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Thermal spraying of fine feedstock powders allow the deposition of cermet coatings with significantly
improved characteristics and is currently of great interest in science and industry. However, due to the
high surface to volume ratio and the low specific weight, fine particles are not only difficult to spray but
also show a poor flowability in the feeding process. In order to process fine powders reliably and to
preserve the fine structure of the feedstock material in the final coating morphology, the use of novel
thermal spray equipment as well as a thorough selection and optimization of the process parameters are
fundamentally required. In this study, HVOF spray experiments have been conducted to manufacture
fine structured, wear-resistant cermet coatings using fine 75Cr;C,-25(Ni20Cr) powders (—8+2 pm).
Statistical design of experiments (DOE) has been utilized to identify the most relevant process
parameters with their linear, quadratic and interaction effects using Plackett-Burman, Fractional-
Factorial and Central Composite designs to model the deposition efficiency of the process and the
majorly important coating properties: roughness, hardness and porosity. The concept of desirability
functions and the desirability index have been applied to combine these response variables in order to
find a process parameter combination that yields either optimum results for all responses, or at least the
best possible compromise. Verification experiments in the so found optimum obtained very satisfying or
even excellent results. The coatings featured an average microhardness of 1004 HV 0.1, a roughness
Ra=1.9 pm and a porosity of 1.7%. In addition, a high deposition efficiency of 71% could be obtained.

used to apply wear and corrosion protective coatings on
various kinds of industrial applications such as tools, aero
engine parts and valves, which are exposed to high
mechanical load or intensive friction (Ref 1). Among the
available thermal spray processes, the high velocity oxy-
fuel spray (HVOF) technique is one of the most promising
methods. Due to higher gas jet velocities and lower flame
temperatures than many other thermal spray processes,
HVOF spraying enables to produce sophisticated, wear-
resistant cermet coatings with exceptional high quality
regarding microstructure and surface finishing. These
coatings generally feature a very low porosity, low oxidi-
zation and low carbide decomposition or carbide-matrix

Keywords desirabilities, fine Cr;C,-NiCr powders (2-8 pm),
HVOF, multi-criteria optimization, response sur-
face models, statistical design of experiments (DOE)

1. Introduction

Thermal spraying has emerged as a suitable and
effective surface engineering technology and is widely
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dissolution, resulting in high hardness and high abrasion
resistance (Ref 2).

The reduction of the feedstock powder grain size to
submicron or nanometric scale is of key interest in the
thermal spray technology to develop novel fine structured
or nanostructured cermet coatings with further enhanced
structural and functional properties. Such coatings do not
only show a significantly lower porosity than conven-
tional coarse-structured coatings but also feature a higher
surface quality. This enables the application of thin,
near-net-shape coatings, for example, on forming tools
which preserve the high shape and dimensional accuracy
and meet highest demands regarding wear protection (Ref
3, 4). However, in contrast to conventional coarse-grained
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powders, the feeding and processing of fine particles
<10 um involves major difficulties. Due to the high sur-
face to volume ratio and low specific weight, fine powders
do not only provide a poor flowability in the feeding pro-
cess, but also show a different thermo-kinetic behavior
during spraying (Ref 5, 6). As a result of the high thermal
susceptibility, fine powders tend to overheat rapidly in the
spray process, leading to thermally induced phase trans-
formations. Powder agglomeration, which might encounter
in the feeding or thermal spraying process, represents an-
other major problem. Agglomeration effects can lead to
blockages in the powder feeder system, strong pulsations in
the HVOF flame, or prevent the desired formation of a fine
structured coating morphology during the spray process. In
this case, the potentials provided by using fine powders
would remain unused. Next to high thermal susceptibility,
it has been observed that in contrast to coarse powders,
fine particles are accelerated to higher velocities while
passing the HVOF flame at equal parameter settings
(Ref 7). This phenomenon can be explained by the fact that
due to the lower specific weight fine particles are better
captured and accelerated in the HVOF process gas flow.
At the same time, fine particles show a significant tendency
to lose their momentum and corresponding velocity when
leaving the HVOF flame (Ref 7).

In thermal spray technology, Cr3C,-NiCr cermet coat-
ings have been extensively used to mitigate abrasive and
erosive wear at high temperatures up to 850 °C (Ref 8).
However, next to the already mentioned problems
encountered when processing fine particles, the use of fine
Cr3C,-NiCr metal-matrix composite (MMC) powders with
high metallic 25(Ni20Cr) content involves further diffi-
culties. The strongly varying melting points of the metallic
and carbide component can cause powder caking in the
injectors and in the acceleration nozzle of the HVOF gun
during spraying. Consequently, blockages might occur,
which significantly decrease the deposition efficiency and
eventually disrupt the thermal spray process. In order to
process fine powders reliably, the use of appropriate
process technologies and optimized parameters are fun-
damentally required (Ref 9). In this way, a particle over-
heating leading to powder caking can be reduced or even
prevented. Furthermore, the fine structure of the feed-
stock powder can be preserved in the final as-sprayed
coating morphology.

Other phenomena encountered in thermal spraying of
fine Cr;C,-NiCr powder are the chemical degradation of
the chromium carbides present in the feedstock powder or
the reprecipitation and dissolution of the carbide phases
into the NiCr matrix (Ref 10). These mechanisms are
highly related to the size of the feedstock powder (Ref 11).
The lower the powder grain size, the higher the thermal
reactivity and consequently the higher the risk of
decomposition effects or carbide-matrix reactions in the
HVOF spray process. Crawmer et al. (Ref 12) and Russo
and Dorfmann (Ref 13) explained the decarburization
with the formation of Cr;C; and Cr,3Cg carbides in HVOF
sprayed cermet coatings, which were detected using x-ray
diffraction (XRD). However, Kreye et al. (Ref 14) poin-
ted out that the presence of such phases in the as-sprayed
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coating morphology cannot be proven solely by the XRD
approach, because their main diffraction peaks coincide
with the lines referring to the NiCr and Cr;C,. Guilemany
et al. and Matthews et al. also reported on the formation
of CO and CO, in the HVOF flame while spraying with an
excess of oxygen (Ref 8) and on a transformation of Cr;C,
to graphite during the spray process (Ref 15). Tao et al.
(Ref 16) observed metastable Cr,C phases in nanostruc-
tured Cr3;C,-NiCr coatings deposited by means of HVAF
technique. They attributed this effect to a rapid solidifi-
cation of partly melted splats upon deposition. Matthews
et al. (Ref 8) pointed out that these metastable phases
might act as a large driving force for microstructural and
compositional transformations when exposing such coat-
ings to elevated temperatures. In addition, it is reported in
their research work that the microstructure of the NiCr
matrix phase in Cr;C,-NiCr coatings can vary with the
spray conditions potentially ranging from zones of amor-
phous material to nano-crystalline and microcrystalline
phases. As a result of these compositional decomposition
effects, a variation and reduction of the hard carbide
phase concentration in the coating morphology are
obtained, leading to a decrease in hardness and wear
resistance (Ref 8). Studies by Picas et al. showed that the
coating microhardness obtained by HVOF spraying of fine
powders with a grain size from 1.4 to 14.9 pm is signifi-
cantly lower than the microhardness of coatings produced
by using conventional powders (10-30 um) of the same
chemical composition (Ref 17). They related this effect to
decarburization and decomposition of carbides during the
HVOF process. It has been reported in research works by
Li et al. that a rebounding of large Cr;C, particles or
agglomerates during the coating formation may also be
another important reason for the carbon loss and the
change of carbide content in the microstructure (Ref 17).
Next to such effects, the formation of Cr,O5 oxides can
occur on the outer surface of the CrzC,-NiCr particles
during spraying under atmospherical conditions or high
HVOF process temperatures and may potentially be dis-
tributed within the body of the particles, if a widespread
melting of the matrix occurs (Ref 18). The embedding of
brittle oxide phases can negatively affect the morphology
(e.g. by increasing the risk of cohesive breakages) and
finally degrade the mechanical properties of the coating.
Although modern HVOF systems allow reducing such
thermally induced phase reactions and decomposition
effects significantly through a sensitive thermal control of
process gas flow, the use of fine Cr;C,-NiCr powders with
high thermal reactivity still involves the mentioned diffi-
culties above to a large extend. There is still a lack of
knowledge about HVOF spraying of fine Cr;C, carbides
and it is yet unclear to what extent the final phase distri-
bution and the coating crystallite sizes depend on the
initial microstructure of the feedstock powder, particularly
when submicron, nanosized or nanostructured cermet
powders are used (Ref 19). Consequently, further research
in the field of HVOF spraying of fine Cr;C, carbides is
necessary.

