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Study of Plasma- and Detonation

Gun-Sprayed Alumina Coatings Using
Taguchi Experimental Design
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Atmospheric plasma spraying (APS) is a most versatile thermal spray method for depositing alumina (@k)
coatings, and detonation gun (D-gun) spraying is an alternative thermal spray technology for depositing such
coatings with extremely good wear characteristics. The present study is aimed at comparing the
characteristics of ALO; coatings deposited using the above techniques by using Taguchi experimental design.

Alumina coating experiments were conducted using a Taguchi fractional-factorial @) design parametric
study to optimize the spray process parameters for both APS and D-gun. The Taguchi design evaluated the
effect of four APS and D-gun spray variables on the measured coating attributes. The coating qualities
evaluated were surface roughness, porosity, microhardness, abrasion, and sliding wear. The results show
that the coating quality is directly related to the corresponding coating microstructure, which is significantly
influenced by the spray parameters employed. Though it is evident that the D-gun-sprayed coatings
consistently exhibit dense and uniform microstructure, higher hardness, and superior tribological
performance, the attainment of suitable plasma-sprayed coatings can be improved by employing the
Taguchi analysis.

Keywords  abrasion, alumina coating, design of experiments, methOd for con_ducting experimen_ts to e_nhance thermal spra
d-gun coatings, DOE, optimization, plasma spray| coating properties through producing optimum values of spra
coatings, sliding wear, Taguchi analysis parameters. A DOE only leads to correlations, not physical un

derstanding.

Taguchi-type fractional-factorial designs are an efficient

1. Introduction means of determining the effects of process parameters on t

measured responses. They are easy to plan and readily adaptal
The application areas of plasma-sprayed aluminaOgl to both continuous factorg€., those which are controllable at
coatings have grown, particularly in the field of combating preset values) and discrete factars.{those which are order-
wearl-4 Although it is widely recognized that APS of ,8% able but not measurable). Major advantages of using Taguc
coatings can provide solutions to engineering problems, its abil-methods include the ability to separate the effect of various fac
ity to satisfy the requirements where high wear resistance is oftors that may have similar behavior and the ability to determing
great importance has to be raised. On the other hand, D-gurhe effect of a factor whose magnitude may have the same ordjs
spraying is another promising thermal spray technology for de- of magnitude as the error terms. Recently, plasma and high ve
positing such coatings with extremely good wear characteris-locity oxy-fuel spray parameters have been successfully opti
tics%7THowever, the literature reveals that there have been verymized using DOE techniqués'? particularly the Taguchi
few studies ascertaining the relative performance of plasma- andnethod, but no such optimization studies have been carried o
D-gun-sprayed coatinds’®l for the D-gun spray process.
Exploitation of any coating system will lie in the generation

and acceptance of appropriate quality assurareea repeat- ) .

able achievement of high-quality coatings. Hence, itis necessany2. Experimental Details

to characterize, fully understand, and interpret the performance L .

of such coatings. For most thermal spray processes, the optié-1 Description of the Taguchi Method

mizz?\tion of the spray parameters is not a trivigl task. Thisis pri- 5 Taguchi-styl&314design of experimenite., Ls (2+)-eight

marily due to the large number of processing parameters or,, fractional-factorial, studying four process parameters, eac

factors involved. Design of experiments (DOE) is an effective ;¢ 4,0 levels, was employed to study the effect of selected

process parameters on the quantitatively measured coating 3
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Table 1 Design of experiment with main variables Table 3 Taguchi experimental design test matrix (b) for

