
Plasma- Spray Coating 
by. Robert B. Heimann 

Copyright Q VCH Verlagsgesellschaft mbH. 1996 

8 Design of Novel Coatings 

8.1 Coating Requirements 

Thermally sprayed and PVD/CVD coatings must be carefully designed to obtain 
maximum performance for the required application. An initial example will be given 
based on the concept of advanced layered coatings for cutting tools [ 11. Even though 
it relates predominantly to thin PVD or CVD coatings the strategy can also be 
dpplied, in principle, to thick thermally sprayed coatings [2]. 

Coatings for cutting tools can: 

improve service life of the tool, i.e. reduce the frequency of tool changes, 
provide more favorable operating conditions, i.e. higher speed and feed rates and 

provide higher product quality, i.e. better surface finish and tighter tolerances, 
open up new areas of applications, i.e. machining of difficult to handle non-me- 

achieve resource conservation, i.e. reduced materials losses and machining of 

thus improve the economy of the cutting and milling operations, 

tallic materials such as wood, plastic and composites, and 

more economical materials. 

There are, however, conflicting basic requirements for coating performances. The 
hard coating materials in question are frequently oxide ceramics such as A1203 and 
CrzO3, or nonoxide ceramics such as transition metal carbides (TIC, TaC, WC, Mo~C), 
nitrides (TIN, Si3N4, SiAlONs) and borides (TiB2). There are three problems. 

1. Ceramic coatings must have good adhesion to the metallic substrate, but little 
tendency to react with the material of the metal chip removed by the tool from the 
workpiece. This is particularly important when at high cutting speeds and there- 
fore high frictional temperatures the material of the coating dissolves in the chp. 

2. The ceramic constitutes of a hard layer with a high melting point, but there should 
be little crack propagation, i.e. high fracture toughness of the coating is required. 

3. The ceramic layer must be hard and high melting, but good adhesion is needed 
under widely changing temperature conditions imposed by friction and intense 
shear forces at the worked interface, and the associated high thermal stresses and 
high thermal expansion [l]. 
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Covalent Figure 8-1. Chemical bonding 
types of different hard ceramic 
materials [ 11. 
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A way to look at the compatibility of different ceramic materials is through their 
differing chemical bonding type (Fig. 8-1). Metallic hard materials, such as WC, TIC 
or TiB2 are characterized by their high proportion of metal-metal bonds in the f.c.c. 
closed-packed arrangement of metal atoms, whereas the small carbon or boron 
atoms occupy the octahedral interstitial sites. On the other hand, covalent ceramic 
materials have a high proportion of highly directional covalent bonds, and hetero- 
polar (ionic) ceramic materials possess simple sublattices of large close-packed oxy- 
gen anions with the small metal atoms at interstitial sites, opposite to the metal 
bonding structure. 

In general, all materials used for protective layers are characterized by mixed 
bonding types. Their properties change with the position of the material in the 
bonding triangle (Fig. 8-1). TiN close to the centre of the triangle has a particularly 
favorable combination of metallic, covalent and ionic bonding types. Carbide, ni- 
trides and borides of the transition metals (Ti, V, W) crystallize in simple, densely 
packed lattices of large metal atoms with the non-metallic atoms joined to the metal 
lattice by covalent or mixed covalent/ionic bonds. If metallic and ionic structures are 
combined, i.e. TiC-Al203, there are no corresponding metal planes at the interface 
but the Ti-planes of T i c  will match the oxygen planes of A1203 in positioning and 
size. Because the covalent structures have highly directional, saturated bonds, there 
is only a small tendency to interact with other materials at the interface. 

8.2 Design of Novel Advanced Layered Coatings 

The concept of ‘advanced layers’ includes the design [ 11 of: 

gradient layers [2], 
layer materials in thermodynamic equilibrium, 
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Figure 8-2. Possible designs of gra- 
dient-layer coatings WC-Tic-TiN (1) 
and WC-TiC-Al203 (2) [l]. 
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extended solid solution, and 
multilayers. 

8.2.1 Gradient Layers 

Functional gradient materials (FGMs) display continuously (or discontinuously) 
varying compositions or microstructures over definable geometric distances [2]. 

Very thin layers can be deposited by PVD techniques. Such coatings are designed 
so that to the substrate is first added an adhesive layer with a large fraction of metal 
bonds. These bonds tend to form a stable external layer with little tendency to inter- 
act. Examples are given in Fig. 8-2 of a gradient layer combination WC-Tic-TiN 
(1) and WC-TiC-Al203 (2). Such gradient layer coatings for cutting tools will ex- 
hibit superior flank wear resistance. In fact, the wear depth of uncoated WC during 
interrupted cutting is reduced by using a PVD Tic-TiN gradient coating from 
> 160 pm to a minimum wear depth of 20 pm [l]. These data were obtained from 
interrupted cutting conditions of CK 45 (speed: 125 m min-' , feed: 0.2 mm per revo- 
lution, depth of cut: 2 mm, cutting time: 5 min; corresponding to 3500 impacts). 

Plasma-spray processing offers an alternative way to deposit FGMs in a flexible 
and economical manner. It is possible to deposit multiple constituents simulta- 
neously, for example to produce thermal barrier graded layers with enhanced sur- 
vivability for gas turbines and diesel engines. Gradient layers are primarily employed 
to reduce discontinuities in the coefficients of thermal expansion to avoid mismatch- 
related failure in service. Such discontinuities frequently result in fatal cracks and 
spallation at the sharp interface between the substrate and a thermal barrier coating. 
FGMs are capable of spreading out this mismatch stress and thus reduce crack ini- 
tiation. Equipment to deposit FGMs can be classified as: single plasmatron-multiple 
powder feeders with blended or composite powders; multiple plasmatron-indepen- 
dent feeding systems for each components; and process combinations-wirelpowder 
feed systems combinations. Using a single plasmatron-dual feeder combination, a 
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graded NiCrAl/Y-PSZ coating has been produced with an almost linear increase of 
Y-PSZ as a function of the distance from the interface to the substrate. The micro- 
structure of this 2 mm thick gradient coating was composed of 70 pm-thick discrete 
layers of varying compositions [2]. Likewise, the elastic modulus of such a gradient 
coating decreased nearly linearly with increasing Y-PSZ content, i.e. away from the 
interface [3]. Despite these advances the benefits of grading for stress relaxation need 
to be studied in detail in the context of other coating characteristics such as environ- 
mental stability and manufacturing complexity. 

8.2.2 Layered Materials in Thermodynamic Equilibrium 

In the structurally compatible systems TiC/TiN or TiC/VN (see Fig. 8-I), extended 
formation of solid solution takes place that can either lead to a single phase solid 
solution, or, at lower temperature, to the decomposition of this single phase into two 
phases with added particle strengthening due to mechanical reinforcement. 

8.2.3 Extended Solid Solution 

In structurally noncompatible ceramics (TiN/AlN, TiC/SiC) with different bonding 
types an equilibrium solid solution is not possible for metastable layer materials 
composed of a metallic and a covalent hard material. Rapid solidification may lead 
to extended metastable solid solution over the entire compositional range. 