Statistical design of experiments (DOE) is known as an
effective method for conducting a reduced number of
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experiments in order to obtain optimized spray parameter
settings to produce coatings with improved properties
(Ref 20). In this study, statistical design of experiments
(DOE) has been employed to identify the most relevant
factors influencing the HVOF spraying of fine 75Cr;C,-
25(Ni20Cr) powders (—8+2 pm) and to find optimal
settings for the deposition of fine structured cermet
coatings with best mechanical and tribological properties.
This has been accomplished in three design stages—
Plackett-Burman, Fractional-Factorial and Central Com-
posite designs—with the initial intention to consider all
potentially important factors in very simple models (one
for each response) in order to decide which variables to
drop, and with the overall objective to build more
sophisticated models for a few remaining, most relevant
factors, which can be used for response surface modeling,
i.e. prediction. As optima from different response surface
models are usually contradictory, the concept of desir-
abilities (Ref 21) has been applied to combine all responses
into one common measure—the desirability index, of which
the optimum is directly associated with the optimum
parameter settings.

2. Experimental

2.1 Powder Feedstock

Fine irregular and broken 75Cr;C,-25(Ni20Cr) pow-
ders (Thermico SJA 660/48, —8 +2 pm) were employed as
feedstock material. A SEM picture of the powder mor-
phology and the grain size distribution analyzed by laser
diffractometry (Microtrac, USA) is illustrated in Fig. 1.
In order to minimize agglomeration effects, the fine
powder was heated up to 120 °C in a convection oven for 1
h before use in the feeder system.

2.2 Substrates

Rectangular (70 x 50 x 10 mm) C45 steel specimens
(1.0503) were employed as substrate material. In prepa-
ration for thermal spray experiments, the surfaces were
grit-blasted with fine-grained F100 alumina (grain size:

Channel [%)]

106-150 pm) using a blasting air pressure of 3 bar, a stand-
off distance of 100 mm and a blasting angle of approxi-
mately 45°. After the blasting procedure, the C45
substrate surface showed an average roughness of Ra=
1.42 £+ 0.11 um. Subsequently, the samples were cleaned
for 15 min in an ethanol ultrasonic bath and heated to
110 °C in a convection oven for about 30 min.

2.3 Coating Process

A Thermico CPF2-Twin powder feeder system equip-
ped with two vibratory powder containers, which is opti-
mized for the reliable processing of fine powder fractions,
was used to feed the fine particles into the HVOF gun. In
order to minimize the risk of particle agglomerations, both
powder containers were heated up to 60 °C with heating
sleeves and were agitated with a pneumatic vibrator at a
pressure of 6.2 bar. In addition, a cyclical evacuation of
the two powder containers and a subsequent hot powder
gas flushing at 80 °C were performed prior to the feeding
operation. A Thermico CJS-HVOF gun with novel K5.2
combustion chamber design and dual-radial powder
injection was used to conduct the coating experiments.
This HVOF system operates with a two-stage hydrogen-
oxygen and a subsequent liquid fuel (kerosene) oxygen
combustion (Ref 22), which allows to control the velocity
and the temperature of the process gas flow almost inde-
pendently (Ref 7). For the coating experiments, EXXSOL
D 60 kerosene (ExxonMobil Chemical Central Europe
GmbH, Germany) was used as a liquid fuel. During the
coating experiments, the backsides of the specimens were
constantly cooled with compressed air.

2.4 Statistical Design of Experiments

For the coating experiments, the HVOF gas composi-
tion consisting of the kerosene (KL), hydrogen (HL) and
oxygen (OL) levels as well as the gun velocity (GV), the
stand-off distance (SOD), the specimen’s backside
compressed-air cooling pressure (BCP), the carrier gas
level (CGL) and the feeder disc velocity (FDV) were
selected as independent factors. All powder feeder

Grain size [um]

Fig. 1 (a) Structure of the fine 75Cr3C,-25(Ni20Cr) powders taken by SEM; (b) powder grain size distribution analysis
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settings (the feeder disc velocity and the carrier gas level)
were applied to each of both powder containers. Pilot tests
were initially carried out to find two expedient level set-
tings (low and high) for each variable. These level settings
were converted to —1 (low) and +1 (high) for the DOE. In
the pilot tests, the powder injected HVOF jet was directed
perpendicularly onto planar steel samples. Different spray
process parameters (kerosene-, oxygen- and hydrogen
level, stand-off distance) and powder feeding parameters
(feeder disc velocity, carrier gas level) were varied and
tested to produce a focused coating material spot showing
a suitable melting behavior of the MMC feedstock mate-
rial with an unimodal profile. Whereas one parameter was
varied, the other ones were kept constant (one-factor at a
time variation) in order to find suitable process parameter
settings for the DOE. In a screening step, all factors were
subjected to a 12-run Plackett-Burman design and their
effects on the deposition efficiency (DE) and the coating
characteristics microhardness (MH), porosity (Po) and
roughness (RRa) were estimated in four separate linear
models. Afterwards, the effects of the five most relevant
factors were analyzed along with all possible two-way
interaction effects in a 2° fractional-factorial design with
16 runs. Three additional center runs (level 0) were car-
ried out to enable the estimation of the overall variance.
Finally, the factors KL, OL and SOD were arranged in a
Central Composite design. In all designs, the run order of
experiments was randomized to avoid a systematic bias.
Using response surface models based on the Central
Composite design and the concept of desirabilities
(Ref 21), an overall optimum process parameter setting
was determined in a multi-criteria optimization approach.
All analyses were carried out with the free statistics soft-
ware “R” (Ref 23) and Statistica v7 [StatSoft (Europe)
GmbH, Germany].

