and are not well established in
industry for this purpose (Ref 2, 3). These spray processes
are based on supersonic gas jets achieved by the combus-
tion and expansion of a liquid (LF) or gaseous (GF) fuel
(hydrogen or hydrocarbons) together with oxygen (HVOF),
compressed air (HVAF) or additional nitrogen gas (WS) in
a convergent—divergent nozzle (Ref 4). Depending on the
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type of fuel, the powder feedstock is fed into the spray gun
either radially (LF systems) or axially (GF systems) (Ref
5, 6). In LF systems, the powder particles are fed into the
colder section of the process gas flow between the con-
verging—diverging part of the nozzle instead of being fed
directly into combustion chamber as in GF systems. This
effectively reduces overheating of the powder particles
(Ref 7). Most of the GF systems provide higher particle
temperatures than LF ones, while the latter are character-
ized by higher particle velocities due to more momentum
output (Ref 7, 8). Thus, LF systems generate denser coating
structures with less thermal phase reactions and better
bonding to the substrate in comparison with GF systems
(Ref 9).

The HVAF technology is a further development of
HVOF, which was originally introduced to minimize the
operating costs associated with the use of pure oxygen
and to increase the flexibility of the HVOF processes
through higher particle velocities and lower spray tem-
peratures (Ref 10-12). According to Katanoda et al, the
gas temperature in the HVAF process is around 1000 K
lower than in the HVOF (Ref 13). The authors also
indicated that in both processes (HVOF and HVAF), the
gas temperature can be controlled in a narrow range of
around 300 K by changing the equivalence ratio in the
combustion chamber. Since the original composition and
microstructure of the powder can largely be retained in
HVAF cermet coatings, they are not only denser and
more homogeneous than HVOF ones, but also feature less
oxidation and improved toughness. Therefore, HVAF-
sprayed cermet coatings generally achieve a better wear
performance (Ref 14-16).

Warm spray (WS) represents a more recent modification
of HVOF spraying (Ref 17). First related studies were
published in 2006 (Ref 18, 19). During warm spraying, the
temperature of the propellant gas can be effectively con-
trolled in the range of 500-2000 °C and the gas velocity
between 900 and 1600 m/s by injecting nitrogen gas with
different volume flows into the combustion chamber (Ref
20-25). In analogy to cold gas spraying (CGS), the WS
process is also based on high-velocity impact bonding of
powder particles, but the impact temperature of the spray
particles is higher and often close to the melting point of
the material(Ref 17). Therefore, WS is often regarded as a
spray process between CS and HVOF. The specific prop-
erties of WS ensure, on the one hand, a sufficient
deformability of the spray particles during deposition (from
the solid or semi-melting state) (Ref 26). On the other
hand, the particles are moderately heated and thermally
softened (Ref 22). Thus, the risk of an overheating of the
spray particles can be significantly reduced, making WS
particularly suitable for the processing of heat- or oxygen-
sensitive materials (Ref 20, 27). In addition, higher gas

pressures in the combustion chamber, resulting from higher
gas mass flows and the thermal expansion of the nitrogen
gas during heating, also promote higher particle velocities
(Ref 2). Several authors reported that detrimental phase
reactions such as oxidization and decarburization could be
entirely suppressed by warm spraying of WC-Co powders
(Ref 21, 23, 24, 28, 29). The corresponding coatings
showed no or little formation of W,C and m phases and
also feature moderately improved fracture properties for
WC-Co coatings when higher cobalt contents such as 17
and 25 wt.% were used (Ref 22, 28). Further benefits of
warm sprayed WC-Co coatings are higher hardness, more
homogeneous and finer microstructures as well as a better
surface quality compared to other kinetic spray processes
like HVOF and HVAF (Ref 17).

In the field of OD (outer diameter) coating, kinetic spray
processes with WC-Co(Cr) or CrzC,-NiCr as powder
feedstock in conventional size fractions from 15 to 45 pum
have been used for decades to protect applications from
wear and corrosion. Latest generation of Kkinetic spray
process can produce very dense coating structures due to
the higher kinetic energy (Ref 30). Since the benefits of
such coatings over other spray techniques are numerous
(Ref 31), they are particularly interesting for the ID coat-
ing. However, the ID coating of parts, particularly with
small internal diameters < 125 mm (Ref 32), is a chal-
lenging process. Many fundamental mechanisms have not
been scientifically investigated and clarified so far. The
process-specific effort increases significantly with the
reduction in the diameter and with rising geometric com-
plexity of the inner surfaces. The ID coating of parts with
small internal diameters makes the use of novel spray
processes and shorter spray distances of 50 mm or less
indispensable. Special ID-HVOF, HVAF and WS guns
with more compact combustion chamber design and
shorter (L-shaped) nozzles than traditional guns are avail-
able on the market by now. The combustion power of these
ID spray guns is much lower, leading to shorter and more
narrow spray plumes with lower thermal and kinetic
energy. It is well known that the temperature and velocity
of the process gas flow associated with the dwell time of
the spray particles passing through the flame strongly
determine their acceleration and melting behavior (Ref 2).
Beside the combustion parameters, the length of the nozzle
(barrel) and the spray distance are majorly important fac-
tors controlling the dwell time (Ref 33). Due to the high jet
velocity of kinetic spray process, the dwell time generally
needs to be maximized by large spray distances to achieve
a sufficient plastic particle deformation when they hit the
substrate surface and to enable an appropriate bonding.
However, spraying at very short spray distances using
compact, low-energy ID spray guns lead to very short
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dwell times in which conventional WC-Co spray powders
cannot experience a sufficient heat and momentum transfer.

The use of fine WC-Co spray powders with agglomerate
sizes < 15 pum composed of individual WC and matrix
particles within the submicron or nano range represents a
way to overcome this drawback. Due to their larger specific
surface and lower mass, fine powders can interact more
intensely with the hot spray jet than larger ones (Ref 32).
This enables a rapid particle heating and promotes
achieving a thermal equilibrium. Furthermore, fine pow-
ders are able to follow the gas flow trajectories better than
larger particles (Ref 34), thus reaching higher particle
velocities than conventional powders. These capabilities
enable fine powders to achieve a sufficient acceleration and
melting despite short spray distances and low combustion
powers of the ID spray guns. However, due to their poor
flowability, high tendency to agglomerate and thermal
susceptibility, ID spraying of fine WC-Co powders imposes
new challenges. Appropriate powder handling and spray
equipment as well as a careful adjustment of the spray
parameter settings are essential. Since warm spraying
allows to control the process gas temperatures sensitively,
this technique is particularly suitable for the processing of
fine powders. Despite the availability of novel kinetic ID
spray systems, which principally allow the coating of parts
with small inner radii < 125 mm, there is a lack of
knowledge about the possibilities and limits using fine
WC-Co powders for the ID coating.

In this study, warm spraying of fine WC-12Co powders
(= 10 4+ 2 pm) with a novel ID spray gun “ID RED”
(Thermico Engineering GmbH, Germany) was investi-
gated. First, the stability and the profile of the flame (in
terms of length and width) as well as the in-flight behavior
of the particles (i.e., temperature and velocity) along the
spray jet were analyzed at spray distances from SD = 10
mm to SD =80 mm and varying nitrogen flows from
NF = 15 to 115 L/min to identify suitable spray parameter
intervals. Subsequently, planar steel samples were coated
at spray distances between SD = 10 mm and SD = 50 mm
and a constant nitrogen flow of NF = 90 L/min. Analyses
regarding microstructure, mechanical properties and phase
evolution of the coatings were performed. The aim was to
investigate the coating development by means of the novel
ID spray gun and fine WC-12Co powders. In addition,
shortest feasible spray distances for coating should be
found. The results were compared with finely structured
WC-12Co OD (outer diameter) coatings. Finally, steel
tubes with an internal diameter of 81.6 mm were coated on
the inner side to investigate in how far the results can be
transferred to ID parts. Correlations between particle
behavior, microstructure and coating properties were car-
ried out.
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Experimental
Substrate

The finely structured WC-12Co coatings were firstly
applied to planar samples (35 mm x 50 mm x 10 mm)
and afterward to the inner surfaces of seamlessly drawn
tubes (inner diameter 81.6 mm, wall thickness 10.0 mm),
both made of unalloyed structural steel (1.0576). Prior to
the coating operation, the substrates were grit blasted with
pure corundum at an angle of 45° and a spray distance of
100 mm. EKF100 corundum grits (106-150 pm) and a
blasting pressure of 2 bar were used for the planar samples.
This provided a medium surface roughness of Ra = 1.42
£ 0.11 pm. Due to the manufacturing process, the inner
surface of the tubes is of lower quality than the planar
samples. These were therefore blasted in two steps to
reduce draw marks and unevenness: first with EKF14
corundum (1180-1700 um) at 3 bar and afterward with
EKF60 corundum (212-300 pm) at 4 bar. All specimens
were subsequently cleaned in an ethanol ultrasonic bath
and preheated to reduce thermal stress during coating.