8.2.4 Multilayers 

Fine-grained multiphase structures with many phase boundaries frequently produce 
structures with increased toughness. Limited crack propagation takes place in the 
modulated layer structure because of deflection and arrest of cracks at the interfaces 
due to many oscillations between tensile and compressive stresses. PVD methods are 
ideally suited to produce TiC/TiB2, TiC/TiN or TiN/TiB2 composite coatings with 
up to 500 individual layers with a total layer thickness not exceeding 5 pm. The ad- 
vantage of the multilayer concept lies in the reduction of grain growth, the in- 
troduction of many interfaces, and the formation of modulated layer material that 
changes the mechanical properties, and leads to effective stopping of crack prop- 
agation. The application of various coating technologies to the design of novel coat- 
ings are shown in Table 8-1. 

8.3 Principles of Statistical Design of Experiments 

8.3.1 The Experimental Environment and its Evolution 

A brief survey of the techniques of statistical design of experiments (SDE) most fre- 
quently applied to thermally sprayed coatings has been given by Bisgaard [4] and 
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Table 8-1. Design of surface coatings. 

Layer materials concept Coating technology 

Solid solution coatings 
Gradient coatings 
Multilayers PVD, CVD, (PACVD) 
Metastable layer materials PVD, (PACVD) 
Multiphase layer materials 

PS, LPPS, CVD, PACVD, PVD 
PS, LPPS, CVD, PACVD, PVD 

PVD, (CVD, PACVD, PS, LPPS) 

PS =plasma spraying; LPPS = low-pressure plasma spraying; CVD =chemical vapor deposition; 
PACDV = plasma-assisted chemical vapor deposition; PVD = physical vapor deposition (magnetron 
sputtering, ion plating, arc evaporation). 

Heimann [5]. Two-level factorial analysis applied to plasma spraying was reviewed 
by Lugscheider and Knepper [6]. The design methodologies are based on the ideas of 
Plackett and Burman [7], Box [8, 91, Deming [lo] and Taguchi [ll].  Software is 
available to perform the statistical calculations required with ease [ 121. 

According to Tukey [ 131, industrial experiments can be classified according to 
their depths of intellectual investment as: confirmation experiments; exploration ex- 
periments; and fundamental or ‘stroke-of-genius’ experiments. A second method of 
classification is based on the distance of their objective from the real world, i.e. from 
the market [14]. Finally, the continuity of factors provides a third classification 
scheme. If the factors (parameters, variables) are continuous and controllable at 
preset levels, then the response surface methodology is the method of choice. If, 
however, some factors are orderable but not measurable, i.e. at discrete levels, the 
response surface analysis becomes less useful and should be replaced by nested or 
split-plot designs [15]. At a lower level of predicting power, screening designs like 
Plackett-Burman designs [7] that can handle mixtures of continuous and discrete 
factors are particularly important as a statistical experimental design for the opti- 
mization of plasma sprayed coatings (see Secs. 8.3.2, 8.4.1). 

Every experiment attempts to approximate the ‘real world’ in some ways but must 
avoid, by a set of simplifying assumptions, the complex interactions occuring in 
real systems. There are, in principle, two ways to accomplish this: the ‘classical’ 
experimental strategy that varies one parameter at a time but attempts to keep all 
others constant, and the statistical strategy that varies factors simultaneously to ob- 
tain a maximum of information with a minimum number of experiments. Thus the 
experimental economy becomes the overriding principle of the strategy. The classical 
experimental strategy yields accurate results but requires many experiments, and 
may give misleading conclusions to problems that have synergistic factor inter- 
actions, and also fails to elucidate the ‘structure’ of a system. Table 8-2 compares 
these two strategies [16]. 

8.3.1.1 Screening Designs 

The evolution of the experimental environment usually starts with a screening de- 
sign, for example a Plackett-Burman [7] or Taguch design [ 1 11 with many indepen- 
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Table 8-2. Two viewpoints of the ‘real world’ 1161. 

Classical Statistical 

Number of runs many few 
Type of response complex simple 
Synergism absent present 
Error small large 
Strategy one-factor-at-a-time factorial 
Thought pattern vertical lateral [ 171 

dent (up to 40) variables. It yields a rather crude prediction of the relative magnitude 
and sign of the parameters and thus the ranking of importance of parameters 
through a first-order polynomial model. The experimenters should list and inves- 
tigate carefully all possible parameters they can think of but should refrain from 
skipping some because of ‘folklore’, laboratory gossip, or preferences and hunches. 
The penalty for the tremendous reduction in the number of required experiments, 
however, will be the failure to detect synergistic interactions between parameters. On 
the other hand, an advantage of the screening designs is that they can accommodate 
a mix of continuous and discrete parameters. Plackett-Burman designs are satu- 
rated, i.e. they contain as many experimental runs as there are coefficients to de- 
termine in the first-order polynomial model. If the number of potential influencing 
factors is very large, supersaturated designs can be selected that contain less runs 
than coefficients to be estimated [18]. An even more reduced design plan can be ob- 
tained using the principle of chance balance [ 18, 191. More modern approaches con- 
sider evolutionary algorithms combined with fuzzy logic that allow estimation of the 
behavior of a complex system with but a few randomly chosen tests. 

8.3.1.2 Response Surface Designs 

With the independent parameters (up to eight) identified by screening designs to sig- 
nificantly influence the response of the dependent parameter(s), a ‘limited response 
surface’ experiment should be run such as a fill two-level factorial, 2 p  or even a 
fractional three-level factorial (Box-Behnken) design [8] that yields hgher quality 
predictions by allowing interpolation within the experimental space by a second- 
order polynomial model. Such a model determines nonlinear behavior, i.e. the curva- 
ture of the response surface and thus permits the estimation of synergistic parameter 
interactions. 

8.3.1.3 Theoretical Models 

The polynomial models approximate the ‘true’ response surface only in the necessa- 
rily narrow region of the investigated parameter space. Thus, any extrapolation be- 
yond the proven validity of the predictions is dangerous and may lead to useless or 
even nonsensical results. To avoid this, eventually theoretical models have to be built 
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Figure 8-3. Saturated Plack- 
ett-Burman design for estimation 
of 11 parameters with 12 runs. 
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[9, 201 that yield the exact mathematical response surface, usually by the application 
of first-order differential equations. 

8.3.2 Screening Designs 

In a real experimental program the screening designs, in particular Plackett-Burman 
designs are the starting point for any investigation of a completely unknown system. 
They are designed to screen out the few really important variables from a large 
number of possible ones with a minimum of test runs. Plackett-Burman designs are 
fractions of an N = 2p factorial for which N is a multiple of 4. Although they allow a 
tremendous reduction in experimentation there is no estimate of synergistic non- 
linear parameter interactions. In fact, only estimates of main effects clear of each 
other can be obtained. A saturated Plackett-Burman design useful for optimization 
of 11 plasma spray parameters in only 12 runs is shown in Fig. 8-3. The ‘+’-signs are 
assigned to the parameters xi at their maximum levels, the ‘-’-signs to their mini- 
mum levels. The factor effects are calculated by adding in each column the ‘+’- 
responses (C +) and subtracting the sum of the ‘-’-responses (C -). The value 
A = (C +) - (C -), divided by the number of ‘+’-(or ‘-’)-signs in the columns with 
assigned factors is the factor effect for the parameter xi. For the extra columns 
to which no factors have been assigned this ‘factor effect’ is an estimate of the 
experimental error. For example, assignment of only six variables, x1 to X 6  

leaves five degrees of freedom, i.e. unassigned factor effects x7 to x11 that can be 
used to estimate the standard deviation of the factor effects, CFE = {(l/q) C gq}l/* = 