2.5 In-Flight Particle Diagnostics and Coating
Characterization

The temperature and the velocity of the HVOF
sprayed particles were measured in-flight with an
Accuraspray-g3 device (Tecnar, Canada). Characteriza-
tions of the coatings in terms of hardness, porosity and
roughness were performed. The surface roughness was
measured according to the DIN 4760 standard with a
T-1000 tracing stylus instrument (Hommel, Germany).
A M-400 microhardness tester (LECO, Germany) was
employed to ascertain the coating microhardness. Cross-
sectional images of the coatings were taken by an
AXIOPHOT light microscope (Zeiss, Germany) and the
layer thickness was determined. The porosity was ana-
lyzed with the integrated image analysis software Axio-
vision 4.63 Outmess at a magnification level of 200,
degressive contrast amplification (using gamma-function)
and medium illumination level. Cross-sectional images of
the coating with higher magnification were made using a
JXA 840 scanning electron microscope and a Jeol JSM-
7001F field emission scanning electron microscope with
both secondary-electron and backscattered electron
detectors (Jeol, Germany). Element analyses of the
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coating structure were carried out using the integrated
energy dispersive x-ray (EDX) device INCA x-act
(Oxford Instruments, Germany). In addition, the deposi-
tion efficiency was determined. The wear and friction
behavior of the fine structured 75Cr;C,-25(Ni20Cr) were
analyzed with a Pin-on-Disc tribometer tester (CSM,
Switzerland) using an alumina ball (@ 6 mm) with a
hardness of 1986 HV 0.1. For this purpose, four different
tracks with diameters of 18, 24, 30 and 36 mm were made
on the coating surface. The analyses were carried out at a
track velocity of 0.4 m/s, a wear distance of 250 m and a
load of 10 N without lubrication and at ambient temper-
ature. Besides the Pin-on-Disc test a Taber Abraser
(Taber Industries, Model 505 Dual Abrasion Tester) was
additionally employed to determine the wear coefficient of
the coatings. For this purpose, Calibrade H-10 (medium
coarse) abrading wheels composed of a non-resilient, vit-
rified binder and aluminum oxide/silicon carbide abrasive
particles, a load of 2 x 1 kg, a wear distance of 1000 m
and a track velocity of 14 m/min have been utilized. Prior
to both tribologic examinations, the coated Pin-on-Disc
and Taber Abraser samples were face grinded to a
roughness of Rz < 1 pum using a 54 pm diamond-Bakelite
abrasive disc. This procedure is necessary to provide a
defined and continuous contact between the ball and the
substrate’s surface. In addition, Pin-on-Disc tests have also
been performed with as-sprayed (not grinded) coatings.
The adhesive strength was determined according to the
DIN EN 582 standard using a mono-axial tensile test
device type UPD 10 (Mohr and Federhaff AG, Germany)
with a maximum capacity of 100 kN and a single-pack
epoxy resin adhesive, ULTRA BOND 100 (HTK Ham-
burg GmbH, Germany).

3. Pilot-Tests and Experimental Designs

3.1 Pilot-Tests for the Parameter Level
Identification

The pilot tests showed that the formation of powder
caking in the powder injectors and in the acceleration
nozzle represented the most significant problem while
processing of fine 75Cr3C,-25(Ni20Cr) composite pow-
ders. This effect occurred mainly at high kerosene levels
>11 L/h and is also supported by insufficient carrier gas
flows <9 L/min or >11 L/min. Figure 2(a) illustrates the
powder caking inside the acceleration nozzle of the CJS-
HVOF system after thermal spraying of approximately 15
min in comparison to an unused one (Fig. 2b). It is also
demonstrated in Fig. 2(b) that spraying with optimized
parameters (kerosene level <11 L/h and carrier gas flows
between 9 and 11 L/min) significantly helps to reduce such
powder caking inside the acceleration nozzle. High kero-
sene levels lead to an increased heat density in the HVOF
process gas flow and to an intensified post-combustion in
the free jet. Consequently, an increase in the thermal
energy of the HVOF process and in the particle temper-
ature is observed. It is assumed that on entering the hot
HVOF process gas flow, different degrees of fusion and
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Fig. 2 Powder caking formation inside the HVOF acceleration nozzle

kinetic injection behaviors of metallic nickel chromium
and chromium carbide particles, majorly depending on the
grain sizes are obtained (Ref 19, 24). Another important
factor is the lower melting point of the metallic
25(Ni20Cr) component leading to a premature melting
compared with the chromium carbides at high HVOF gas

temperatures and low flame velocities.

During the injection in the HVOF process gas flow at
high kerosene level 211 L/h, the fine 75Cr;C,-25(Ni20Cr)
particles show a high tendency to impact either at the
opposite inner side of the acceleration nozzle or at the side
where the powder leaves the powder injector (Fig. 2¢),
leading to a powder caking formation. At high argon carrier
gas flows >11 L/min, the powder is accelerated to higher
velocities and is able to pass through the supersonic HVOF
process gas flow. Consequently, the molten particles impact
predominantly at the opposite inner side of the accelera-
tion nozzle. However, at carrier gas flows <9 L/min, a
contrary effect is achieved. Due to the fact that the powder
is injected dual radially at opposite sides in the acceleration
nozzle (the two powder injectors are radially positioned at
an angle of 180°), the use of insufficient carrier gas flows
<9 L/min or >11 L/min at high kerosene levels 211 L/h
led to the formation of powder caking at both inner sides of

the acceleration nozzle in all experiments.

It could also be observed that during spraying with
high kerosene levels 211 L/h in combination with short
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stand-off distances of 100 mm agglomerates which are
formed by powder caking are periodically peeled-off the
acceleration nozzle and are able to embed in the coating
morphology, as shown in Fig. 3(a). These agglomerations
do not only result in high surface roughness but also dis-
rupt the functional abilities of the coating with respect to
wear protection and the superior surface finishing which
should particularly be provided by fine structured coatings
without any additional grinding processes. Two possible
reasons seem to be evident to explain this phenomenon.
On the one hand, the formation of such powder agglom-
erations may already occur during the feeding process as a
result of the high surface to volume ratio. However, due to
the fact that varying powder feeding parameters in
selected and sufficient intervals (feeder disc velocities
between 2.0 and 2.6 rpm and carrier gas flows between
9 and 11 L/min) do not show a major influence on this
effect, it is more likely that these agglomerations are
formed during the spraying process, particularly when the
powders enter the hot supersonic HVOF process gas flow
through the powder injectors in the acceleration nozzle.
These agglomerations show a periodical, recurring
structure in the coating morphology, comparable to a
texture. Therefore, it is assumed that this phenomenon
can be attributed to a periodical formation and delami-
nating of powder caking in the powder injectors and
the acceleration nozzle, particularly occurring at high
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Fig. 3 (a) Powder agglomerations and (b) cracks in the coating morphology

kerosene levels 211 L/h. After being peeled off from the
injectors and the acceleration nozzle by the supersonic
HVOF process gas flow, the agglomerate is heated up.
Due to the large size and the higher mass of the agglom-
erates than the fine (non-agglomerated) spray particles at
high kerosene levels, a predominant melting of the surface
regions of the agglomerates is obtained while the cores
remain mostly solid. This effect is supported by shorter
stand-off distances (100 mm). Because of this short stand-
off distance, a shorter dwell and heating time of the
agglomerated powder particles, passing the HVOF gas
flame, is obtained, which prevents a continuous and suf-
ficient melting of the core. Consequently, the combination
of high kerosene flows >11 L/h and short stand-off dis-
tances of 100 mm should be avoided to minimize the risk
of powder agglomerations and their embedding in the
coatings.