Powder Feedstock

A fine, agglomerated and sintered WC-12Co powder of
mainly spherical shape (Type DURMAT 131.046, Durum
Verschleiflschutz, Germany) was used as feedstock. The
size fraction of the agglomerates is — 10 4+ 2 um, and the
submicron WC particles have an average Fisher sub-sieve
grain size of 400 nm. According to the manufacturer, the
powder is composed of the following elements in weight
percent: C 5.51 %, Co 12.54 %, W balance, Fe < 0.1 %, Ni
0.01 %, no oxygen.

Powder Analyses

A S3500 laser diffraction system (Microtrac, USA) was
used to measure the agglomerate-size distribution of the
powder. The flowability of the fine powder was too low and
could not be determined by a conventional Hall tester/flow
meter. Instead, the dynamic flow behavior was determined
with a Revolution Powder Analyzer (RPA, Mercury Sci-
entific Inc., Newtown, USA) by analyzing the sequence
and the behavior of avalanches within the RPA test with
low rotation speed of the drum (Ref 35, 36). This mea-
suring procedure is often used to ascertain the flowability
of powders for additive manufacturing processes (Ref 36).
For this purpose, the avalanche angle, the power of ava-
lanches (i.e., the avalanche energy) and the numbers of
avalanches were investigated. The avalanche energy is the
amount of energy released by an avalanche in the powder
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test portion. It is calculated by subtracting the energy level
of the powder after an avalanche from the energy level
before. Powders with high flowability are characterized by
performing a large number of avalanches at low avalanche
energies (Ref 37). The avalanche angle defines the angle of
a linear regression of the free powder surface at the posi-
tion of maximum potential energy just before an avalanche
starts, measured to a horizontal line (Ref 36). The higher
the avalanche angle, the lower the flowability of the
powder. A further description of this measuring system is
given elsewhere (Ref 37). The flowability tests were per-
formed with a 100 cm? test portion of the fine powder at a
drum rotation speed of 1.0 rpm and a frame rate of 20 fps.

Spray Process

All spray experiments were carried out with the ID RED
spray gun (Thermico Engineering GmbH, Germany),
which is optimized for the processing of fine or heat-sen-
sitive powders (Ref 38). This is a liquid cooled
HVOF + N, (warm spray) system with single radial
powder injection. It uses a hydrogen-stabilized kerosene-
oxygen combustion as energy source and offers the option
to inject variable nitrogen gas flows (NF = 0-150 L/min)
into the combustion chamber. The system has a compact
and angled (L-shaped) design and is capable of coating
inner surfaces with a minimum internal diameter of 63 mm
(Ref 38). Kerosene volume flows of up to 4 L/h can be
realized, whereby the system provides a low combustion
power of 5-35 kW and chamber pressures of 6-14 bar. Due
to the required redirection of the process gas flow, the
angle between the gun shaft and the flame jet is 82°. While
the convergent section of the de Laval system is part of the
combustion chamber, the nozzle (barrel) forms the diver-
gent part. An L-shaped bend, which is located between the
combustion chamber and the nozzle, diverts the process gas
flow into the nozzle. The nozzle consists of a cemented
carbide socket that is brazed into a copper jacket. It has a
total length of 16 mm, whereby the bore diameter tapers
from initially 5 mm (entry of the process gas flow from the
combustion chamber via the bend) to 6 mm (at the process
gas flow exit). The powder is fed radially into the gun by
means of an injector in the middle part of the nozzle.
Commercially available kerosene (EXXSOL D60,
ExxonMobil Chemical, USA) was used as liquid fuel. The
powder was fed into the ID gun by means of a CPF2-Twin
fine powder feeder system (Thermico Engineering GmbH,
Germany) according to the gravimetric dosing mode by
means of an internal weighing equipment. To ensure a
continuous powder flow, the containers of the feeder sys-
tem were heated to 80 °C and agitated with a vibrator
device at a pressure of 5 bar. Nitrogen was used as carrier
gas. The spray and motion parameter settings for the

Table 1 Spray and motion parameter settings for the coating of
planar steel samples and steel tubes

Parameter Planar samples Tubes
Kerosene flow KF, L/h 2.5 2.5
Oxygen/fuel ratio 1 1.2 1.2
Oxygen flow OF, L/min 130 130
Hydrogen flow HF, L/min 110 110
Carrier gas flow CGF, L/min 6 6
Nitrogen flow NF, L/min 90 90
Powder flow PF, g/min 20 20
Spray distance SD, mm 10; 20; 30; 40; 50 20
Gun velocity GV, m/min 3,000 .
Rotation velocity RV, 1/min 115.8
Axial (feed) velocity AV, mm/min . 231.5
Track pitch TP, mm 2 2
Coating depth CD, mm . 50
Number of passes NP 20 20
Air cooling pressure ACP, bar . 4

industrial robot system, which were varied according to the
“one-factor-at-a-time” (OFAT) method and used for the
coating of planar steel samples and steel tubes, are sum-
marized in Table 1. These parameters were selected
according to the manufacturer’s recommendations as well
as some preliminary tests, in which the basic processing of
fine WC-Co powders using the ID RED warm spray gun
was investigated. The spray distance (SD), which is one of
the most important influencing factors in internal coating,
was selected in the ranges typical for ID spraying (SD = 30
to 50 mm). In addition, spraying at very short spray dis-
tances of SD = 10 to 20 mm was also investigated to
determine the potentials and limits of the ID coating using
the above-mentioned gun system. When selecting the spray
parameters, special attention was paid to the nitrogen flow
(NF), as this has a strong influence on the thermo-kinetic
behavior of fine WC-Co spray particles in the flame. For
this purpose, the process stability and the particle behavior
in-flight (i.e., particle velocity and temperature) along the
flame axis with a large NF interval were analyzed. A
medium NF of 90 L/min was then selected for the subse-
quent coating deposition on the planar samples and the
steel tubes, since a stable process as well as a high particle
velocity and a moderate particle temperature were achieved
at this value. Photographs of the experimental setup for the
coating of the planar samples and tubes are given in Fig. 1.

Flame Stability, Flame Profile Analysis and Particle
Diagnostics

The in-flight behavior of the particles during warm spray-
ing of fine WC-12Co powders was investigated by means
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Coating of planar samples

ID coating of tubes

Fig. 1 Experimental setup for the ID coating process

of an Accuraspray-g3 device (Tecnar, Canada) using a low-
emission head. During these analyses, the influence of
different nitrogen flows (NF = 15, 40, 65, 90 and 115
L/min) on the profile (i.e., length and widths) and the
stability of the particle-laden flame as well as on the par-
ticle temperature and velocity was scrutinized. For this
purpose, examinations at different spray distances (SD =
10, 20, 30, 40, 50, 60, 70 and 80 mm) for the respective
nitrogen flows were performed according to the “one-fac-
tor-at-a-time” (OFAT) method. At least three analyses with
a minimum time of 30 seconds were performed for each
measured value, and the mean value was then calculated
from them for a total of 120 measurements. The shutter
speed was set to 1/125 and the amplification to 128x. The
Accuraspray-g3 device uses a two-color pyrometer sensor
to determine the particle temperature, whereas the particle
velocity is measured by means of a cross-correlation.
Further information on the device and the measuring
principle can be found in other studies, for instance in (Ref
39).

To measure the particle-laden flame length, the spray
gun was positioned in front of a measuring device (ruler)
immediately after each coating experiment, with the barrel
exit positioned at the zero point of the ruler. The flame
stability and development at different nitrogen flows was
recorded in videos for a minimum of 30 seconds, and the
flame length was evaluated by image analysis. The flame
width was determined by analyzing the plume profile data
recorded by the Accuraspray-g3 device.