To determine which factors xi are statistically significant the calculated factor ef- 
fects are being compared with the minimum factor significance, {min}. The mini- 
mum significant factor effect is 

{(l/n) c 

{min} = t:cJFE, (8-1) 
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with tt  = Student’s t for v degrees of freedom, and CI level of confidence for a double- 
sided t-distribution. All factors whose effects are larger than the (absolute) value of 
{min} are considered statistically significant. An example for the application of a 
Plackett-Burman screening test is given in Sec. 8.4.1. Although Plackett-Burman 
designs are available for nearly any multiple of four trials, the most useful ones are 
for 12, 20 or 28 trial runs. Such designs handle nominally 11, 19 and 27 factors, re- 
spectively. It is good practice to conduct an operability review after having selected 
any p columns for factors. For increased precision of prediction, a larger design 
could be used and/or a reflected design could be added [7]. By using the next larger 
design partial replication is obtained. For example, with 6 factors, the recommended 
design has 12 runs. This leaves 5 degrees of freedom for estimation of the ex- 
perimental error. Alternatively, the 6 factors can be run in a 20 trial design, hence 
leaving 13 degrees of freedom for estimation of the experimental error. Reflected 
designs are able to estimate main effects (almost) clear of two-factor interactions, 
and thus approach the predicting power of fractional factorial designs (see below). 

The selection of the level of significance, a, requires some discussion. When there 
is only a relatively small number of degrees of freedom, i.e. when a low number of 
runs has been performed, it is preferable to select a significance level lower than 0.95. 
In this case, the ‘power of test’ is greater, i.e. the likelihood of detecting a significant 
factor effect if it exists. As a rule of thumb, for degrees of freedom s 5,  5 to 30, and 
2 30, respectively, significance levels of 0.90, 0.95, and 0.99, respectively should be 
picked. 

If two-factor interactions are present, Plackett-Burman designs have the desirable 
property that significant factor effects stand out over a pool of background noise 
containing both experimental error and interactions when present. In the absence of 
interactions, the precision ratio achieved is 

where UFE = standard deviation of a factor effect, a = standard deviation of a single 
observation, and n =total number of observations (runs) in the selected design. The 
value of n, i.e. the number of experimental runs should be large enough to have a 
high probability of separating the significant signal from experimental noise, but 
small enough the optimize time and costs. The size of the factor effect to be detected 
is R, and the desired probability that a significant parameter can be detected when it 
has a true effect of size R, is (1 - p) 2 0.90. This is satisfied if ~ F E  = 0/4 .  From (8-2) 
it follows that 

n = ( 8 0 / ! 2 ) ~  = [8/(R/a)l2, (8-3) 

with R/a = signal-to-noise ratio. 
Eq. (8-3) is called Wheeler’s test. To detect effects twice as large as the ex- 

perimental error (R = 2a), n must be 12 to 16. To detect effects the same size as the 
error (R = a), n becomes four times as large, i.e. 48 to 64. Weak factor effects thus 
require a large number of experiments. 
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8.3.3 Factorial Designs 

8.3.3.1 Full Factorial Designs 

Factorial designs permit the estimation of the main (linear) effects of several factors, 
xi simultaneously and clear of two-factor interactions, {xixi} .  The total number of 
experiments, N is obtained by running experiments at all combinations of the p fac- 
tors with 1 levels per factor, i.e. N = l p  for a full factorial design. In particular, two- 
level factorial designs (1 = 2) are highly useful for a wide variety of problems. They 
are easy to plan and to analyse, and readily adaptable to both continuous and dis- 
crete factors. Such designs provide adequate prediction models for responses without 
a strong nonlinear behavior in the experimental region. However, for best results the 
responses Y should be continuous, and have uniform and independent errors. This 
means that: the experimental error must have approximately the same magnitude 
at all experimental points; and the size and sign of error at any one experimental 
point must not be affected by the sizes and signs of errors that occur at other ex- 
perimental points. If the first requirement cannot be guaranteed a logarithmic trans- 
formation of the responses Y is often advisable. With factor coding as discussed 
above, using the so-called Yates order [21] and randomization of the experimental 
trials, factor effects for each main effect and two-factor interaction are calculated 
similarly to the procedure mentioned in Sec. 8.3.2. The computation of factor effects 
and residuals can also be quickly and accurately accomplished using the inverse 
Yates algorithm, [22]. The test of significance can be derived from an appropriate 
t-test: 

where {min},in, {min}, are the minimum significant factor effects for linear effects 
and curvature, respectively, and m = 2P-l for factor effects and 2p for the average, 
k =number of replicates, and c =number of center points. If a computed factor 
effect is larger (in absolute value) than {min},, than it can be safely concluded that 
the true effect SZ is nonzero. Also, when the curvature effect is larger than {mi.}, 
then at least one factor has nonzero curvature associated with it. Applications of full 
factorial designs 23 to the design of (Ti, Mo)C-NiCo- and 88WCl2Co-coatings on 
mild steel, and a 25 design applied to a self-fluxing NiCr coating on steel will be dealt 
with in Sec. 8.4.2. 

8.3.2.2 Fractional Factorial Designs 

If the number of parameters p to be estimated becomes larger than, say 5 a full fac- 
torial may not be appropriate anymore for reasons of experimental economy. Then 
fractions of a full factorial can be run, i.e. N = 2p-4. In particular, half-fraction of 
full factorials, N = 2P-l estimate main effects and two-factor interactions clear of 
each other. 
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Fractional factorial designs are useful in the following situations [23]: 

1. when some interactions can be reasonably assumed nonexistent from prior 
knowledge, 

2. in screening operations where it is expected that the effects of all but a few of the 
factors will be negligible, 

3. where blocks of experiments are run in sequence, and ambiguities remainining at 
an earlier stage of experimentation can be resolved by later blocks of experiments, 
and 

4. when some factors that may interact are to be studied simultaneously with others 
whose influence can be described through main effects only. 

Fractional factorial designs can be divided into three types with regard to their power 
of resolution, i.e. their degree of fractionation. The higher the degree of fractionation 
the more comprehensive the assumptions required to arrive at unequivocal inter- 
pretation of the system. Designs of resolution 111, for eaxmple 23-’, are those in 
which no main effect is confounded with any other main effect, but main effects are 
confounded with two-factor interactions, and two-factor interactions with each 
other. In designs of resolution IV, for example 24-1, no main effect is confounded 
with any other main effect or two-factor interaction, but two-factor interactions are 
confounded with each other. Finally, in designs of resolution V, for example 25-1, no 
main effect or two-factor interaction is confounded with any other main effect or 
two-factor interaction, but two-factor interactions are confounded with three-factor 
interactions. Since in most real problems three- and higher-factor interactions can be 
safely neglected, a design of resolution V should be the design of choice. However, in 
order to reduce the number of runs required and thus keep within the economical 
bounds of most research and development projects, fractional factorial designs of 
resolution IV can be tolerated. The design 28-4 discussed in Sec. 8.4.3 is of resolution 
IV. The confounding of two-factor interactions in this design leads to composite 
two-factor interaction, i.e. the sum of four two-factor interactions. Examples of these 
fractional factorial designs applied to 88WC12Co-, Ti-, 97A12033Ti02-, 85Fe15Si- 
and stellite coatings on mild and austenitic steel substrates will be shown in Sec. 
8.4.3. 