Significantly higher kerosene levels of 16 to 18 L/h
caused the formation of considerable and unacceptable
powder caking in the powder injectors and in the accel-
eration nozzle which led to a strong decrease in the
deposition efficiency during spraying and eventually to a
disruption of the HVOF process. Additionally, it has been
shown that independent from all other coating parame-
ters, short stand-off distances of 100 mm also support the
formation of horizontal cracks in the coatings micro-
structure, leading to cohesive breakages or delaminations
between the coating lamellae (Fig. 3b).

This effect can be explained by two interdependent
reasons. On the one hand, a short dwell time of the
powder particles passing the HVOF process gas flow at
short stand-off distances of 100 mm leads to an insufficient
particle heating and melting. Due to the fact that many of
the sprayed particles, which impact the substrate surface,
are in an almost solidified state, only a poor embedding in
the coating morphology is achieved. This leads to a
reduced cohesion strength between the individual coating
lamellae and increases the risk of a crack formation. On
the other hand, this effect is particularly supported by a
thermal stress development in the coating structure during
spraying at short stand-off distances of 100 mm, because a
major part of the HVOF flame strikes the surface and
transfers a high amount of thermal energy to the substrate
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surface. The continuous and periodic passing of the
HVOF gun over the surface of the substrate at short
stand-off distances of 100 mm causes a strong thermal
cycling. The corresponding temperature gradient leads to
the development of thermally induced stress and to a
crack formation.

In addition, higher feeder disc velocities 23 rpm were
associated with increasing risks of blockages in the feeding
hose and also led to an oversaturation of the HVOF flame.
Consequently, not all particles in the HVOF flame could
reach a molten state anymore and bounced off after hit-
ting the substrate surface, leading to a significant decrease
in deposition efficiency. Therefore, feeder disc velocities
>3 rpm were not used in further experiments.

3.2 Placket-Burman Design (Screening)

Table 1 summarizes all factor levels which have been
used and varied in the three consecutive design stages
(Plackett-Burman, Fractional-Factorial and Central
Composite design). With the intention to reduce the
number of factors and to concentrate on the remaining,
majorly important ones in the subsequent designs a 12-run
Plackett-Burman design (Ref 25) was initially carried out
at two factor levels (+1 and —1) as a screening of possibly
important process parameters.

Under the assumption of a multiple linear model for
each response variable Y (Eq 1) with normally distributed
errors & ~ N(0, 6°),

Y =B+ Prxi+--+Byxp ¢ (Eq 1)

an overall mean B (intercept) and main effects p; of p=8
influence factors were estimated. Significance tests of the
null hypothesis H, of no effect of each of the independent
variables x; on the respective Y (i.e. B;=0,i=1, ..., 8) were
performed at a significance level a=0.2 to help decide
upon the most important influence factors. The corre-
sponding p-values, providing an intuitive measure of the
probability mass in favor of the null hypothesis, are pre-
sented in Table 2. p-Values below the chosen alpha give
little support for the null hypothesis and lead to a rejection
of Hy. The associated factor x; is then assumed to affect
the respective Y positively or negatively, depending on the
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Table 1 Factor levels in the three design stages

°
o
2 Plackett-Burman
.g design Fractional-Factorial design Central Composite design
Cq:, Factor -1 +1 -1 0 +1 -2 -1 0 +1 +2
:l.) Kerosene level (KL), L/h 7 9 8 9 10 8 9 10 11 12
&: Hydrogen level (HL), L/min 60 80 60 80 100 80
Oxygen level (OL), L/min 800 900 800 850 900 750 800 850 900 950
Gun velocity (GV), mm/min 20000 30000 30000 30000
Stand-off distance (SOD), mm 120 140 100 130 160 100 115 130 145 160
Backside cooling pressure (BCP), psi 20 60 20 20
Carrier gas level (CGL), L/min 9 11 11 11
Feeder disc velocity (FDV), rpm 2.0 2.6 2.3 2.6 2.9 2.6

Table 2 Effect estimates and p-values (o =0.2) for the Plackett-Burman design

Microhardness (MH), Roughness Ra (RRa), Deposition efficiency

HV 0.1 pm Porosity (Po), % (DE), %

Estimate p-Value Estimate p-Value Estimate p-Value Estimate p-Value
Intercept 578.7 NA 3.65 0.0000 1.24 0.0074 24.92 0.0003
Kerosene level (KL) 127.0 NA —0.76 0.0001 —0.77 0.0272 2.61 0.1249
Hydrogen level (HL) 25.3 NA -0.21 0.0069 -0.17 0.4448 1.18 0.4086
Oxygen level (OL) 9.3 NA 0.43 0.0008 —0.25 0.2797 0.99 0.4827
Gun velocity (GV) -27.8 NA —0.03 0.4144 0.25 0.2797 4.01 0.0477
Stand-off distance (SOD) -22.0 NA -0.14 0.0204 0.30 0.2067 —2.08 0.1905
Backside cooling pressure (BCP) —24.5 NA 0.01 0.8237 0.21 0.3464 -0.71 0.6047
Carrier gas level (CGL) 13.3 NA —0.13 0.0257 —0.13 0.5333 -0.77 0.5793
Feeder disc velocity (FDV) 16.7 NA —0.03 0.4640 0.08 0.7020 1.49 0.3155

sign of the estimate. The p-values are calculated on
grounds of a r-distribution with n-p-1 degrees of freedom
of the t-statistic according to Eq 2 where B, is the estimate
of B; and s is the estimate of the standard error of f;.

_Bi-0
55,

Based on the results in Table 2, KLL was identified as
the most important factor, but also HL, OL and SOD
showed strong significances, in particular with respect to
RRa. Due to the slight but positive influence of GV on
DE, GV was held constant at the highest possible setting
30000 mm/min in further experiments. Similarly, CGL was
fixed at the highest reasonable level of 11 L/min as the
high level of CGL was associated with less roughness of
the surface. As explained in the section about pilot tests,
higher CGL settings than 11 L/min are not suitable due to
the increasing risk of a powder caking formation inside the
powder injectors and the acceleration nozzle of the HVOF
gun. BCP showed no significant results and was further
held constant at 20 psi, because this setting seems to be
sufficient to avoid an overheating of the substrates surface
during the spray process and only leads to a low affection
of the contrariwise directed HVOF process gas flow when
leaving the substrate surface during a pass.

Despite its insignificant results, FDV was suspected to
affect in particular DE and was hence varied in a different
range (2.3-2.9 rpm) in the subsequent fractional factorial
2> design (Table 3 and 4). The KL range was adjusted to
8-10 L/h for two reasons: Firstly, the high kerosene level

t

(Eq 2)
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was associated with better MH, less RRa, less Po and
better DE, and secondly, three experiments run at the low
kerosene level 7 L/h produced so thin coatings which
made a measurement of microhardness impossible. As a
result, all eight main effects and the overall mean (inter-
cept) in the model for microhardness (LM MH) could be
estimated. However, with the loss of three degrees
of freedom, no sample variance, and consequently no
p-values could be calculated (NA in LM MH model).