Phase Analysis

The phase composition of the WC-Co power feedstock and
the warm sprayed WC-12Co coatings on planar samples
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was determined by means of x-ray diffraction (XRD) using
a Bruker Advanced D8 diffractometer (Bruker AXS,
Wisconsin) equipped with a 1-mm point focus polycap
optic and Cu Ko radiation (1 = 1.5406 A) which corre-
sponds to a photon energy of 8.048 keV. The tube voltage
and current were set to 40 kV and 30 mA, respectively. The
scans were performed in locked couple mode in a scatter-
ing angle (26) range from 25° to 125°. The step width and
exposure time for each step were set to 0.025° and 1 s,
respectively. The diffracted intensity pattern is simultane-
ously recorded in a 20 angular range from 30° to 50° using
a step width and exposure time of 0.025° and 2.5 s. To
measure the scattered intensity, a LYNXEYE XE detector
system (Bruker AXS, Wisconsin, USA) was utilized. The
phase composition was afterward ascertained using the
software EVA Diffrac Plus (Bruker AXS, Wisconsin,
USA) in conjunction with a reference database (i.e.,
Crystallography Open Database).

Coating Characterization

Cross-sectional images of the coating were taken by a light
microscope (type Axiophot, Zeiss, Germany, and type
BX51M, Olympus Germany) as well as a FESEM with
secondary-electron (SE) and backscattered electron (BSE)
detectors type JSM-7001F (JEOL, Germany). An equipped
EDS device (INCAx-act, Oxford, UK) was used for the
analysis of the elements. The coating thickness and
porosity were determined by means of digital image anal-
ysis (software Axiovision Autmess, Zeiss, Germany).
Vickers microhardness measurements were conducted with
a load of 2.94 N (HV 0.3) along the cross section of the
coating using a microhardness tester (NEXUS 400, Inno-
vatest, The Netherlands). A tactile measurement machine
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(Hommel Tester T1000/TK300, Hommelwerke, Germany)
was used to determine the roughness Ra of the coating
surface. The deposition efficiency (DE) was calculated
based on the powder flow and the deposited coating mass.
By measuring the length of Palmqvist cracks on HV 2.5
indentations in the center of the coating cross section and
evaluating them according to the method of Shetty et al.
(Ref 40, 41), the fracture toughness (K;.) was determined.

Results and Discussion
Powder Size and Morphology Analysis

Figure 2 shows SEM images of the employed fine WC-
12Co powder in top view (Fig. 2a) and in cross-sectional
view (Fig. 2b) as well as the volume-based frequency
distribution and cumulative size distribution of the WC-Co
agglomerates (Fig. 2c). As these images and further SEM
investigations reveal, the powder has a nearly spherical
shape. The cross-sectional image of the agglomerate shows
both dense areas of closely interconnected WC and Co
particles as well as randomly distributed micropores and
occasionally some pore bands inside the powders. These
micropores can also be recognized as open pores, which are
connected to the particle’s surface. The arithmetic mean of
the size distribution is MV = 13.06 £+ 0.38 um. Further
values of the particle-size distribution are djg = 2.09 pm,
dsop = 6.51 pum (mass median diameter) and doy = 23.17
um. The size distribution determined with laser diffrac-
tometry coincides well with accompanying SEM exami-
nations. Occasionally, some larger particles > 20 pm can
be observed. It is likely that they are formed by means of
agglomeration processes.

Dynamic Flowability of the Fine WC-12Co Powder
Figure 3 illustrates the results of the RPA test. The ava-

lanche angle between 33.04 and 78.19° (mean value
53.26°) for the fine powder is relatively high compared to

conventional ones (mean value 35° for the — 45 4+ 15 pm
fraction (Ref 37) and increases with rising avalanche
energies from 2.06 to 101.62 kJ/kg. Many avalanches are
present in the area of high avalanche energies. Higher
avalanche angles generally result from a low flowability of
the powder and are therefore undesirable. The average
avalanche energy is 38.94 kJ/kg. In addition, the avalanche
energies also show a broad and bimodal distribution over
the number of avalanches, which is generally not consid-
ered to be advantageous for the flowability of the powder.
The results of the RPA test led to the conclusion that the
fine WC-Co powders feature a low flowability. Besides, the
highly viscous behavior of the powder could be qualita-
tively observed during pouring into the powder feeder
container. Agglomeration effects were largely prevented by
constant heating of the powder before and during thermal

spraying.
Process Behavior and Particle Diagnostics
Flame Profile and Chamber Pressure

The flame profile analysis indicates that the increase of the
nitrogen flow from NF = 15 L/min to 115 L/min leads to
an almost proportional reduction of the flame length
(Fig. 4). As demonstrated, the flame length declines con-
tinuously from 140 (NF = 15 L/min) to 117 mm (NF = 115
L/min) by a factor of 5 mm per 25 L/min. With the highest
nitrogen flow of 115 L/min, a large standard deviation can
be observed in the flame length. This is related to two
aspects: On the one hand, the flame becomes colder with
increasing nitrogen flow. This relationship has also been
described by many other researchers and can therefore be
regarded as generally accepted (Ref 27, 42-44). Due to
lower gas temperatures with higher nitrogen flows, the
flame loses its luminosity, which makes it also difficult to
determine its length clearly. On the other hand, the larger
standard deviation of the flame length at NF = 115 L/min
can be attributed to dynamic pulsations of the flame sug-
gesting the presence of process instabilities. Similar results
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Fig. 2 SEM images of the employed fine WC-12Co powder in (a) top view, (b) cross-sectional view, and (c) volume-based frequency

distribution and cumulative size distribution of the agglomerates
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Fig. 4 Influence of varying nitrogen flows on the length and luminosity of the particle jet as well as on the combustion chamber pressure

were found by Tabbara et al. in their study on the computer
modeling of titanium particles during warm spraying (Ref
27). The authors reported on fluctuations in both the gas
velocity and temperature when the nitrogen flow rate and
hence the upstream pressure are increased. They indicate
that this effect is brought about by the underexpanded flow
regime. The influence of the nitrogen flow on the length
and luminosity of the flame is demonstrated in the process
images in Fig. 4. As an inert gas, nitrogen does not
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participate in the combustion reaction of hydrogen, oxygen
and kerosene. The nitrogen flow increases the heat capacity
of the combustion gas mixture. The nitrogen is heated
during the combustion reaction and thus consumes a part of
the thermal energy. As a result, the process gas is cooled
down and the spray particles experience less heat transfer
when passing through the flame. This results in a shorter
and less luminous flame, as shown in the process image at
NF =115 L/min. In contrast, at lower N, values, the
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combustion gas mixture can relax more slowly as it exits
the barrel, resulting in a longer and brighter spray flame. At
the same time, the combustion gas mixture has a lower heat
capacity, which results in higher particle temperatures.

Higher nitrogen flows lead to an increased amount of
gas mixture and thus to higher pressures in the combustion
chamber (Fig. 4). With an increase of the nitrogen flow
from 15 L/min to 115 L/min, the combustion chamber
pressure proportionally rises from 6.3 to 9.1 bar by a factor
of 0.7 bar per 25 L/min. However, describing the influence
of higher chamber pressures on the process gas flow in
warm spray processes is complex for the following reasons:
If the combustion media (kerosene and hydrogen) and the
oxygen flow are unchanged, higher combustion chamber
pressures are only achieved by higher nitrogen flows.
However, nitrogen does not participate in the combustion
reaction, but instead leads to a cooling down of the flame.
Besides the larger amount of expanding gas mixtures, the
simultaneous effect of the reduced temperature of the
process gas flow on the corresponding velocity profile also
needs to be considered.

In HVOF processes, the chamber pressure mainly
depends on the flow rate of fuel and/or O, (Ref 45). Zhao
et al. reported that both particle velocity and temperature
increase with higher total gas flow rates (Ref 46). In
addition, higher total gas flows help to maintain the gas
velocity and temperature in the free jet at high levels for a
longer distance (Ref 47). Whereas the particle velocity is
primarily influenced by the combustion chamber pressure
and the expanding gases, the particle temperature is
strongly dependent on the fuel/oxygen ratio and the burn-
ing enthalpy of the gas (Ref 46, 48). The increased particle
velocity is achieved by means of a higher gas density,
leading to higher drag forces as well as to an enhanced
momentum transfer between the gas phase and particles
(Ref 45, 47, 49). Hanson et al. even reports on a linear
increase between the chamber pressure and the particle
velocity (Ref 50, 51). Totemeier et al. have studied the
HVOF spraying of Fe;Al powders with a JP-5000 HVOF
system (Ref 52). In contrast to the decrease in flame length
with higher nitrogen flows shown here, the authors
observed an opposite effect (i.e., increased flame lengths),
but confirmed that increasing chamber pressures lead to
higher particle velocities. The authors also concluded that
increased flame lengths and higher particle velocities are
competing effects, which result in the particle temperature
being a complex function of the chamber pressure, the
flame temperature and particle residence time in the flame
(Ref 52). The increased flame lengths can be explained by
the fact that with HVOF spraying, higher chamber pres-
sures are associated with a greater amount of media (ker-
osene and oxygen) which are burned in the combustion
chamber and expanded in the CD nozzle. However, this is