8.3.4 Box-Behnken Designs 

Box-Behnken designs [S] are incomplete three-level factorial designs that allow esti- 
mation of the coefficients in a second-degree graduating polynomial. They employ 
subsets of the corresponding full three-level factorial, Y. For example, the three- 
factor design uses only 13 of the 27 points of the full factorial 33 with two extra rep- 
licates of the center points added, for a total of 15 experimental points of a spherical 
space-filling’ and rotatable design. Another desirable feature of such designs with 

Note that the factorial designs are considered to have a ‘cuboidal’ or ‘hypercube’ factor space 
whereas the true response surface designs have a ‘spherical’ factor space. 
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p > 4 is the possibility to run it in separate blocks of points. Such orthogonal block- 
ing permits subtraction of the effect of a shft of response between blocks, and thus 
removal of bias errors due to differences in extraneous variables not considered in 
the design. The 15 data points in the three-factor Box-Behnken design are five more 
than the minimum number of 10 required to estimate the coefficients of the design (3 
linear main effects, 3 parabolic main effects, 3 two-factor effects, and 1 three-factor 
effect). Thus it provides five degrees of freedom for error. Orthogonal blocking is 
possible for designs from four up to ten factors. Rotatability is associated with the 
geometric properties of the design, i.e. the arrangement of the array of data points, 
except for the center point, to be at the mid-points of the edges or faces of a hyper- 
cube whose dimensionality is given by the number of factors considered. Hence all 
points are situated on a single sphere and are thus equidistant from the center. This 
means that the design is balanced by the mathematical momentum condition. The 
replicated center point allows estimation of the minimum factor significance, i.e. the 
inherent experimental error, and prediction of constant variances as a function of 
distance from the center. 

It is good experimental strategy to employ such Box-Behnken-type designs at a 
rather advanced stage of experimentation when the number of potentially significant 
factors has been narrowed down to 3 to 6 continuous factors. As clearly pointed out 
by Bisgaard [4] even considering nonlinearity of responses in plasma-sprayed designs 
does not warrant, for reasons of experimental economy, three-level factorial designs 
in the initial stage of experimentation. Thus second-order effects should be dealt with 
exclusively when they actually show up in the set of data, and not only because the 
experimenter suspects that the system under investigation may show some global 
nonlinearity! When switching from two- to three-level designs any discrete, i.e. non- 
continuous factor effect must be considered constant. The response surface obtained 
through a Box-Behnken response surface design provides usually a hgh-quality 
prediction over a region where linear, parabolic (curvature) and two-factor inter- 
actions are needed to describe a response of the system, Y as a function of the co- 
efficients of the independent input parameters Xi obtained by a full quadratic poly- 
nomial for p independent parameters: 

with j > j’ 

8.3.5 Designs of Higher Dimensionality 

Three levels are the minimum number for each factor to describe accurately non- 
linear (curvature) effects. To add additional power of prediction to a Box-Behnken 
design, it is advisable to use more than three factor levels. One popular class of re- 
sponse surfaces are the central composite or Box-Wilson [24] designs that employ 
five levels for each factor. It is composed of a full two-level factorial 23 with added 
center points plus six star points outside the cube planes defined by the four points 
of the two-level factorial. The geometric shape of the resulting five-level design is a 
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tetrakishexahedron whose 14 design points surround a k-time replicated center 
point. This polyhedron is 'cuboidally' spacefilling and can be described as the dual 
polytope of a cuboctahedral Dirichlet domain (Voronoi polyhedron). 

8.4 Optimization of Coating Properties: Case Studies 

8.4.1 Plackett-Burman (Taguchi) Screening Designs 

Optimization of a novel (Ti, Mo)C-NiCo coating on mild steel (German steel num- 
ber St38) was performed by vacuum plasma-spraying in an argon/hydrogen plasma 
using a 12-point 1 1 -factor Plackett-Burman design (Llz-type according to Taguchi) 
[25]. The six factors varied at two levels (high and low) were: 1 = powder (agglom- 
erate) grain size', 2 =plasma power, 3 = powder feed rate, 4 = plasmatron traverse 
speed, 5 =chamber pressure, 6 = spray (stand-off) distance. The plasma power, 
2, was not an independent parameter but obtained by an appropriate selection 
of the argon/hydrogen ratio and the current. The low value of 2 was 42 kW (argon: 
48 1 min-', hydrogen: 6 1 min-', current: 800 A), the high value was 47 kW (argon: 
48 1 min-' , hydrogen: 7 1 min-' , current: 900 A). The remaining factors and their 
levels were: 1 (-32 + 10 pm; -63 + 32 pm), 3 (0.5; 1 scale), 4 (4m min-'; 8 m min-'), 
5 (80 mbar; 100 mbar), and 6 (340 mm; 380 mm). Four responses Yj were measured: 
surface roughness of the deposit (Yl) ,  microhardness (Yz),  porosity (Y,) and fracture 
energy density (Y4). The factors found to influence those responses at a level of con- 
fidence of 95% were 1 (positive effect for surface roughness and porosity, negative 
effect for fracture energy density) and 6 (positive effect for porosity, negative effect 
for fracture energy density). In addition, with the parameters 2, 5 and 6 a full facto- 
rial design 23 was run for the fine powder (-32 + 10 pm) with increased ranges of 2 
(38 kW; 53 kW) and 5 (100mbar; 180mbar) and a reduced range of 6 (200mm; 
300 mm) in order to minimize the coating porosity. For the low levels of 2 (38 kW), 5 
(100mbar) and 6 (200mm) a coating porosity around 2% could be achieved with 
reasonably low surface roughness and a fracture energy density around 30 J rnmp3. 
Problems occured with a high heat transfer to the substrate that requires efficient 
substrate cooling. 

Other recently reported optimization studies on plasma-sprayed coatings based on 
L8 or L16 Taguchi designs relate to: 

NiCrAl/bentonite abradable coatings (L16 design, 15 independent parameters, 3 
dependent parameters: erosion resistance, tensile strength, hardness) [26] 
HVOF-sprayed Al-Silpolyester abradable coatings (L8 design, 5 independent 
parameters, 3 dependent parameters: hot erosion resistance, bond strength, hard- 
ness) [27] 

Here and in the following text the factors X I ,  X2 . . . Xi will be denoted by 1,2 ,  . . . i. 
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Thck thermal barrier coatings (TTBCs) (L8 design, 7 independent parameters, 5 
dependent parameters: erosion resistance, macrohardness, porosity, deposition 
efficiency, thermal shock resistance) [28] 
WC/Co-, Cr3Cz/NiCr- and A1203/Ti02 coatings (L8 design, 7 independent pa- 
rameters, 4 dependent parameters: microhardness, Rockwell macrohardness, ten- 
sile strength, composition) [29]. 

8.4.2 Full Factorial Designs 

Such designs are not very common in the literature since they are limited to a rather 
small subset of spray parameters. Only if enough knowledge of the system under 
investigation has been accumulated such designs are being applied to fine-tune the 
parameters of a decreased factor space (see Sec. 8.4.1). 

A two-level five-factor full factorial 25 was employed by Hurng et al. [30] to eval- 
uate the properties of a self-fluxing nickel-base alloy containing 15 to 18 mass% Cr 
and 5 mass% (Fe + C + B + Si) deposited by a hybrid APS/PTA (plasma trans- 
ferred arc) process on mild steel. The five independent parameters and their ranges 
were: 1 plasma current (420 A; 460 A), 2 spray distance (1 5 mm; 17 mm), 3 powder 
feed rate (8; 12 wheel speed units), 4 plasmatron traverse speed (25mms-'; 
35 mm SKI) and 5 plasma transferred arc current (4;6 scale units). Each parameter 
setting was repeated thus giving two sets A and B of 32 runs each. In addition, 15 
experiments were run at the 'working point', i.e. the midpoint between the low and 
high values selected for each parameter. 