Low kerosene levels of <7 L/h only lead to an inade-
quate heat transfer from the HVOF flame to the fine
75Cr3C,-25(Ni20Cr) particles. As a result, an insufficient
particle melting occurs, leading to a particle rebounding
while impacting on the substrate surface as well as to a
poor particle embedding in the coating morphology and
poor cohesion strength of the individual coating lamellae.
Figure 4 shows the highly porous, strongly defective
coating morphology containing many unmelted Cr;C,
particles which is not applicable.

As large stand-off distances were associated with less
roughness, but also lower deposition efficiency, SOD will
be analyzed further in an extended range from 100 to
160 mm. The negative effect of HL on RRa led to the
decision to adjust the HL range to 60-100 L/min; OL was
kept at 800-900 L/min.

3.3 Fractional Factorial Design 2°' (Modelling)

In a 2> design, the five main effects and all ten possible
two-way interactions are not confounded with each other
and can be estimated when ignoring all interactions of a
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Table 3 Fractional factorial 25" design with three additional center runs, and corresponding results

Porosity Deposition Kerosene Hydrogen Oxygen Stand-off Feeder disc
Microhardness Roughness (Po), efficiency level level level distance velocity
No. (MH), HV 0.1 Ra (RRa), pm % (DE), % (KL) (HL) (OL) (SOD) (FDV)
1 857 3.49 0.59 37.41 -1 -1 -1 -1 +1
2 818 8.97 1.15 66.78 +1 -1 -1 -1 -1
3 801 3.63 0.72 32.67 -1 +1 -1 -1 -1
4 771 6.06 1.53 51.69 +1 +1 -1 -1 +1
5 720 4.44 0.77 33.90 -1 -1 +1 -1 -1
6 827 10.15 0.69 43.47 +1 -1 +1 -1 +1
7 703 4.87 0.94 31.51 -1 +1 +1 -1 +1
8 952 13.10 0.99 50.34 +1 +1 +1 -1 -1
9 467 3.48 1.15 22.40 -1 -1 -1 +1 -1
10 682 2.19 0.86 31.67 +1 -1 -1 +1 +1
11 664 333 1.35 24.53 -1 +1 -1 +1 +1
12 681 1.99 0.64 37.40 +1 +1 -1 +1 -1
13 509 5.00 1.96 21.58 -1 -1 +1 +1 +1
14 748 2.95 0.50 32.88 +1 -1 +1 +1 -1
15 582 4.19 1.40 25.27 -1 +1 +1 +1 -1
16 717 2.65 0.57 31.51 +1 +1 +1 +1 +1
17 827 3.03 0.48 38.50 0 0 0 0 0
18 809 3.19 0.74 39.24 0 0 0 0 0
19 771 2.93 0.65 41.46 0 0 0 0 0
Table 4 Effect estimates and p-values (o.=0.1) for the fractional factorial 251 design
Microhardness (MH), Roughness Ra (RRa), Deposition efficiency
HV 0.1 pm Porosity (Po), % (DE), %
Estimate p-Value Estimate p-Value Estimate p-Value Estimate p-Value
Intercept 731.9 0.000 4.72 0.002 0.93 0.001 36.54 0.000
Kerosene level (KL) 55.8 0.069 0.98 0.121 —0.12 0.260 7.28 0.004
Hydrogen level (HL) 15.2 0.504 —0.05 0.915 0.03 0.760 -0.32 0.750
Oxygen level (OL) 1.1 0.961 0.89 0.146 —0.01 0.912 —2.13 0.105
Stand-off dist. (SOD) —87.4 0.022 —1.81 0.029 0.07 0.510 —7.53 0.004
Feeder disc velocity (FDV) 2.4 0.911 —0.31 0.541 0.07 0.467 -1.77 0.152
KL * HL (interaction) —-9.4 0.670 —0.00 0.993 0.04 0.703 —0.16 0.874
KL * OL (interaction) 354 0.175 0.32 0.536 -0.17 0.152 —1.54 0.195
KL * SOD (interaction) 19.9 0.394 -1.75 0.031 -0.29 0.046 -2.32 0.087
KL * FDV (interaction) -22.8 0.338 —0.43 0.413 —0.03 0.780 -1.87 0.137
HL * OL (interaction) 3.6 0.870 0.34 0.513 —0.03 0.741 1.17 0.295
HL * SOD (interaction) 14.6 0.520 —0.13 0.795 —0.09 0.367 1.60 0.183
HL * FDV (interaction) -17.7 0.443 —0.44 0.408 0.01 0.943 0.96 0.375
OL * SOD (interaction) 6.7 0.7608 -0.41 0.4310 0.06 0.517 1.54 0.196
OL * FDV (interaction) —28.3 0.2529 0.06 0.9005 —0.01 0.912 —0.02 0.982
SOD * FDV (interaction) 14.2 0.5303 0.38 0.4618 0.06 0.556 0.68 0.513

higher order than two. Additional experiments in the
design center provide three degrees of freedom for the
estimation of the overall variance. In contrast to the pre-
vious screening design, the significance level was now
chosen as o=0.1 in order to make significance statements
more reliable. Estimates and p-values captured in Table 4
demonstrate the high importance of KL and SOD
regarding not only main effects, but in particular their
interaction effect, which is significant with respect to all
responses except MH. For MH, however, both main
effects are active as demonstrated in Fig. 5(a) for KL and
Fig. 5(b) for SOD. While KL has a positive effect on MH,
the effect of SOD is negative, so in terms of microhard-
ness, high kerosene levels and short stand-off distances are
to be preferred. According to Table 4, the surface
roughness RRa is largely determined by KL and SOD,
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which also show a strong interaction expressed by the non-
parallel lines in Fig. 6(a).

While overall, high kerosene levels produce compara-
bly rough surfaces, this is true especially for short stand-
off distances (SOD). The best, i.e. lowest, RRa results
(1.99-2.95 pm), however, are accomplished with a combi-
nation of large SOD and high KL. All three center runs
provide very good results (2.93-3.19 pm) as well. The
porosity of the coating is largely determined by the sig-
nificant interaction (p =0.046) of KL and SOD (Fig. 6b).
While KL has a positive effect on Po at the low level of
SOD, the influence is even stronger and negative at large
stand-off distances. All experiments run at the combina-
tion KL 10 L/h/SOD 160 mm produce coatings with Po
values between 0.5 and 0.86%. The three center runs also
provide low porosities between 0.48 and 0.74%.
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Fig. 4 Poor particle embedding in the coating morphology and poor cohesion strength of the individual coating lamellae occurring while

spraying with low kerosene levels <7 L/h
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In terms of the deposition efficiency, again KL and
SOD are the most important factors with a significant
interaction effect (p =0.087). The by far highest deposition
efficiencies (43.47-66.78%) are achieved with the combi-
nation of short stand-off distance and high kerosene level
(Fig. 6¢c). OL, HL and FDV are not significant for any
response variable, but for OL some p-values between 0.1
and 0.2 are observed. Figure 5(a) and (b), showing the
main effects of KL and SOD on microhardness, suggest to
take into consideration quadratic effects, which is done in
a more complex model based on a Central Composite
design for the factors KL, OL and SOD.