different with warm spray processes, since here (and pre-
sented in this study) the higher combustion chamber
pressures are achieved only by injecting a higher flow of
nitrogen, while the combustible media flow is kept on a
constant level. Kuroda et al. simulated the velocity and the
temperature of both the gas and the particles for the warm
spraying of titanium particles with a size of 30 um (Ref
17). They reported that increasing the nitrogen flow rate
from 500 to 2000 slm resulted in an increase in the pressure
in the combustion chamber from 0.5 to 2.0 MPa. However,
the gas velocity itself is higher with less nitrogen flow rates
due to higher gas temperature (and corresponding larger
speed of sound) in the mixing chamber and the barrel. With
a higher-temperature gas flow, more heat is transferred to
the water-cooled barrel, which results in less decrease in
Mach number in the flow direction due to the effect of
supersonic Rayleigh flow (Ref 17). They attributed this to
the increase in the gas density with the addition of nitrogen,
which compensated for the decreased gas velocity. Con-
sequently, the velocity profiles of the titanium particles are
almost unaffected by the nitrogen flow rate (Ref 17).
Figure 5 shows the development of the flame width as a
function of the spray distance at varying nitrogen flows.
The measured flame width values are between 3.07 mm
(SD = 10 mm, NF = 90 L/min) and 9.9 mm (SD = 60 mm,
NF = 15 L/min). At lower nitrogen flows (NF = 15-40
L/min), larger standard deviations can be observed, which,
however, could not be clarified in more detail within the
scope of the investigations carried out here. In analogy to
the flame length, the average flame width also decreases
proportionally with increasing nitrogen flows. This can be
attributed to the lower temperature of the process gas and
the corresponding existence of fewer hot particles in the
fringe area of the flame. An exception is the curve with
NF = 90 L/min, which features the smallest flame width,
even below the curve with NF = 115 L/min. However, the
present results do not allow a satisfactory explanation for
this behavior. It is assumed that warm spraying with a
nitrogen flow of 90 L/min could provide a good compro-
mise between a sufficient acceleration and heat input into
the particles, leading to a homogeneous flame width profile
with little spray plume divergence. Regarding the devel-
opment of the flame width over the spray distance, a
slightly different behavior can be observed for higher and
lower nitrogen flows. At lower nitrogen flows (NF = 15-40
L/min), the flame expansion is more pronounced than in
the medium and high nitrogen flow regions (NF = 65-115
L/min). This behavior is clearly shown in the process
pictures in Fig. 4. Furthermore, higher nitrogen flows
(NF = 90-115 L/min) generally (regardless of the spray
distance) lead to a more homogeneous flame with less
scatter of the values for the flame width. However, it
should be noted that the variation in the flame width along
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the whole flame axis is only minor and has a maximum
difference of 2.5 mm.

Taking the results of this study and the ones from the
literature into account, it can be concluded that higher
nitrogen flows lead to increasing combustion chamber
pressures. At the same time, the gas flow is cooled down,
producing a shorter, narrower and less luminous flame. Due
to this, the spray particles experience less heat transfer
when passing through the flame. However, different results
regarding the influence of the nitrogen flow on the process
gas velocity and the particle velocity are found in the lit-
erature. In the following two sections, the particle tem-
perature and velocity during spraying of fine WC-Co
powders with the ID RED gun are therefore presented and
discussed.

Particle Temperature

The development of the particle temperature in-flight along
the spray axis (SD = 10-80 mm) with different nitrogen
flows (NF = 15-115 L/min) is demonstrated in Fig. 6. In
order to illustrate the particle temperature curves more
clearly, the individual points were fitted with the aid of a
polynomial model. Warm spraying of fine WC-12Co
powders in this study generally showed particle tempera-
tures between a minimum of 1162 °C (SD = 80 mm,
NF = 115 L/min) and a maximum of 1777 °C (SD = 10
mm, NF = 15 L/min). For all measurements, highest par-
ticle temperatures are generally achieved in the area close
to the nozzle exit at SD = 10-30 mm. This behavior was
found by many researchers and can be regarded as gener-
ally accepted (Ref 20, 27, 29). The temperature profile of
the spray particles corresponds to the behavior of the gas
temperature after leaving the nozzle, which is highest in the
potential core region of the jet, but then rapidly decreases
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when mixing with the ambient air, as reported by Kuroda
et al. and Molak et al. (Ref 20, 44). In this area, a maximum
heat transfer from the flame to the spray particles takes
place resulting in maximum particle temperatures.

It is noticeable that with lower nitrogen flows (NF = 15-
40 L/min), the particle temperatures are highest at SD = 10
mm, while at medium nitrogen flows (NF = 65) they
extend plateau-like over a spray distance between SD = 10
mm and SD =20 mm. With highest nitrogen flows
(NF = 90-115 L/min), the temperature is not highest
immediately as the particle jet emerges from the nozzle,
but initially rises slightly to their highest values of 1527 °C
with SD =30 mm (NF =90 L/min) and 1430 °C with
SD =20 mm (NF =115 L/min), respectively. This
behavior can be attributed on the one hand to the rising
combustion chamber pressure and the associated increase
in particle velocity at higher nitrogen flows. This enlarges
and shifts the zone for the heat transfer to the spray par-
ticles further downstream into the jet. On the other hand,
the explanation of Tabbara et al. in (Ref 27) seems to be
plausible here. They reported that nitrogen is not fully
mixed with the combustion media by the end of the barrel,
even with the injection angled toward the expanding
combustion gas (Ref 27). The nitrogen gas travels along the
boundary wall and continues to mix along the barrel,
essentially producing a nitrogen-rich boundary layer,
where the gas temperature and axial velocity are lowered.
As a result, the powders, which are injected radially into
the supersonic part of the ID gun, experience less heating
in the nozzle at higher nitrogen flows and therefore reach
their maximum temperature further downstream in the free
jet. Besides, it is also likely that the effect of lower gas
velocities in the barrel and potential-core region of the jet
described by Kuroda et al. (Ref 20), which occurs at higher
nitrogen flows due to lower gas temperatures, supports the
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delayed attainment of highest particle temperatures, since
this can lead to a slower heat transfer from the jet to the
spray particles.

The further the spray particles move away from the exit
point of the barrel (i.e., as the spray distance increases), the
more the particle temperatures drop with an almost linear
trend for all curves until they reach their lowest values at
SD = 80 mm. At this spray distance, the highest particle
temperature of 1480 °C is reached for NF = 15 L/min,
while NF = 115 L/min produced the lowest particle tem-
perature of 1162 °C. A similar progress of particle tem-
perature was found for ID HVOF spraying of WC-CoCr
powders (particle size: — 20 + 3 um) with spray distances
from SD = 30 mm to SD = 70 mm by Gutleber et al. (Ref
53). Whereas highest values are achieved at SD = 30 mm,
the velocity continuously decreased with higher spray
distances. For the spray distance used for coating trials (50
mm), the particle temperature was measured as 2260 °C.
The almost proportional reduction of all particle tempera-
ture values with increasing spray distance is mathemati-
cally described in a study by Pan et al. (Ref 54) and can be
attributed to the gradual decrease in thermal energy of the
process gas flow. In a previous study performed by Bau-
mann et al., the in-flight particle behavior of the same fine
WC-12Co powder (particle size — 10 + 2 upum) was
investigated in a spray distance region from SD = 50 mm
to SD = 450 mm using a CJS-HVOF OD gun (Thermico
Engineering GmbH, Germany) without nitrogen injection
(Ref 55). At the shortest spray distance of SD = 50 mm,
significantly higher particle temperatures of 2100 °C were
found compared to the results presented here. When the
distance was increased to SD = 200 mm, the temperature
initially dropped sharply to 1600 °C and finally to 1100 °C
with SD = 450 mm (Ref 55).

Spray distance [mm)]

The comparison of the individual particle temperature
curves clearly indicates that the greater the nitrogen flow,
the lower the corresponding particle temperature. The
increase in the nitrogen flow by 25 L/min leads to an
average decrease in the particle temperature of around
100 °C. By increasing the nitrogen flow from NF = 15 L/
min to NF = 115 L/min, the temperature could be reduced
by a total of about 300 °C.