The optimized dependent response parameters were the microhardness (800 f 
40 HVo.3), the porosity (2.1 f 1.5%) and an oxide content as low as 0.13%. The sig- 
nificant parameters for optimizing the microhardness were the plasma current 1 with 
an effect per unit of -0.83 HVo.3 per A, the two-factor interactions 1 2  (positive effect) 
and 4 5 (positive effect), and the spray distance 2 with an effect of about 11 HVo.3 per 
mm. Thus 1 > 1 2 2 4 5 > 2 (absolute). The significant parameters for optimizing the 
lumped together-values of coating porosity and percent oxide were the traverse speed 
4 with 0.38 % per mm per s, the two-factor interaction 23 (negative effect) and the 
plasma transferred arc current 5 with an effect per unit of -0.32% per A. Thus 
4 > 2 3 > 5 (absolute). 

This result shows clearly the problems such coating property predictions have 
when performed at an insufficient level of predicting power, i.e. only two-level de- 
sign: the quite different factor significances for microhardness and porosity precludes 
an unambiguous optimization treatment. Microhardness is presumably much af- 
fected by porosity but the parameter with the highest significance for the former, the 
plasma current 1 does not at all show up in the response polynomial of the latter. 
Likewise, the parameter with the highest significance for the porosity, the traverse 
speed 4 is not part of the response polynomial of the microhardness. With the large 
number of experiments expended (79) a folded-over, i.e. replicated three-level five- 
factor Box-Behnken design could have been executed with a slightly increased total 
number of runs of 92. This design allows for the estimation of nonlinear effects that 
are to be expected in the system. On the other hand, a result comparable to that de- 
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scribed above would have been obtained with a mere 24 runs as a reflected five-factor 
12-run Plackett-Burman or ,512 Taguchi design that estimates main effects clear of 
two-factor interactions with 6 unassigned factors for determination of the minimum 
factor significance. It should be emphasized again that in the interest of experimental 
economy it is good practice to always start with a simple screening to weed out the 
weakly significant parameters, and only than follow up with a full factorial design. 

A simple two-level three-factor full factorial design 23 with 2 center points added 
was used by Troczynski and Plamondon [ 3  11 to optimize the erosion rate, Rockwell 
A-macrohardness, density, thermal decomposition of WC, and surface roughness 
of 88WC12Co coatings deposited by APS at a plasma power of 24 & 4kW on 
mild steel. The independent parameters and their levels were hydrogen content in 
% in the argon/hydrogen plasma gas 1 ((2; 4) Ifi 0.3%}, spray distance 2 ((51; 
127) _+ 2.5mm}, and powder feed rate 3 ((30; 60) & 3 gmin-'}. The choice of the 
independent parameters was as almost always a compromise, here between a limited 
experimental capability, a large number of variables potentially controlling the 
properties of the WC/Co coatings, and the practical relevance in industrial spraying 
operations. By plotting sections of the four-dimensional response hyperspaces 
[1,2,3, Yi] it was possible to define a set of robust conditions that resulted in 
optimized coating properties (erosion rate < 10 mg s-l, hardness HRA > 40, 
density > 9 gcmP3, and W2C content < 7% of initial amount of WC) insensitive 
to minor variations. These robust processing conditions were 1 = 2 _+ 0.5%H~, 
2 = 76.2 k 12.7mm, and 3 = 60 f 10gmin-'. With this highly economical de- 
sign a set of operating windows were obtained as shown in Fig. 8-4. 

Optimization of the porosity of APS-tungsten coatings on 6061 aluminum sub- 
strates was done using a combination of statistical designs [32], e.g. a full factorial 23 
with 4 center points, and a central composite design using a 23 full factorial plus 6 
star points and 2 center points. The variables were 1 =total gas flow, 2 = second- 

Figure 8-4. Response surface mod- 
ification (RSM) optimization of 
an 88WC12Co coating to achieve 
an erosion rate < 10 mg s-' , Rock- 
well A hardness > 40, density 
> 9 g ~ m - ~ .  Shown are operating 
windows of the hydrogen content of 
the plasma gas in YO and the stand- 
off distance in mm for powder feed 
rates F ranging from 15 to 
75 g min-' [3 11. 
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Figure 8-5. Optimization of the porosity of an APS-WC/Co coating on 6061 aluminum. The re- 
sponse surface of the porosity is displayed as a function of the ratio of the hydrogenltotal gas flow 
(2), and the stand-off distance (3) for a total gas flow of 110 SCFH (approx. 3.1 m3 h-I) [32]. 

ary(H2)-to-total gas flow ratio and 3 = stand-off distance. The average porosity 
measured ranged from 12.7 to 1.1%. The minimum porosity was obtained for 
1 = 52 1 min-’ (1 10 standard cubic feet per hour (SCFH)), 2 = 11%, and 3 = 70 mm 
(2.75”) as shown on the response surface (Fig. 8-5). 

8.4.3 Fractional Factorial Designs 

These designs permit a higher flexibility in terms of increasing the number of pa- 
rameters under study. Although the number of plasma spray parameters that can 
potentially influence the coating properties is very large ( 2  150) it is common prac- 
tice to consider only 8 to 12 parameters in statistical designs. Popular designs are 
28-4 fractional factorial designs of resolution IV. 

8.4.3.1 Tungsten Carbide/cobalt Coatings 

An example will be given of the optimization of 88WC12Co coatings deposited by 
APS (argon/helium plasma at Mach 2 velocities) onto low-carbon steel [33]. The 
eight selected parameters and their ranges were the plasma current 1 (700; 900 A), 
argon gas pressure 2 (0.34; 1.36 MPa), helium gas pressure 3 (0.34; 1.36 MPa), pow- 
der gas pressure 4 (0.34; 0.68 MPa), powder feed rate 5 (0.5; 2 scale value), powder 
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grain size 6 (-45 + 5; -75 + 45 pm), number of traverses 7 (5;15 for set 1 and 20;30 
for set 2) and spray distance 8 (250; 450mm). If all possible experiments would be 
executed, their total number would be 256 (28). In the present situation, however, 
only a fraction of the total, i.e. the 1/16 replicate was selected (28p4). Two sets of 16 
spray runs each were performed. During the first set, the number of traverses was 
varied between 5 and 15; this produced relatively thin coatings with a maximum 
thickness of 80pm. The data from this set were statistically evaluated to yield in- 
formation on the main factor effects and synergistic two-factor interactions. The 
second set with the number of traverses varying between 20 and 30 resulted in coat- 
ings with a maximum thickness of 200 pm. The data from the second set were used to 
evaluate the microhardness and the cohesive strength of the coatings. The design 
allows the calculation of the eight main effects clear of the composite two-factor 
interactions Ei. The calculations are executed in Appendix C. 

The statistical significance of the factor effects calculated analogous to the simple 
procedure outlined in Sec. 8.3.2 (see Appendix C) was checked against the minimum 
factor significance, {min} = CSFE x t,", where CJFE = (1 / a  C E!)'/', t," is the Student's 
t-value for a confidence level a of a double-sided significance test and v = degrees of 
freedom. All absolute factor effects larger than or equal to {min} were considered to 
be significant. 