3.4 Central Composite Design (Optimization)

In addition to the experiments of a Fractional-Factorial
design, which are the corner points of a hypercube, a
Central Composite design includes several center points
and two axial points for every factor considered in the
design. For each factor they are at a distance d to either
side of the center, with all other factors held at the level 0
(Fig. 7).

While the distance d is usually chosen in a way to
achieve orthogonality or rotatability of the design
(Ref 26), here it is chosen as d =2 for the practical reason
that with the CJS-HVOF device being used, KL can only
be adjusted in steps of 1 L/h. Table 1 summarizes the level
settings of the factors KL, OL and SOD in the Central
Composite design and Table 5 shows the corresponding
results. With five levels for each process parameter, all
main and quadratic effects and all two-way interactions
can be estimated.

While it is possible to simply use all effect estimates to
model a response surface, it is common practice to select
only those effects that contribute to optimizing a criterion
of model fit, such as the AIC, which weighs out the
residual sum of squares and the number of effects used in
the model. Using the R function “stepAIC” (Ref 27), for

(0,2,0)

(-1,-1, 1)
@

(0, -2, 0)

Fig. 7 Central Composite design with six axial points at a dis-
tance 2 from the design center
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each response the best fit is determined, allowing the
algorithm to choose from all of the above linear and
quadratic as well as interaction effects. Starting with a
model including only one constant (intercept), effects are
added or dropped stepwise until no further improvement,
i.e. reduction of the AIC criterion is possible. The result-
ing models are:

(LM MH) MH [HV 0.1]: Yy =784.57+66.77 - KL +
30.90 - OL* — 60.51 - OL +48.07 - SOD* —
46.86 - SOD +¢(Residual standard error =
95.73, adjusted R*=0.54)

(LM DE) DE [%]: Ypp=55.01 — 4.11 - KL?>+5.54 -
KL —7.58- OL — 4.85-SOD —2.99 - (OL -
KL) + ¢(Residual standard error=6.64,
adjusted R?=0.73)

(LM RRa) RRa [um]: Yrga=2.06+0.95 - SOD* — 1.06 -
SOD +¢(Residual ~ standard — error=1.40,
adjusted R*=0.53)

(LM Po) Po [%]: Cannot be modeled

Similar to the AIC criterion, the adjusted R® is a
measure of model fit, which relates the variance explained
by the independent variables to the overall variance,
adjusting for the number of effects used in the model.
Unlike the simple R?, which lies between 0 and 1, the
adjusted R* can even fall below 0, due to the corrections
made for the number of considered effects.

For Po no effect could establish an improvement
compared to the very basic model including only an
intercept. This is in line with difficulties experienced in
previous designs for Po, and it seems as if Po cannot be
properly modelled with the considered process variables.
It is therefore dropped from further analysis.

While residual standard errors in models (LM MH) and
(LM DE) are considerably small related to the overall
mean (intercept) that in (LM RRa) is large, accounting for
almost 3/4 of the mean, and results in large prediction
intervals (compare Fig. 9 in the section about ‘“‘Verifica-
tion experiments”) it is, however, largely induced by one
single observation made at SOD =100 mm (—2), where
RRa=10.71 um, while the mean of the remaining 17
observations is 2.44 pm and the second largest observation
is 4.11 pm. Dropping this highly influential point would
result in a completely different model (using only KL? and
KL) with an overall mean (intercept) of 2.12 and residual
standard error of 0.34. Results from the Fractional-
Factorial design have shown that the observed high mea-
surement is typical for runs at SOD =100 mm (Fig. 6a and
Table 3), supporting the decision to use model (LM RRa)
despite the large residual standard error.

In order to find an optimum overall setting of these
most influencing process factors, response surface meth-
odology is subsequently applied under utilization of Der-
ringer’s desirability function (Ref 21) and the desirability
index. Desirability functions allow to transfer each of the
response variables into the interval [0, 1] in order to make
them comparable and to combine them into one common
measure—the desirability index, e.g. the geometric mean.
The simultaneous consideration of all response variables
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Table 5 Central Composite design and corresponding results

Microhardness Roughness Porosity Deposition Kerosene Oxygen Stand-off
No. (MH), HV 0.1 Ra (RRa), pm (Po), % efficiency (DE), % level (KL) level (OL) distance (SOD)
1 827 2.21 1.22 59 -1 -1 -1
2 794 275 1.73 50 -1 -1 1
3 786 2.53 4.68 51 -1 1 -1
4 592 3.18 2.14 37 -1 1 1
S 1052 1.98 1.96 69 1 -1 -1
6 877 2.02 1.73 59 1 -1 1
7 783 2.87 1.35 53 1 1 -1
8 921 1.79 1.17 30 1 1 1
9 648 4.11 1.99 20 -2 0 0
10 865 2.91 1.89 57 2 0 0
11 1068 2.04 3.19 66 0 -2 0
12 818 2.00 1.47 39 0 2 0
13 1133 10.71 1.87 62 0 0 -2
14 890 2.16 2.70 51 0 0 2
15 712 2.72 0.90 45 0 0 0
16 926 1.88 1.36 58 0 0 0
17 946 217 1.69 60 0 0 0
18 750 2.14 2.15 58 0 0 0

in one common index, which is to be optimized, allows to
make necessary compromises between competing
responses (Fig. 6a, c). While high kerosene levels at short
stand-off distances produce the best DE results, they also
lead to the most undesirable RRa observations.

4. Multi-Criteria Optimization of HVOF
Spray Experiments

The idea of multi-criteria optimization is to find a
combination of the independent variables that optimizes
ideally all responses at once, or at least constitutes the best
possible compromise.

4.1 Overlayed Contours

If the number of responses is small, as is the case here,
overlayed contour plots can assist in finding an optimum
overall setting of the independent variables. Figure 8
shows the contours for MH, DE and RRa at KL levels 1
(Fig. 8a) and 2 (Fig. 8b). It is quite obvious that MH
improves while moving away in circles from (OL=1/
SOD =0.5), DE gets better as OL decreases, and RRa
takes its lowest value in the valley where SOD =0.56.

Comparing the plots in Fig. 8(a) and (b) indicates a
small advantage of KL=2 over KL=1, as e.g. in (OL=
—2/SOD =0.56) the prediction for the most important
response MH clearly exceeds 1100 with KL =2, while with
KL =1 it stays just below this mark. However, as kerosene
settings of 12 L/h (KL =2) and more lead to severe pow-
der caking formation in the powder injectors and the
acceleration nozzle, 11 L/h (KL=1) is a preferred
setting—remembering that KL can only be varied in steps
of 1 L/h (compare section ‘“Central Composite Design
(Optimization)”).

A disadvantage of contour plots of the original
responses is that they do not provide an answer to the
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question of how a setting, which gives rather good results
for all responses (like the one just discussed), compares
with a setting that produces a poor result for one
response, but an excellent one for another (such as KL=
1/0L=-2/SOD = -2). In order to be able to make such
comparisons all responses must be combined into one
single measure.