This proves that increasing nitrogen flows during warm
spraying has a demonstrable cooling effect on the process
gas flow which is achieved by the heat capacity of nitrogen.
In another previous study conducted by Tillmann et al., the
development of bond coats for 7YSZ TBCs by means of an
IDCoolFlow warm spray process with varying nitrogen
flows (NF = 0 L/min, 15 L/min and 100 L/min) and a
CoNiCrAlY powder in a fractionation of — 38 + 5.5 pm
(Ref 2) was investigated. It was found that the particles
sprayed with highest nitrogen flow (NF = 100 L/min)
generally showed the lowest particle temperatures in-flight.
The values for the particle temperature ranged between
1200 and 1300 °C near the spray gun nozzle exit (SD =

15-30 mm) and decreased to below 1000 °C at the end of
the spray plume (SD = 90 mm). These results confirm the
findings in the present study. Kuroda et al. simulated the
temperature of both the gas and the particles for the warm
spraying of titanium particles with a size of 30 pum (Ref
17). They reported that maximum particle temperature can
be decreased from 1400 to 900 K by increasing the nitro-
gen flow rate from 500 to 2000 slm. Watanabe et al. studied
the warm spraying of three powder feedstock (Ti, Cu, Al)
with different melting temperatures using a modified con-
ventional HVOF equipment (JP5000, Praxair Technology
Inc., USA) (Ref 42). According to their research work, jet
temperatures and particle temperature decrease both with
higher N, flow rates and vice versa. In a study by Kim
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et al., the temperature of warm sprayed titanium spray
particles with a diameter of 30 pm was calculated for
nitrogen gas flow rates of KF = 500 and KF = 1500 dm’/
min by means of gas dynamics simulations (Ref 56). The
authors determined higher particle temperatures about
1250 °C for NF = 500 dm*/min and 850 °C for NF = 1500
dm*/min at the substrate location of 180 mm. This under-
lines that the nitrogen gas can effectively lower the tem-
perature of in-flight titanium particles.

It can be concluded that with an increase of the nitrogen
flow in warm spray processes, the temperature of the pro-
cess gas and thus of the particles can be effectively
reduced. For this reason, warm spray processes generally
feature a good suitability for the processing of fine WC-
12Co powders. Highest particle temperatures are generally
achieved in the area close to the nozzle exit. The further the
spray particles move away from the nozzle along the spray
jet, the greater the almost linear drop in particle tempera-
ture. This is in line with the behavior of the gas temperature
after leaving the nozzle. At high nitrogen flows, the heat
transfer to the spray particles is shifted further downstream
into the jet. As a result, the temperature of the sprayed
particles is not highest immediately as the jet emerges from
the nozzle, but initially rises slightly to their highest tem-
peratures. Finer spray particles are generally more sus-
ceptible to higher temperatures. The temperature of smaller
particles in the spray jet rises faster, thus enabling fine
particles to achieve a better melting state. However, finer
particles lose their temperature faster than larger particles
when passing through the flame jet.

Particle Velocity

Figure 7 illustrates the development of the in-flight particle
velocity along the flame axis (SD = 10-80 mm) at varying
nitrogen flows (NF = 15-115 L/min). In order to illustrate
the particle velocity curves more clearly, the individual
points were fitted with the aid of a polynomial model. The
particle velocities determined during warm spraying of fine
WC-Co powders in this study are between a minimum
value of 607 m/s (SD = 80 mm, NF = 65 L/min) and a
maximum one of 1017 m/s (SD = 10 mm, NF = 90 L/min).
For all nitrogen flows, the particle velocities show an
almost similar progress in the spray distance range of
SD = 10-60 mm. In all experiments, the particle velocity is
highest in the area where the particle jet emerges from the
nozzle with SD = 10 mm. This can be attributed to the
maximum momentum transfer from the flame to the par-
ticles in this area, which decreases with larger distances
from the exit point. Similar particle behavior is reported in
other studies on HVOF spraying, for instance in (Ref 57-
59). Pukasiewicz et al. attributed the higher particle
velocities with shorter spray distances to higher drag force
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of the process gas flow (Ref 58), which is gradually
reduced along the spray plume. Bobzin et al. performed a
study on the particle behavior during spraying with an ID
CoolFlow HVOF system (Thermico Engineering GmbH,
Germany) using WC10Co4Cr as powder feedstock with the
fractions — 15 + 5 um and — 30 + 16 um (Ref 59). The
authors found a gradual decrease in the particle velocity
shortly after the particle flow left the nozzle only for the
fine powder fraction. With the coarser fraction, the particle
velocity remained almost constant along the spray plume.
This indicates that the particle size has a large effect on the
kinetic behavior in-flight. According to Kuroda et al.,
highest gas flow velocities are achieved in the area of the
nozzle exit (Ref 17). Based on semiempirical equations,
they calculated the velocity of the gas jet along the cen-
terline outside the barrel and described its development as
follows: The gas velocity initially increases rapidly when it
expands through the nozzle. Then, it gradually declines
along the length of the barrel due to friction with the inner
wall of the barrel. After leaving the barrel, the gas velocity
increases stepwise owing to the under-expansion of the jet
flow, while it remains constant in the potential core area
outside the barrel. When mixing with the ambient air, the
gas flow then decreases steadily (Ref 17).

In the free jet at spray distances between SD = 10 mm
and SD = 30 mm, a strong and almost linear decrease in
the particle velocity from SD = 10 mm to SD = 30 mm
(maximum value of 812 m/s with NF = 65 L/min and a
minimum value of 718 m/s with NF = 40 L/min) can be
detected. During this process, the spray particles lose their
largest proportion in kinetic energy. This area of the flame
marks the supersonic area of the process gas flow, in which
the shock diamonds are formed. Following this area, the
curves for the particle velocity gradually flatten at SD =
30-40 mm. Here, the particle velocity drops further, but
much less than in the area of shorter spray distances
(SD = 10-30 mm). From a spray distance of 40 mm
onward to SD = 80 mm, the particle velocities converge
almost asymptotically (in a plateau-like region) to an
average value between 700 and 775 m/s. With SD = 80, a
maximum value of 772 m/s (NF = 115 L/min) and a
minimum value of 607 m/s (NF = 65) are achieved. In this
area of the flame, the process gas flow has already mixed
with the ambient air and noticeably lost its velocity.
However, the drag force of the process gas flow keeps the
spray particles in this area at an almost constant velocity
level. A similar progress of particle velocity was found for
ID HVOF spraying of WC-CoCr powders (particle size:
— 20 + 3 pm) at spray distances from SD = 30 mm to
SD = 70 mm by Gutleber et al. (Ref 53). Whereas highest
values are achieved with SD = 30 mm, the velocity con-
tinuously decreased with higher spray distances. For the
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spray distance used for coating trials (50 mm), the particle
velocity was measured as 882 m/s.

The curves for the particle velocity at different nitrogen
flows shows no significant differences in the range of
SD = 30-60 mm. The difference between the absolute
values is around 100 m/s. A general examination of the
curves shows that the particle velocity with higher nitrogen
flows (NF > 65 L/min) consistently reaches higher values
than with NF < 65 L/min. Highest particle velocity values
are achieved at high nitrogen flows of NF = 115 L/min.
This behavior correlates with the increase in the combus-
tion chamber pressure from 6.3 bar (NF = 15 L/min) to 9.1
bar (NF = 115 L/min) at that highest nitrogen flow. During
the energy conversion in the de Laval nozzle, the higher
pressure of the gas mixture leads to greater expansion of
the process gas and consequently to an increase in the
particle velocity. Conversely, a nitrogen flow of NF = 15
L/min results in lower particle velocity values due to the
minimum combustion chamber pressure of 6.3 bar.
According to Hanson and Settles, the particle velocity is
primarily affected by combustion pressure and increases
almost linearly with it (Ref 50). In turn, the chamber
pressure increases at higher total gas flow rates, which is
provided by higher nitrogen flows causing an increase in
the drag force on the particles (Ref 58). It also has to be
noted that increasing the particle velocity leads to a
reduction in the dwell time of the particle in the flame and
consequently to lower particle temperature (Ref 60).

Between SD = 50 mm and SD = 80 mm, the progress of
the particle velocity at highest nitrogen flow of NF = 115
L/min shows a scattering of the values. This is attributed to
pulsations of the flame caused by the high nitrogen flow.
The sudden drop in particle velocity for NF = 65 L/min
with SD = 80 mm is conspicuous. Since this behavior does

Spray distance [mm]

not occur in any of the other curves and instabilities within
the spraying process were not observed with this parame-
ter, it can be assumed that this is an outlier.