The composite two-factor interactions Ei were calculated in a similar fashion 
(see Appendix C). They are the unassigned factors that can be used to estimate 
the experimental error, i.e. the QFE value needed to calculate the minimum factor 
significance, {min}. With the data obtained it follows that CSFE =( l /n  CE?)1/2 = 
(3592/7)'12 = 22.6, and {min} = 22.6 x t ( a  = 0.90, v = 7) = 22.6 x 1.895 = 43. This 
means, that all main factor effects whose absolute values are larger than 43 should be 
considered significant at a confidence level of 90%. Checking with the data in Ap- 
pendix C, this is the case for 5 = 54 and 6 = 55 for thicker coating, i.e. those obtained 
from the second set of experiments with the number of traverses ranging between 20 
and 30. Both effects have positive signs, i.e. the thickness of the coating increases 
with increasing powder feed rate, 5 and increasing spray distance, 8. Short spray 
distances lead to overheating of the alloy powder thus causing thermal decom- 
position and/or reaction of the WC with the cobalt metal matrix forming q-carbides 
Co,W,C (Fig. 5-17; [34]). Hence, the response polynomial of the thickness of 
plasma-sprayed 88WC 12Co alloy coatings can be approximately expressed by the 
equation d(pm) = 32 + 27x5 + 28x8. For thinner coatings a slightly different pic- 
ture emerges. In this case the significant factors affecting coating thickness are 6 
(negative effect) > 8 > E4, E6 (negative), E5 > 7 > 3; Fig. 8-6 shows the position of 
the experimental data points for the coating thickness in pm in a four-dimensional 
hypercube where the four axes of the cube are the factors 6, 7, 8 and 3. The design 
consists of two nested cubes with 3 = -1 and 3 = +l. These 3D-cubes are also 
shown in Fig. 8-6 (bottom). Maximum thickness of the coatings can be obtained 
using fine powders, long spray distances, and high helium gas pressure. The complex 
statistical significance of the composite two-factor interactions E4 = 1 5 + 3 8 + 
2 6 + 4 7 ,  ES = 1 6 + 7 8 + 3 4 + 2 5 ,  and E6 = 1 7 + 2 3 + 6 8 + 4 5  may be some- 
what deconvoluted by assuming that there exists at least one large component inter- 
action involving factors with significant main effect in each composite interaction. 
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Figure 8-7. Quasi-linear relationship between microhardness (HVo.2) and thickness for 88WC 12Co 
coatings [33]. 

The most likely candidates are 3 8 for E4, 7 8 for Es, and 6 8 for E6. Additional ex- 
periments with a larger set of runs at a higher power of prediction would be required 
to resolve these ambiguities. 

For the microhardness there exists only a weak significant factor, 8. There is a 
quasi-linear relationship between coating thickness and microhardness (Fig. 8-7). 
The maximum microhardness obtained for coatings with thicknesses exceeding 
200pm is 1200HVo.2 (75 HRC). The cohesive strength of the coatings exceeded 
60 _+ 16 MPa and yielded a maximum value of 80 MPa. Additional scanning elec- 
tron microscopy investigations were performed to obtain qualitative information on 
the porosity. The only significant parameter to describe the development of porosity 
is the powder grain size, 6,  i.e. fine powders produce higher coating porosity. Sta- 
tistically nonsignificant results were obtained for the degree of densification; high 
plasma currents, 1 and a small powder grain size, 6 produced a higher degree of 
densification. These results are somewhat contradictory as increased densification 
should also produce a lower porosity. It may be, however, that overheating of the 
particles at short stand-off distances leads to vaporization, and the increased poros- 
ity simply reflects the eruption of gaseous decomposition products such as C02 gen- 
erated by partial oxidation of tungsten carbide under formation of q-carbides [34]. 

In conclusion, the application of the statistical design matrix 28-4 to 88WC/ 12Co 
coatings showed that the eight parameters selected as variables can be divided into 
highly significant (‘soft’), and less or insignificant (‘hard’) parameters that can be 
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Figure 8-8. Plasma spray parameters 1 
to 8 show a three-tiered hierarchy: 
plasmalparticle velocity, degree of melt- 
ing, and degree of bonding [33] .  

Substrate 

Degree of Plasma/PartLcle Coating 
velocity + Properties Bon&ng 

Feed Rate Xs 

Spray Distance X8 

varied widely (see [3 11). ‘Soft’ parameters for optimizing coating thickness are pow- 
der grain size and spray distance, i.e. parameters that determine the degree of melt- 
ing of the particles. Typical ‘hard’ parameters are argon gas pressure, powder gas 
pressure and powder feed rate. 

Figure 8-8 shows the three-tiered hierarchy of the selected plasma spray parame- 
ters. Third-level parameters are plasma/particle velocity, degree of particle melting, 
and degree of bonding of the coating to the substrate. These properties are influenced 
by the second-level parameters plasma temperature, particle temperature and sub- 
strate temperature. These in turn are determined by the eight first-level input 
parameters. This scheme illustrates once more that the fact that these parameters 
do not always act in the same directions (saddle points of the response surface), re- 
quires statistical multifactorial design to unravel the generally complex parameter 
interactions. 

8.4.3.2 Ferrosilicon Coatings 

A second case study concerns the optimization in terms of coating thickness and 
microhardness of an 85Fe15Si (Valco 3603.0, -22 + 5 pm) coating on carbon steel 
[35]. This material is known for its excellent corrosion resistance and may have ap- 
plications in demanding environments such as those present in coal gasification 
where hydrogen sulfide leads to severe stress corrosion cracking. Samples were cut 
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from St 37 steel plate and mounted on a specially designed sample holder that per- 
mits cooling by water flowing through a thin copper pipe attached by hard soldering 
to the underside of the sample holder. The plasma spray equipment used to deposit 
the coatings was a conventional METCO system with a vibrating hopper, and a 
METCO 9M plasmatron. Spraying was performed with an argon/hydrogen plasma 
gas. A fractional factorial design 28-4 was selected whose factors and their levels 
were as follows: 1 plasma current (300;500 A), 2 argon gas flow (100;140 scale value), 
3 hydrogen gas flow (2;4 scale value), 4 substrate cooling3 (no;yes), 5 ammonia 
shroud4 (no;yes), 6 traverse speed (20;30 m min-’), 7 substrate roughness (0.45; 
1.1 pm), and 8 stand-off distance (80;120 mm). Constant factors were the anode (GH 
732), powder feed tube (A), powder spray nozzle (2), powder feed rate (60 g min-I), 
number of preheating cycles (3), number of spray traverses (3) and overlap (5 mm). 
The main factor effects 1 to 8 as well as the composite two-factor interactions El to 
E7 were estimated for the coating thickness (Y l )  and the microhardness (Y2). The 
significant main effects for coating thickness were 4 (negative) and 6 (positive), i.e. 
the coating thickness is maximized (175 pm) on a preheated substrate with increasing 
traverse speed. There is a conspicuously large negative composite two-factor inter- 
action, E2 = 1 3  + 27 + 4 6 + 5 8 (see Appendix C). This can be rather easily ex- 
plained by the large value of the (negative) 4 6 two-factor interaction involving the 
two significant main effects 4 and 6. 