4.2 Desirabilities

Before several response variables can be combined,
they must be measured on a common scale. One very
practical method to achieve this is to apply Derringer’s
desirability function (Eq 3, exemplarily for maximization
problems), where the desirability of a response Y takes on
the value 0 when Y falls below a lower specification limit
(LSL), and the value 1 as Y exceeds the upper specifica-
tion limit (USL) (Ref 21), which in the case of maximi-
zation problems (e.g. MH and DE) characterizes an
optimal value. Accordingly, LSL and USL have the
opposite meaning for minimization problems (e.g. RRa
and Po).

0 ~if  Y<LSL
diY)={ (&) if LSL<Y <USL (Eq 3)
if Y>USL

Values in between the limits are assigned desirabilities
according to Eq 3, where the transformation is linear if
s=1. Lower and upper specification limits must be
specified by a process engineer who can decide which
values of a response are desired. The desirability trans-
formation is applied to the predicted responses which can
be made using the models (LM MH, LM DE, LM RRa).
Once all new responses have the same desirability scale,
they can be combined into one desirability index, which
is commonly calculated as the weighted geometric mean

(Eq 4).
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Fig. 8 Contour plots of the original responses (a, b) and the desirability index (c) using the weighted geometric mean with weights

(MH =0.4/DE = 0.35/RRa = 0.25)

Table 6 Parameters for desirability transformations (s=1 in all cases)

Microhardness, HV 0.1

Deposition efficiency, % Roughness Ra, pm

MH (max) d (MH) DE (max) d (DE) RRa (min) d (RRa)
Lower specification limit (LSL) 700 0 30 0 1 0
Upper specification limit (USL) 1100 1 60 1 4 1
L i because of unacceptable roughness predictions (=4 pum)
Dom = H (di(Y)) (Eq 4) for SOD < —1. An optimization of the desirability index

i=1

with weights w; > 0 and >_7_, w; = 1 for p quality criteria.
After transforming the original responses into desirabilities
according to Table 6 using the R-package “desiRe” (Ref
28) contours of the desirability index with weights (MH =
0.4/DE =0.35/RRa=0.25) shown in Fig. 8(c) enable to
make comparisons between different settings very easily.
For example, the two settings compared in the section
“Overlayed contours” correspond to desirabilities of 0.92
(KL=1/0OL=-2/SOD=0.56) and 0 (KL=1/OL=-2/
SOD = —2). The second setting is completely undesirable
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in R yields the optimum setting (KL=1.42/OL=-2.2/
SOD =0.56) with a desirability of 0.93. The imbalanced
weighting is chosen in order to ensure an optimum with
particularly good MH, which is the most important char-
acteristic for typical applications.

4.3 Verification Experiments

The results of four verification experiments in the
vicinity of the theoretical optimum are compared with
their predicted values in Table 7.
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Table 7 Predicted and experimentally determined coating properties at optimized spray parameters
as well as the relative deviance between these values

Deposition efficiency Microhardness (MH), HV Roughness Ra (RRa),
(DE), % 0.1 pm

Layer Po, %

thickness , pm  Pred. Exp. Dev.,,% Exp. Pred. Exp.

No. KL,L/h OL,L/min SOD, mm Pred. Exp. Dev., % Dev., %

(a) 1 -2 0.56 74.85 7441 0.59 185 1084.15 1129.50 4.18 1.60 176 1.83 411
(b) 1 -2 0.56 74.85 76.10 1.67 150 1084.15 1017.62 6.14 1.93 1.76 197 11.72
(c) 1 -2 0.56 7485 61.57 17.75 155 1084.15  864.57  20.25 158 176  1.82 3.54
(d) 2 -2 0.56 74.04 68.83 7.03 152 1150.85 1127.47 2.03 137 176 228  29.79

Pred. = predicted value, Exp. = experimental value, Dev. =relative deviance of the predicted vs. experimentally determined value
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Fig. 9 Prediction line and 95% prediction interval lines (dashed) for MH, DE and RRa based on the models LM MH, LM DE and LM
RRa fit from the data of the Central Composite design (Table 5). Three verification experiments at (KL =1, OL=-2, SOD =0.56) near
the theoretically determined optimum are included and lie within the prediction intervals

Because KL can only be varied in steps of 1 L/h
according to the adjustability of the HVOF device, it is not
possible to conduct experiments at KL.=1.42 L/h. There-
fore, experiments at KL=1 (11 L/h) and KL =2 (12 L/h)
have been conducted alternatively. Due to a significant
increase of undesired powder caking formations in the
powder injectors and the acceleration nozzle at high ker-
osene levels, KL =1 is strongly preferred over KL =2. For
this reason only one experiment (d) has been carried out
at KL =2, contrasting three runs (experiments a-c in
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Table 7) with the combination (KL=1/OL=-2/SOD=
0.56). Despite the theoretical optimum of OL at —2.2
(740 L/min) the setting —2 has been used in order to stay
in the region of experimentation.

According to the results in Table 7, spraying with both
parameter settings KL=1 (11 L/h) and KL=2 (12 L/h)
along with constant OL = —2 (750 L/min) and SOD =0.56
(138 mm) leads to exceptional coating properties with
high hardness, low roughness and low porosity at a high
deposition efficiency. However, although best coating
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properties are obtained here, at KL =1 a moderate but not
negligible, and at KL =2 a severe formation of powder
caking occur inside the acceleration nozzle and the pow-
der injectors.

The comparison of predicted and experimentally
determined coating properties and their relative deviance
clearly indicates that the models generally provide a very
good approximation of the coating properties when using
the optimized spray parameters. The results of three ver-
ification experiments with this setting are captured in
Fig. 9, showing the prediction lines along with their cor-
responding 95% prediction intervals for MH (Fig. 9a), DE
(Fig. 9b) and RRa (Fig. 9c). The prediction lines and
intervals are calculated from the models LM MH, LM DE
and LM RRa, which were fitted based on the 18 data
points from the Central Composite design in Table 5. The
results of the three verification experiments near the
theoretical optimum are within the prediction limits and
account for desirability indexes of 0.93 (<), 0.83 (O) and
0.65 ([0). Here, even the prediction with desirability index
0.65 features acceptable MH (865 HV 0.1), very good RRa
(1.82 pm), and DE (61.6%), which corresponds to desir-
ability 1 for DE. DE for the other two experiments is
exceptional (76.1 and 74.4%). The latter of these two
experiments (the one with a DE of 74.4%) also accom-
plishes exceptional MH (1130 HV 0.1) with corresponding
desirability 1 for MH.

Embedding resin

Coating

Substrate

-<

The comparison of the first two experiments (experi-
ments a and b in Table 7) presents only small differences
in MH and DE values along with very small relative
deviances. For the second experiment the relative devi-
ance for RRa is somewhat higher (11.72 um). In contrast,
the third experiment (experiment ¢ in Table 7) features
the highest relative deviation in the coating properties in
MH (17.75 HV 0.1) and DE (20.25%) but the lowest value
concerning RRa (3.54 pm). Experiment d in Table 7 also
shows a good approximation for DE (7.03%) and MH
(2.03 HV 0.1) but a large relative deviance for RRa
(29.79 pm).