In the previous study by Baumann et al. on the in-flight
particle behavior of the same fine WC-12Co powder using
a CJS-HVOF OD gun (Thermico Engineering GmbH,
Germany) without nitrogen injection, the particle velocity
was measured over a spray distance from SD = 50 mm to
SD =450 mm (Ref 55). While with SD = 50 mm the
highest particle velocity of 1140 m/s was measured, the
particle velocity decreased sharply along the spray plume
to 800 m/s at 200 mm and further declines to 500 m/s with
SD = 450 mm.

The flow behavior of small particles in the flame gen-
erally differs from that of conventional ones. The accel-
eration of spray particles occurs mainly in the nozzle (Ref
61). Due to their low inertia, fine particles tend to follow
the gas flow trajectories (velocity field) much more easily
(Ref 34, 62, 63). Dongmo et al. performed comparison of
different particle sizes and showed that particulates with
sizes less than 20 um are not able to separate from the gas
path (Ref 57). Generally speaking, changes in the spray
distance have a stronger influence on small particles than
on big ones (Ref 47)

It can be concluded that the nitrogen flow has an influ-
ence on the particle velocity. It has been shown that with
higher nitrogen flows, the particle velocity consistently
reaches higher values than with lower nitrogen flows. Due
to the highest gas flow velocities and drag forces in the area
where the particle-laden flame emerges from the nozzle,
the particle velocity is highest and continuously declines
along the spray plume.
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Influence of the Spray Distance on the Coating
Properties of Planar Samples

Planar steel specimens were coated according to the
parameters given in Table 1 while varying the spray dis-
tance using the OFAT method and then characterized.
Cross-sectional analyses indicate a homogeneous and
macro-defect-free microstructure at spray distances from
30 to 50 mm (Fig. 8, 9e, f and g). At spray distances below
30 mm, metallographic investigations reveal the presence
of macroscopic defects (Fig. 9a, b, ¢ and d). At 20 mm,
these defects occur much less frequently and rather spo-
radically, suggesting that the coating structure is almost
intact. At a spray distance of 10 mm, the coating structure
is predominantly interspersed by angular growth defects
and micro-/macro-cracks. These defects emerge from the
surface as macroscopic protuberances and are occasionally
surrounded by cavities and cracks. They appear as regular
patterns with a preferred orientation and sizes of a few
hundred micrometers as well as different distances between
them. As shown in Fig. 9a, b, ¢ and d, three major types of
defects can be found and differentiated in this study:

e Micro- and macro-cracks in the coating structure: This
type of defect can only be identified at the shortest
spray distance SD = 10 mm. They are mainly present
as horizontal cracks in the subsurface area of the
coating (Fig. 9d). In some cases, these cracks propa-
gated angularly through the coating structure to the
substrate. Reasons for these cracks are mainly thermal
stress and insufficient intersplat connections. While the
former is caused by the intense heat transfer from the
flame to the surface, the latter results from the low
degree of melting of the particles due to the short dwell
time when passing through flame.

o [Insufficiently melted spray particle clusters: These
defects are almost spherical or lenticular and can only
be found on the immediate surface of the coating

(Fig. 9a). Occasionally, these defects are surrounded by
cracks or pores. This type of defect is mainly observed
at SD = 10 mm. They are obviously formed by an
insufficient acceleration and melting of the particles at
short spray distances resulting in a poor plastic
deformation behavior when they impact on the
substrate.

e Angular growth defect structures within the coating:
Such defects occur in different sizes and at different
angles (Fig. 9b, c¢). They also expand to different depths
into the coating structure; in some cases, they also
reach the substrate. Sometimes, two of such structures
are closely connected or even superimposed. It is
conspicuous that these defects show a layered structure.
It can therefore be assumed that they are formed at a
certain point of time during coating and then grow
successively. Consequently, they do not belong to the
second defect category. In some cases, the individual
layers are delaminated from each another. It is likely
that this is due to thermal stress formation. Macroscopic
cracks, pore bands, and thin oxygen-rich zones can be
identified between larger voids (sometimes filled with
impurities). However, the formation mechanism of
these growth defects is much more complex since no
correlation was found to other imperfections in the
coating structure or at the interface between the coating
and the substrate (e.g., roughness peaks that lead to
shadowing effects).

It is noticeable that all the defects mentioned are not
visible at the edge areas of the coated planar samples. This
suggests that flow effects of the particles in the flame jet
could be mainly responsible for their formation. The bow-
shock effect of the process gas flow may have a substantial
influence here (Ref 2, 64). Similar findings were reported
by Gutleber et al. (Ref 53), who studied the coating
deposition at short spray distances by using a novel ID
HVOF spray gun (DiamondJet Vortex DJV ID, Oerlikon

| Spray distance: 10 mm | |

Spray distance: 20 mm | |

Spray distance: 30 mm

Resin
Coating
—— Substrate |5°° Hm

Fig. 8 Coating structures on the planar steel samples at different spray distances
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Fig. 9 Coating defects at spray distances of 10 mm: (a) insufficiently
melted spray particle clusters, (b, c) angular growth defect structures

within the coating, (d) micro- and macro-cracks in the coating

structure as well as (e, f, g) homogenous and macro-defect-free
coating structure at a spray distance of 30 mm
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Fig. 10 Coating properties and deposition efficiency (DE) depending on the spray distance during coating of the planar steel samples

Metco, Switzerland). The authors reported that due to the
turbulent flow near the substrate surface, the fine particles
could have reached the fringe areas of the process gas jet,
which in turn lead to a deceleration and cooling of the
particles.

Image analyses verify that the increase in the spray
distance leads to an almost proportional decrease in the
porosity. Thus, the porosity drops slightly from
451 £ 0.83 % at SD=10 mm to 3.18 £ 0.37 % at
SD = 30 mm (Fig. 10). At a spray distance of 40 mm, the

porosity halves to 1.67 £ 0.4% and drops again by a factor
of 7 to 0.23 £ 0.08 % at SD = 50 mm. For short spray
distances in the range of 10 to 30 mm, it is conspicuous that
the porosity is comparatively high for a finely structured
WC-12Co coating. This is due to the reduced dwell time
for the heat and momentum transfer at short spray dis-
tances. Hence, the particles achieve only a low melting
degree and a weaker deformation ability when they hit the
substrate surface. In addition, the porosity is superimposed
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by the growth defects in the coating which themselves
feature a higher porosity.

In analogy to the development of the porosity, a decline
in surface roughness can be observed with increasing spray
distances (Fig. 10). A high mean roughness Ra of
13.69 £ 2.22 pm is measured at SD = 10 mm, which
decreases to Ra = 11.08 £ 3.83 um at SD = 20 mm. With
growing spray distances up to 30 mm, the mean roughness
Ra distinctly drops to 2.93 + 0.13 um, respectively, to
2.72 £ 0.24 pm at SD = 40 mm. With SD = 50 mm, the
mean roughness Ra finally decreases to 1.65 £ 0.12 pm. In
accordance with the porosity measurement, the increased
surface roughness for short spray distances below 30 mm
can be ascribed to the coating imperfections (i.e., growth
defects of the coating) which lead to protruding asperities.
During coating of the planar samples, a sporadic “spitting”
of fine powders from the ID spray gun was observed. This
occurred in the form of a sudden and rapid (dust cloud-like)
ejection of a large amount of powder material. It is very
likely that this effect is due to a temporary clogging of the
powder injectors (or hoses) caused by a sudden formation
of agglomerations that were occasionally blown off by the
carrier gas flow. Since this effect only appeared rarely and
had no negative impact on the coating quality or the sur-
face topography, it was not considered relevant during
coating of the flat samples. As opposed to that, from
SD = 30 mm, the reduction in the surface roughness can be
attributed to a more intense heat transfer to the spray par-
ticles due to an increased dwell time, which leads to an
improved flattening behavior during impact.

As proven by gravimetrical measurements, the deposi-
tion efficiency at SD = 10-30 mm is almost constant and
amounts to 20.23 & 0.17 %. With SD > 30 mm, the
deposition efficiency slightly increases to 23.50 + 0.18 %
at SD = 40 mm as well as to 24.94 £ 0.18 % at SD = 50
mm. The spray experiments conducted in this study gen-
erally show significantly lower deposition efficiencies at all
spray distances than those achieved with a traditional (OD)
HVOF spray process using the same WC-12Co powder
feedstock. The latter ranges between 27.4 and 61.7 % and
features a value of 35 £ 0.25 % for the optimized coatings
(Ref 65). It can be assumed that the low deposition effi-
ciencies are caused by the lower combustion power and the
more compact design of the ID RED gun in contrast to
traditional spray guns. As a result, the fine powders achieve
a lower degree of melting and thus increasingly bounce off
the surface.