The significant main effects for the microhardness were 3 (positive), 4 (negative) 
and 8 (negative), i.e. the microhardness is maximized (325 kPa) at a short stand-off 
distance on a preheated substrate with increasing hydrogen flow rate (plasma en- 
thalpy). Since it could be shown that for the optimization of the microhardness only 
three of the original eight selected parameters were significant, the 28-4 fractional 
factorial design can be reduced to a replicated Z3 full factorial design in variables 3 , 4  
and 8. Hence the assumption has been made that the remaining factors are essen- 
tially inert. However, the rather large standard deviation of the replicated micro- 
hardness values showed that this simplifying assumption cannot be upheld. For ex- 
ample, 1 is almost at the level of significance and may account for the variation of 
the replicated values. Thus the factor 1 behaves like a perturbation of the 3D- 
response surface in 3, 4 and 8, and it must be concluded that larger plasma arc 
currents, i.e. hgher plasma temperatures will also increase the microhardness of 
85Fe15Si coatings. Plotting the microhardness in a 4D-hypercube design (Fig. 8-9) 
in 1 , 3 , 4  and 8 shows clearly that the associated response surface has a saddle in the 
3 4 plane for low and high level variations of 1. 

In conclusion, optimized microhardness values for 85Fe15Si coatings can be ob- 
tained by: 

substrate preheating, 
increased flow rate of high-enthalpy gases, e.g. hydrogen, 

‘No’ substrate cooling means substrate preheating. 
Ammonia was used as a shroud gas since the 85Fe15Si coating was developed as a bond coat for a 

plasma-sprayed silicon nitride-based high temperature erosion resistant coating. Ammonia was sup- 
posed to counteract the thermal decomposition of silicon nitride during spraying [35]. 
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Figure 8-9. Geometric 4D-representa- 
tion of a 28-4 design in variables 1,3,4 
and 8 to estimate the microhardness of 
a 85Fe15Si coating. The numbers refer 
to HVo.2 values in kPa [35]. 

(300A; 2 scale) X3 (4 scale; no) 

short stand-off distances, and 
high plasma arc current. 

Under these conditions the porosity of the coatings will also be minimized, and ad- 
hesion to the substrate will be maximized. 

8.4.3.3 Alumina/titania Coatings 

Similar coating optimization has been performed for alumina-titania plasma- 
sprayed coatings applied to pump plungers operating at elevated temperature and as 
protective coatings against hot gas erosion of petrochemical processing equipment 
[36]. As above, a 28-4 fractional factorial design of resolution IV was selected with 
1 plasma current (850;950A), 2 argon gas pressure (345;517kPa), 3 helium gas 
pressure (276;414 kPa), 4 substrate preheating (23;200 "C), 5 powder feed rate 
(4.53.5 r.p.m.), 6 roughening grit size (80;40 mesh), 7 number of traverses (20;50) 
and 8 stand-off distance (76;127mm). Coating thickness was found to be signif- 
icantly influenced by 2,7 and 8. Figure 8-10 shows the 23 design cube with the results 
of the replicated coating thickness measurements. Figure 8-1 1 shows a different way 
to express parameter significance. The coefficients obtained by calculation identical 
to those shown in Appendix C have been plotted on a probability net. If the co- 
efficients would only vary in a random fashion then their plot should give a straight 
line (Gaussian distribution). Deviation from this straight line signifies significant pa- 
rameter effect. Figure 8-1 l shows that the thickness of alumina-titania (97/3) coat- 
ings is significantly influenced by the argon gas pressure, 2 and the spray distance, 8 
in a negative way, but positively influenced by the number of passes, 7, the powder 
feed rate, 5 and a two-factor composite interaction, E3 (positive effect) whose de- 
termining contributions are presumably the two-factor interactions 2 8 and 5 7. In 
Fig. 8-12 it is shown that the interaction 28  has a large difference in slope at low and 
high levels of 7 with a cross-over at high 7. On the other hand, the probability plots 
of the coefficients of the second-order polynomial response equations for the micro- 
hardness (Vickers test, HVo.3; Fig. 8-13) and the abrasion mass loss determined 
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Figure 8-10. Optimization of the thickness of aluminaltitania coatings as a function of argon gas 
pressure 2, number of traverses 7, and stand-off distance 8 [36]. 
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Figure 8-11. Probability distribution of the coefficients of the polynomial equation obtained for the 
thickness of alumina/titania coatings [36]. 
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Figure 8-12. The two-factor interaction 28 is negligible for few traverses (7 < 20) but strong for 
many traverses (7 > 50) [36]. 
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Figure 8.13. Probability distribution of the coefficients of the polynomial equation obtained for the 
microhardness of alumina/titania coatings, showing random, i.e. statistically nonsignificant factor 
effects [36]. 

by the ASTM G 65 test (Fig. 8-14) show random behavior thus indicating that 
in both cases the properties are not significantly influenced by the selected factors. 
The microhardness increases linearly (correlation factor 0.61) with coating thick- 
ness according to a limiting equation HVo.3 = ad + b, where a = 120 k g ~ n n - ~ ,  
b = 974 kg mm-2, and d = thickness (mm). The abrasion mass loss is inversely 
proportional (correlation factor -0.89) to the coating thickness and obeys the equa- 
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Figure 8-14. Probability distribution of the coefficients of the polynomial equation obtained for the 
abrasion mass loss (ASTM G65) of aluminaltitania coatings, showing statistically nonsignificant 
factor effects [36]. 

tion Am = c /d  where c = 45.3 mgmm-’ and d =thickness (mm). Figure 8-15 shows 
that there is also an inverse relationship between abrasion mass loss and microhard- 
ness that can be expressed by the power function Am = A ( H V O . ~ ) ~ ~  [kg] where 
A = 4.3 x 

In conclusion, application of a two level fractional factorial design 28-4 to a set of 
97A12033Ti02 coatings on low-carbon steel (A 569) surfaces showed that the eight 
parameters selected could be divided into highly significant or ‘soft’, and less or 
nonsignificant ‘hard’ parameters. ‘Soft’ parameters to describe the coating thickness 
are the stand-off distance 8, the number of traverses 7, and the argon gas pressure 2. 
Typical ‘hard’ parameters are arc current, preheating temperature and grain size of 
the grit blasting material. 

and B = 9.5 (correlation factor -0.64). 

8.4.3.4 Stellite Coatings 

Another example deals with stellite 6 (28CrlC4W1 Si, bal. Co) coating deposited by 
a PTA surfacing process on mild steel (SIS 2172) bars by Herrstrom et al. [37]. A 
26-2 fractional factorial design was used in the parameters, 1, plasma current 
(100; 130 A), 2, argon gas flow (1;3 1 min-I), 3, powder gas flow (2;4 1 min-I), 4 oscil- 
lation frequency (82;90 min-I), 5 weld speed ($7 cm min-’) and 6 stand-off distance 
(6; 14 mm). Dependent parameters estimated were the percentage dilution, the hard- 
ness HV30, and the width and the height of the deposit in mm. The hardness of the 
PTA deposit depends significantly with 2 > 6 > 1 >> 16 + 4 5, the width of the de- 
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Figure &15. Inverse relationship between abrasion mass loss and microhardness of alumina/titania 
coatings [36]. 

posit shows 4 > 2, and the height 1 > 2. The dilution depends significantly at a con- 
fidence level < 95% on the parameters 2 > 1 >> 6. It should be mentioned that the 
responses Y are not independent of each other. So the hardness depends not only on 
the dilution but also on the microstructure and the cooling rate that were not ex- 
plicitly parts of the experimental design. At the working point, i.e. at an intermediate 
parameter level ('0,) the following optimized responses were found: hardness 
424.6 & 3.78HV30, dilution 6.84 & 0.64%, width 15.24 & 0.30mm, and height 
2.84 & 0.29mm. 