4.4 Coating Properties at Optimized Spray
Parameter Settings

Finally, the as-sprayed coating morphology sprayed with
spray parameters KL=1 (11 L/h), OL=-2 (750 L/min),
SOD =0.56 (138 mm) optimized using statistical design of
experiments through three design stages (Plackett-
Burman, Fractional-Factorial and Central Composite
designs) were microscopically analyzed. Figure 10(a)
and (b) reveal a complex, multi-phase structure composed
of finely dispersed chromium carbides and nickel chro-
mium binder phases which are created by a flattening of
molten particles upon impact. Thermal spraying of fine
75Cr;C,-25(Ni20Cr) enables the deposition of cermet

Fig. 10 (a, b) Cross-sectional images of the fine structured coating morphology and the interface between coating and substrate material
taken by light microscope, (c) SEM image of the as-sprayed coating surface and (d) cross-sectional image of the coating morphology

taken by SEM
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Fig. 11 EDX mapping showing the phases elements in the coating morphology

coatings with an extremely dense, fine structured and
homogenous morphology with porosities <1%. Only
small-sized micro-pores and thin voids on a submicron
and nanosized level are detectable in regions of imperfect
contact between the phases or lamellae. These results can
be attributed to the high velocity of the fine particles
(816 &+ 11 m/s) and the moderate particle temperature
(2150 % 5 °C) which both have been measured in-flight at
optimized spray parameters. Figure 10 also shows SEM
images of the as-sprayed coating surface (Fig. 10d) and
the coating morphology (Fig. 10d) at a higher magnifi-
cation level. Both images clearly demonstrate the ex-
tremely fine structure which also provides a superior
surface quality. It can also be seen that the fine-scaled,
irregular chromium carbide particle structure is preserved
in the coating morphology, well embedded in a homo-
genously molten nickel chromium binder phase
(Fig. 10d). EDX analyses in Fig. 11 confirmed that the
dark phases in the SEM picture primary consist of chro-
mium carbide (labeled in dark gray), whereas the lighter
phases are composed of a nickel chromium (labeled in
light gray) alloy.

Figure 10(a) also demonstrates an excellent interface
bonding between the coating and the roughened C45-steel
surface. It seems as if a substrate preparation using fine-
grained alumina as blasting medium (106-150 pm) leads to
an appropriate roughness profile for the subsequent
coating operation in terms of the coating adhesion.
Adhesion tests showed an average adhesive strength of
80.4 & 5.54 N/mm™.

Figure 12 illustrates the fracture surface of four test
samples (each with coated punch and counter punch) after
the adhesion test. The samples show a primary rupture of
the epoxy resin adhesive from the steel substrate surface,
indicating an even higher adhesive strength than measured
value. Besides, a minor part of cohesive breakages in the
coating morphology occur as well, demonstrated by coat-
ing residues in Fig. 12.

The as-sprayed coatings also feature a smooth surface
with roughness values Ra < 2 pm. As reported in litera-
ture, the application of fine powders leads to an increase in

406—Volume 19(1-2) January 2010

Counter
punch

Coated
punch

Coating residues
(cohesive breakage)

Epoxy resin adhesive
(adhesive breakage)

Fig. 12 Fracture surfaces of the samples after the adhesion test

layer homogeneity attributed to a better fusibility of
finescaled materials and a finer dispersed phase distribu-
tion in the coating structure (Ref 29). This is correlated
with a decrease in surface roughness (Ref 30). The splat
densification level and the corresponding roughness of the
as-sprayed coatings are mainly affected by the particle
velocity and the molten state of the sprayed particles. A
high velocity of fine particles provided by the HVOF
process gas flow, in combination with a better and more
homogenous molten state when using finescaled 75Cr;C,-
25(Ni20Cr) powders, help to deform or flatten the particle
as splat upon impact.

The fine structured 75Cr;C,-25(Ni20Cr) coatings
sprayed with optimized parameters [KL=1 (11 L/h),
OL=-2 (750 L/min) and SOD=0.56 (138 mm)] show a
wear coefficient of 4.69 x 10~ g/Nm measured by Pin-on-
Disc test and a wear coefficient of 1.68 x 10°% g/Nm
determined by Taber Abraser. Compared to the wear
coefficient of the uncoated steel sample by Taber Abraser
(1.02 x 1077 g/Nm), an up to six times higher wear resis-
tance can be provided by the one with a fine structured
surface coating. Figure 13 gives a comparison of the fric-
tion coefficient development of the grinded (Fig. 13a) and
the as-sprayed coating surface (Fig. 13b). Figure 13(a)
shows a first initial peak, suggesting the static friction
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Fig. 13 Friction coefficient development of the (a) as-sprayed and (b) grinded 75Cr;C,-25(Ni20Cr) coating surface using an alumina ball

coefficient and indicating the characteristic running-in
behavior of the tribological system consisting of the alu-
mina ball and the 75Cr;C,-25(Ni20Cr) coating, which is
significantly more distinctive with the as-sprayed surface
as the grinded one. Whereas for the as-sprayed surface a
nearly constant friction coefficient of 0.52 + 0.02 (the
dynamic friction coefficient) is achieved after a period of
approximately 4 min, the as-sprayed coating surface shows
a nearly continuous and stable friction coefficient of
0.47 £+ 0.02 over the measuring time.

5. Conclusion and Outlook

Statistical design of experiments (DOE) has been suc-
cessfully employed to identify the most relevant factors
influencing the HVOF spraying of fine 75Cr;C,-
25(Ni20Cr) powders (—8+2 pum) and to find an optimum
setting of these factors to produce coatings with improved
morphological and mechanical properties. The kerosene
level, the oxygen level, the stand-off distance as well as the
two-way kerosene/stand-off distance interaction could be
identified as the most significant influencing factors with
respect to the deposition efficiency, roughness and
microhardness. The coating characteristic porosity could
not be properly modeled with the independent variables
under study. Using response surface methods, overlayed
contour plots of the original responses, and the concept of
desirability functions as well as the desirability index,
optimum spray settings could be identified. Next to a
stand-off-distance of 138 mm, a theoretical optimum for
the oxygen level was obtained at 740 L/min. In four veri-
fication experiments the setting 750 L/min was used in
order to stay inside the region of experimentation. Powder
caking inside the acceleration nozzle and the powder
injectors, attributed to a rapid overheating of the fine
spray particles at high kerosene levels particularly in
combination with insufficient carrier gas levels (higher
than 9 L/min or lower than 11 L/min) could be revealed as
the most problematic effects in the HVOF process. The
optimum kerosene level was identified to lie between 11

Journal of Thermal Spray Technology

and 12 L/h. However, a kerosene level of 11 L/h is pre-
ferred over 12 L/h to reduce the risk of the mentioned
powder caking formation. Further problems are repre-
sented by the formation of horizontal cracks and powder
agglomerations in the HVOF process which embed in the
coating microstructure. To avoid these effects, stand-off
distances >100 mm should be favored.

Verification experiments yielded mostly excellent
results in close proximity to the predicted values. The
deposited fine structured coatings showed an extremely
dense and finely dispersed coating structure (porosity <
2%), a high surface quality (Ra < 2 pm) and a high
adhesive strength. These coatings show a high potential to
be used as wear resistant coatings for large tools without
any post treatment or surface finish.

A further challenge is the examination of the oxygen
level in an extended range below 750 L/min and to find a
promising factor setting with lower kerosene level <11 L/h,
which causes much less powder caking. It can be con-
cluded that the employment of statistical design of
experiments represented an effective method to find
optimized spray parameters to produce coatings with
superior properties.
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