Figure 11 illustrates the phase evolution of the powder
feedstock and the ID coatings sprayed on planar steel
samples in the 260 angular range from 30° to 50° detected
by means of XRD. As shown, the HVOF sprayed WC-Co
coatings are mainly composed of WC as well as traces of
WC, - or M,C-type carbides such as CogWeC. In this
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respect, the strongest line at 20 = 42.89° (corresponding to
the (200) reflection for WC,_,, space group: Fm3m (225) is
close to the position of the strongest line (20 = 43.08° for
the (511) reflection) of CogW¢C (space group: Fd3m (227),
which ultimately does not allow a precise differentiation. A
distinct reflection of cubic Co, as observed for the feed-
stock, cannot be clearly detected in the WC-Co coatings.
However, the XRD patterns of the WC-Co coatings suggest
the presence of amorphous or partially crystalline Co.
Moreover, the XRD patterns also indicate the absence of
elementary W, W,C and CozW;C within the experimental
resolution. When comparing the XRD patterns of the dif-
ferent WC-Co coatings (i.e., in dependency of the spray
distance), only minor differences in phase composition can
be observed. Accordingly, it is found that with increasing
spray distance, the formation of WC;_, and CogW¢C is
more pronounced. Simultaneously, only a small proportion
of crystalline Co is present suggesting the occurrence of
amorphous or partially crystalline Co being more likely. As
opposed to that, for a reduced spray distance (i.e., SD < 30
mm), only some minor contents of CogW¢C and WC;_4 can
be found in the WC-Co coatings. In general, WC decom-
position phenomena in HVOF sprayed WC-Co coatings are
primarily caused by partial overheating of WC particles.
The decarburization emerges from the thermal decompo-
sition of WC to W,C and W. However, in the present study
neither W nor W,C can be found within the experimental
resolution. The decomposition of the stoichiometric
hexagonal WC is initiated at temperatures above 3058 K to
L+ C (L = liquid), whereas, when exposed to oxygen, the
decomposition begins at approximately 823 K (Ref 66).
The non-stoichiometric WC,_, with a cubic structure is
only stable above 2798 K. Below this temperature (i.e.,
down to room temperature), its formation can only be
preserved by supercooling. Regarding the overheating of
spray particles, Li et al. (Ref 67) claimed that a part of WC
dissolves into the Co matrix (i.e., carbon diffuses into the
Co matrix). Opposed to this, Zhan et al. (Ref 68) reported
that Co may also diffuse into WC. The authors concluded
that the decomposition of WC promotes the formation of
MgC-type carbides (e.g., Co;W3C) and M,C-type carbides
(e.g., CogW¢C). Suetin et al. (Ref 69) and Li et al. (Ref 70)
examined the ground-state properties of ternary compounds
from the Co-W-C system such as the MgC-type and M,C-
type carbides. They clarified that among the investigated
eta carbides CogWeC is the most thermodynamically
stable form, which corresponds to the findings obtained
from the XRD analysis in the present study. With respect to
the absence of a distinct reflection of a crystalline Co
phase, it can be stated that the rapid solidification of the
Co-binder phase when splashing onto the substrate pre-
vents a crystallization so that a predominantly amorphous
Co phase is formed. This phenomenon has already been
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Fig. 11 Phase evolution of the
powder feedstock and the ID WC-Co feedstock
coatings sprayed on planar steel —— WC-Co coatings, spray distance (SD) var.
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observed in conventional HVOF sprayed WC-Co coatings
derived from nanostructured WC-Co feedstock (Ref 71).
In terms of the microhardness, it can be observed that
the successive reduction in the spray distance from 50 to 20
mm is initially accompanied by a slight decrease from
1070 &= 75 HV 0.3 to 1021 &+ 48 HV 0.3. At the shortest
spray distance of 10 mm, Vickers indentation tests reveal a
noticeable drop in microhardness to 879 + 26 HV 0.3. It is
conspicuous that the microhardness obtained from the WC-
Co coatings is comparatively low. As previously demon-
strated by the authors in (Ref 72), a microhardness greater
than 1200 HVO0.3 was achieved for a conventional HVOF-
sprayed WC-Co coating derived from the same powder
feedstock used within this study. It can be assumed that
higher contents of CogW¢C correspond to decreasing
amounts of WC resulting in a reduced microhardness.
With respect to the fracture toughness, the lowest value
of Kic of 0.30 + 0.02 MPa - m"? was measured for
coatings sprayed at SD = 10 mm. The fracture toughness
K|c of all other coatings (i.e., at spray distances of 20 to 50
mm) is higher and amounts to an average value of
0.87 £ 0.06 MPa - m'2 It is striking that the fracture
toughness Kjc is remarkable low compared to those
reported for WC-Co-cemented carbides (Ref 73) or con-
ventional HVOF-sprayed WC-Co coatings (Ref 74-76).
Chivavibul et al. (Ref 75) evaluated that the degree of
decarburization of HVOF-sprayed WC-Co coatings repre-
sents a distinct influencing factor on the fracture toughness

| D N
40 41 42
Diffraction angle 260 [deg.]

| I R R
43 44 45 46 47

Kjc. The authors clarified that the fracture toughness Kjc
decreased with higher carbon loss, suggesting that the low
fracture toughness Kjc within this study can be attributed to
extensive decarburization. As reported by Li et al. (Ref 70),
the ratio of bulk modulus to shear modulus is frequently
used to indicate the ductility of ternary compounds, thus
substantiating the fact that CogW¢C is less ductile. In this
respect, the absence of crystalline Co also contributes to a
reduced fracture toughness K;c. However, it is suggested
that the low microhardness for a spray distance of 10 mm
can be attributed to coating defects described above.

Pulsford et al. investigated the ID coating of a WC-
10Co-4Cr powder feedstock with particle size fraction of
— 15 + 5 pm (Ref 32). A microhardness of 1201 + 106
HV 0.3 and a fracture toughness of 3.92 & 0.36 MPa - m'
were measured. These results are significantly better than
the ones achieved in this study. In another study by these
authors (Ref 32), it is reported that due to the lower spray
distance, the coatings achieve higher porosity and thus
lower density. In addition, the dissipation of heat may be
reduced when coating an internal surface, meaning that
substrate temperatures will increase, further resulting in a
greater oxidation of the splats post-impact.

In the previous study on the OD coating by Baumann
et al. using a CJS-HVOF gun (Thermico Engineering
GmbH, Germany), the same fine WC-12Co powder
(— 10 4+ 2 um) was sprayed with optimized parameter
settings and the corresponding finely structured coatings
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were analyzed. At SD = 170 mm, a deposition efficiency
of 35 £ 0.25 %, a fracture toughness K;c of 2.44 + 0.39
MPa - m'?, a microhardness of 1340 £ 30 HV 0.3, a
porosity of 1.03 & 0.06 % and a roughness of Ra = 1.75
4 0.03 pm were achieved. The comparison of the results
shows that the OD coatings generally achieve a better
performance regarding microhardness, porosity, fracture
toughness and roughness Ra than the ID coatings presented
in this study, which were produced with lower combustion
power of the gun and significantly shorter spray distances.
In addition, a better deposition efficiency is achieved with
the OD gun. Whereas the microstructure of the OD coat-
ings appears nearly dense and homogeneous and the sur-
face macroscopically almost smooth, the ID coatings
produced at short spray distances < 30 mm feature various
defects and an increased surface roughness. However, at
largest spray distances of SD = 50 mm, the ID coatings
also achieve good (or even better) properties than the
optimized OD coatings regarding the roughness value
Ra = 1.65 £ 0.12 pm and the porosity of 0.23 £ 0.08 %.
The hardness and toughness of the ID coatings values are
in turn significantly lower with all spray distances com-
pared to the OD coatings. While the ID coatings achieve an
average microhardness which is 20 % (SD = 50 mm) to 34
% (SD = 10 mm) lower than the OD coatings, the fracture
toughness was also lower by an average of 64 % (SD = 50
mm) and 86 % (SD = 10 mm). Due to these significantly
worse properties (especially in terms of microhardness and
toughness), it is expected that the ID coatings will achieve
a substantially lower wear performance. Therefore, the ID
spray process/the ID coatings needs to be further analyzed
and optimized in future studies.