8.4.3.5 Titanium Coatings 

Work by Lugscheider et al. [38] on vacuum plasma-spraying of Ti coatings on 
1.4571 and 1.4541 austenitic steel substrates employed an L8 Taguchi matrix with 
four parameters varied. These parameters and their levels were the plasma current 1 
(605; 655 A), argon gas flow 2 (33; 43 standard liter per minute (SLPM)), vacuum 
chamber pressure 4 (144; 164mbar) and powder feed rate 6 (6.8; 10.8gmin-'). The 
parameters 3 (hydrogen gas flow; 6.5 SLPM), 5 (spray distance; 280mm), 7 (plasma 
transferred arc current; 0 A) and 8 (sputter distance 320 mm) were kept constant at 
the levels indicated. The eight runs performed actually constitute an 28-5 matrix. 
Two additional runs with parameters 1 and 2 changed in the directions indicated by 
the fractional factorial design, and parameters 4 and 6 kept at their zero levels, i.e. 
midway between the upper and lower parameter levels led to the desired minimum 
porosity of 1.3% [39]. The other optimized dependent parameters were the micro- 
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Figure 8-16. Main aspects of plasma spraying considering substrate-coating-process interactions. 

hardness (218 37HVo.o5), adhesion strength obtained by DIN 50 160 (75 f 
4Nmn1-~), and the traverse bending strength by DIN 50 111. The significant 
parameters for this optimization were 2 (negative effect) >> 1 4  > 1. 

8.5 Future Developments 

Figure 8-16 shows the main aspects of plasma spraying that have to be considered 
in order to produce advanced metal, ceramic or composite coatings with high in- 
service performance. Most of the aspects listed therein have been dealt with rather 
exhaustively. 
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Thermal spray research and development of advanced materials for high perfor- 
mance applications is increasing rapidly, and many developments are being com- 
mercialized now. As an indication of this rapid development it should be mentioned 
that over 80% of the advances that have been made over the last 80 years have been 
made in the last two decades! Equipment and process advances have typically led the 
technology in the past. Increasingly, materials and process control (SPC), and novel 
applications will lead in the next 10 years. 

Future developments in the advanced materials coating field can be characterized 
and evaluated in terms of their economic feasibility by looking at different technol- 
ogy support and development strategies [40]. Figure 8-17 shows that wear and ther- 
mal barrier coatings are level I strategies that deploy current technologies to improve 
the competitive performance of small companies or create new companies. Bio- 
ceramic and diamond coatings are level I1 strategies that focus on the development 
of innovative applications of new technological discoveries. Finally, low friction 
coatings, high-temperature superconducting, and silicon nitride coatings are level 
I11 strategies whose efforts are still concentrated on basic research leading up to 
the discovery of new technologies. Those new technological breakthroughs expected 
for the future will predominantly assist large companies, and attract completely new 
industries 1431. 

The main areas of contemporary developments will be automotive coatings with 
high rate, low cost processing, while aerospace applications are triggering the ad- 
vance of the technology for novel thermal barrier coatings, spray forming and com- 
posite materials processing. 

Advances are being typically made in the following areas [41]: 

materials, process, and equipment; 
control devices and automated robotic handling; 
use of SPC with resulting close process monitoring; 
accumulation of data bases and development of expert systems; 
HVOF processing; 
engineered powder production; and 
composite and intermetallic spray forming. 

Thermal spray processing education and training needs to be implemented and 
managed on a broader base. Collaboration with industry in the resource and manu- 
facturing sectors will lead increasingly to strategic alliances that enable industry to 
produce more competitively and environmentally compatibly. Process control, in- 
cluding modeling of complex plasma-particle-substrate interactions, on-line pro- 
cess diagnostics, and development of novel coatings with improved performance are 
areas rich in research needs and opportunities. 

Such areas can be predicted by application technology mapping [42]. Marketers 
look for applications of materials, and then determine the performance needs for 
particular applications. These data are mapped against the value-in-use estimate and 
the customer’s ability to pay (Fig. 8-18). The military have clearly a high ability to 
pay for sophisticated materials and coatings, or products with a hgh value-in-use, 
for example piezoelectric, ferroic and superconducting coatings for range finders and 
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Figure 8-18. Application technology mapping for coatings [42]. 

surveillance systems. Titanium nitride, titanium carbide, and diamond coatings for 
ceramic cutting tools are high-value-added but nevertheless cost-competitive because 
of their superior wear performance in numerically controlled high-speed machining 
of tough and hard steels, and superalloys. On the other hand, heat engine components 
such as ceramic turbochargers, thermal barrier coatings (TBCs) and a variety of au- 
tomotive sensors based on functional ceramic coatings and thin films have a low 
value, and the ability to pay for it by the car manufacturer is also low in order to 
maximize profit. New developments are presently being considered such as thick 
thermal barrier coatings (TTBCs) for diesel engines to replace water cooling by air 
cooling systems. The middle ground of Fig. 8-18 is occupied by wear-resistant parts 
for nonautomotive markets, i.e. process equipment and machine tools. In this area a 
new strong driving force is evolving that is geared towards first-generation materials 
to improve process efficiency and overall productivity in the manufacturing and re- 
source industries [43]. 

In conclusion, the future of advanced materials coatings applied by plasma spray 
technology looks very bright. There are, however, problems still to be solved. 

Technical problems include optimization of plasmatron design, powder size and 
composition, rheological and flow properties of powders, overspray losses and sur- 
face preparation. Quality control procedures must be developed or improved, and 
implemented for ceramic, metal and composite coatings to standardize impact test- 
ing, hardness testing, shear and bending testing, cavitation-erosion testing, slurry 
abrasion testing etc. Most of all, reliable and reproducible tests must be developed to 
measure the adhesion strength of the coatings to the substrate. Finally, the develop- 
ment of computer codes is necessary that model the forces acting on the coating/ 
substrate interface. The objective is to develop coatings that sustain in-film com- 
pressive loads during service, thus improving adherence to the substrate and, in turn, 
maximizing the service life of the coated equipment. 

There is also the considerable challenge of improving the image of thermal spray 
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coatings as a viable, reliable und immensely versatile option available to design en- 
gineers. Although it is widely recognized that plasma-sprayed coatings can provide 
many successful answers to engineering problems, its level of awareness in industry 
and government has to be raised [43]. 

Thermal spray technology is emerging as an important tool of increasingly so- 
phisticated surface engineering technology. Initially developed as a simple and 
relatively crude surfacing tool, thermal and plasma spraying, respectively is now 
considered a powerful and flexible materials processing method with a high potential 
of development [44]. It appears that the return on investment in this area of surface 
engineering is excellent, and that small and medium-sized enterprises can hugely 
benefit from entering a market segment that by many is considered the materials 
technology of the 21st century! 

At the end of this treatise on plasma-sprayed coatings the following final state- 
ment should be made. Strict quality control of well established coatings, and close 
attention to the design and testing of coating/substrate systems as a single synergistic 
entity, combined with the development of novel structural and functional coatings 
using improved automated equipment and comprehensive data bases and expert 
systems, will secure plasma spray technology a substantial market niche in the im- 
mediate future beyond the year 2000. 
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