Transfer of the Results to ID Coating of Steel Tubes

The steel tubes were coated using a spray distance of 20
mm. This short spray distance was chosen for several
reasons. Due to the small inner tube diameter of 81.6 mm,
spray distances larger than 30 mm were generally not
feasible. In order to explore the possibilities and limits of
ID coating at very short spray distances, it was therefore
advisable to use the shortest possible spray distance, i.e.,
SD = 20 mm in this case. On the other hand, the differ-
ences in the coating properties previously applied to the
planar specimens at SD = 20 mm and SD = 30 mm were
only minor. However, spraying with a shorter distance of
10 mm was not performed for different reasons: the severe
coating defects, the intense heat transfers to the surface and
the risk of a collision with the tube wall due to a marginal
imbalance in component rotation, which could lead to
damages of the ID gun. Since the uncooled internal coating
generally led to a strong heating and glowing of the tubes,
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an internal air-cooling system (mounted on the ID gun) and
an external one had to be applied.

The coating results examined at various positions on the
tube inner surface (with greater or lesser extent of draw
marks and unevenness) are demonstrated in Fig. 12. As
shown, the ID coating of tubes with a short spray distance
of SD =20 mm successfully leads to a deposition and
adhesion of the spray particles on the inner tube surface
and finally to a coating development with the following
average values (strongly defective areas excluded): a
porosity of 0.45 + 0.14 %, a layer thickness of 157 + 20
pm, a roughness of Ra = 6.42 + 0.95 pm and a micro-
hardness of 950 & 72 HV 0.3. These coating properties are
comparable to those previously applied to planar speci-
mens and confirms that a transfer of the results to the tubes
could be successfully realized. However, comparing these
results with these provided in the study by Baumann et al.
regarding the development of finely structured OD coatings
using the same fine WC-Co powder (— 10 4 2 pm), it is
noticeable that the ID coatings by far do not reach the
properties of the OD coatings (Ref 55). This mainly results
from the lower combustion power of the employed ID RED
spray gun and the corresponding shorter spray distances
necessary for the ID coating. Due to this, the spray particles
experience a less sufficient melting state and deformation
ability when impacting on the substrate surface. Conse-
quently, the coatings have a much more porous structure
with a weaker bond between the individual splats. Fur-
thermore, coatings defects arise, which additionally
decreases the coating strength.

In terms of the coating results, three characteristic zones
on the tube inner surface can be distinguished. In the first
zone (position 1), the coatings have an almost homoge-
neous and macro-defect-free structure (position 1 in
Fig. 12a). Separated individual layers can rarely be
observed. Also, a layered defect structure can be found at
position 2, between which seams of pores and oxides as
well as cracks have formed. The individual layers have
partially separated from each other to a greater or lesser
extent. It is noticeable that this defect structure is mainly
found in areas where fine powder agglomerates have been
formed in the flame due to “spitting” effects and deposited
on the tube walls, which at the same time also represent
process instabilities. These deposited powder agglomerates
can be clearly observed at position 2 in Fig. 12a. It can be
assumed that a local overheating of powder particles has
occurred here, which have formed due to the agglomeration
of particularly fine, matrix-rich particles during the feeding
or spray process. Likewise, the pore bands could have
resulted from a partial drift of fine powders into the jet
fringes. While the powders in the center of the jet melt
strongly and possibly overheat, the drifted particles only
experience an insufficient heating. Poor interconnections
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Position 1

Position 1 Results

= Uniform
coating

= No delami-
nation

= No macro
defects

Position 2

Position 2 Results

= "Spitting"
of powders

= Pore seams,
oxidations

= Delamina-
tion, cracks

Not coated
area

Steel tube

Position 3 Results

= Growth de-
fects, cracks

= Separated
lamellae

= Unmelted
clusters

Fig. 12 Results of the coating of steel tubes at a spray distance of 20 mm examined at various positions on the inner surface: (a) photographs of
the inner tube surface taken by camera, (b) cross-sectional images of the coating and the interface between coating and the steel tube

between the splats and thermal stresses may then have
promoted a detachment of the individual layer lamellae and
formed the crack in between. The exact origin of this defect
structure could not be fully elucidated in this study. Con-
sequently, further future investigations are required here.
The “spitting” of powder agglomerates has not been
regarded as majorly relevant during coating of the planar
samples. In contrast, for the ID coating of tubes the effect
becomes significantly more apparent, since heat, unmelted
powder particles and exhaust gases cannot easily leave the
coating zone and thus affects the microstructure more
intensely. The third zone (position 3) shows growth defect
structures and unmelted particle clusters similar to the
coating of the planar samples (position 3 in Fig. 12a).
However, the latter only occurs rarely. The growth defect
structure is characterized by individual lamellae, which are
clearly separated from each another. It can be noticed that
such growth defects are often formed (or even grown) on
drawing marks and irregularities on the inner tube surface.
Compared to the coating of planar samples, it can also be
assumed that flow effects are the main reason for these
defects. In addition, these defects are often accompanied by
vertical or angular macro cracks. Sometimes these cracks
propagate through the coating structure to the substrate.
Obviously, the delamination and cracks are formed by
shadowing effects of the process gas flow and the forma-
tion of thermal stress during coating. It is expected that
these imperfections will cause the coating to fail quickly in
wear application. To reduce this effect, it seems advisable

to reduce the unevenness of the inner surface of the tubes
by means of an appropriate pre-treatment before grit-
blasting and applying the finely structured WC-12Co
coatings. However, negative effects on the coating adhe-
sion should be expected.

Conclusion

The results in this study show that warm spraying of fine
WC-12Co powders (— 10 + 2 um) with higher nitrogen
flows (NF =90-115 L/min) leads to increased chamber
pressures and higher particle velocities. However, the
particle velocity decreases sharply along the spray plume
shortly after the particle jet exits the nozzle. At the same
time, lower particle temperatures are achieved at higher
nitrogen flows, which could be reduced by about 300 °C
overall. In this course, the flame plume is shorter, narrower
and less luminous. The risk of an overheating of the spray
particles and the substrate can be further reduced in this
way. Warm spray processes therefore generally feature a
good suitability for the processing of fine powders. How-
ever, nitrogen flows > 115 L/min should be rather pre-
vented as they can cause pulsations and instabilities of the
flame.

The spray distance has a great effect on the
microstructure and the coating properties such as the
microhardness, fracture toughness, porosity and roughness.
In contrast, the deposition efficiency and the coating
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thickness are only marginally influenced by altering the
spray distance. Only low deposition efficiencies of 20 to 25
% have been achieved for the production of ID coatings. It
was found that with increasing spray distances (i.e.,
SD > 30 mm), the formation of WC;_, and CogW¢C is
more pronounced. However, other undesired phases like W
or W,C could not be detected in the coatings.

The produced finely structured WC-12Co ID coatings in
this study do not achieve the same properties as OD
coatings. While the microhardness and the fracture
toughness of the ID coatings show lower values than the
OD ones, their porosity and roughness are higher. The
shortest feasible spray distance, which leads to coatings
with only moderate defects in the microstructure, was
SD = 20 mm. Planar steel samples as well as steel tubes
with an internal diameter of 81.6 mm could be successfully
coated at this spray distance. However, the microhardness
and the fracture toughness are relatively low and thus need
to be optimized in further investigations. With a spray
distance of 30 mm, the coating structure is more homo-
geneous and nearly free of any macro-defects. In contrast,
severe defects occur at a spray distance of 10 mm, which
reduce the cohesive strength and therefore have a negative
effect on microhardness, toughness and porosity. In addi-
tion, the defects protruding from the surface lead to high
roughness values.

Three major types of defects could be observed after
spraying with short spray distances, particularly at 10 mm:
cracks, insufficiently melted spray particle clusters and
angular growth defect structures. It is very likely that they
are caused by two effects: (1) an insufficient melting and
acceleration of the spray particles caused by short dwell
times, (2) flow effects caused most likely by flow deflection
near the surface, for instance the bow-shock effect. How-
ever, the formation mechanisms of these defects need to be
investigated and clarified in further studies.

The ID coatings sprayed on the planar steel samples and
on steel tubes at SD = 20 mm feature similar properties
and coatings defects. Therefore, the transfer of the coating
results to tubes seems to be possible. However, in contrast
to the planar samples, the coating of tubes imposes more
complex conditions, since the heat, the exhaust gases and
the rebounded material cannot easily leave the coating
zone. It is expected that specially optimized powders (for
instance by plasma spheroidizing) with higher matrix
content can reduce the defects and improves the coating
properties.
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