for APS plasma spraying of alumina coatings
Levels Primary Powder Spray
Lower Standard Higher Run gas flow, Plasma arc feed rate, distance,
Process parameter/factor 1) (0) +1) number L/min current, A g/min mm
Primary gas flow, L/min 64 71 78 Eﬁg% ;gﬁ ggg;& 28";1 28ﬁ1
Plasma arc current, A 450 500 550 PAO3 7861 4501 3081 601
Powder feed rate, g/min 20 25 30
Spray distance, mm 60 75 % PAO4 78#1 450F1 201 90K1
’ PA0O5 64+1 55041 30A1 60~1
PAO06 64£1 55041 201 90K1
PAO7 64+1 450£-1 30K1 90A#1
PAOS 64£1 4501 201 601
Table 2 Design of experiment with main variables PA09 7110 500/0 25/0 75/0
for D-gun
Levels
Process parameter/factor Lof"{?r Sta?éj)ard H'(gg)er Table 4 Taguchi experimental design test matrix (b) for
nation spraying of alumin in
Fuel ratio (GH2/O,) 1:2.8 1:2.4 1:2.0 detonation spraying of alu écoat gs
Carrier gas flow rate, L/s 1.33 2.27 3.21 Fuel Carrier  Frequency of Spray
Frequency of detonations, Hz 2 3 4 Run ratio gas flow detonations, distance,
Spray distance, mm 180 200 220 number (CH,/Oy) rate, L/m Hz mm
DAO1 1:2.0#1 3.21#1 441 220K1
DA02 1:2.0#1 3.21#1 21 180+1
DAO3 1:2.0#1 1.33+1 441 180F1
. o DA04 1:2.0#1 1.33+1 21 220A1
spray distance. In the case of the D-gun process, fueliratio,  paos 1:2.8-1 32141 441 180F1
acetylene to oxygen ratio §8,/0;), carrier gas flow rate, fre-  DA06 1:2.8+1 3.21#1 21 220A1
quency of detonations, and spray distance were the main procesDA07 1:2.8r1 1.33r1 441 220K1
parameters. Each parameter has two levels, selected to varPA08 1281 1.33F1 21 180-1

around the standard settings. The natural and coded values of thDAO9 1:2.4/0 2.27/0 310 200/0

main variables are given in Tables 1 and 2 for the APS and D-

gun processes, respectively. Coating experiments PA01 through

PA09 and DAO1 through DAO9 representing the eight runs eval-« In the case of the sliding wear tests, the coated pin was tested
uated (including the standard settings) with the Tagughifh- against WC-12%Co D-gun coated discs, since it has com-
proach are shown in Tables 3 and 4 for APS and D-gun spray paratively higher hardness and wear resistance than the alu-
processes, respectively. The experimental runs of a given desigi  mina coating!® Commercially available thermal spray
were performed in a random order to reduce the influence of po-  powder (Metco 105 SF alumina) used for coating deposition

tential systematic errors. was procured from Sulzer-Metco. The powder ranged in size
After the experiments were conducted per the designed fac-  from +5 to 20um.

tors, the data were obtained for the coating attribuiessurface
roughness, porosity, microhardness, abrasion, and sliding wear
The experimental data was subjected to multiple regression
analysis and analysis of variance (ANOVA) for each specific  Prior to coating by both APS and D-gun processes, the sub-
coating attribute to select the significant level of the process pa-strates were roughened by air blasting using alumina gra®f
rameter and to understand the magnitude of influence that eacimesh. The blasting was performed at an air pressure of approx-
variable had on the coating properties. From the ANOVA calcu- imately 0.5 MPa. Subsequent to grit blasting, the samples were
lations,rho percent contribution aho percent %) was calcu- ultrasonically cleaned.

lated. Thepvalue indicates the influence of the process parameter

on the measured coating attribute, with a larger value indicating2.4 Powder Characterization

stronger influence. The description of statistical terms used in this ) ) )

study, as well as their analyses, is found in Ref 13 to 15. The Particle size analysis of the spray-grade powder was per-

Taguchi analysis was accomplished with GWBASIC programs. formed (illustrated in Table 5) using a laser particle size analyzer
CILAS 920 (Cilas Le Sens de la Mesure, Marcoussias, France).

The powder particle size determined from the analysis generally

conforms to the data given by the manufacturer. Scanning elec-
Mild steel (0.25%C, 0.7%Mn, 0.25%Si, and 0.05%S) sub- tron microscopy (SEM) was used to observe the morphology of

strates were employed throughout for coating deposition. Sam-the powder.

ples with the following dimensions were used to prepare coated

specimens for different wear tests. 2.5 Deposition of Alumina Coatings

* Abrasion wear: 7% 25x 15 mm. Plasma spray deposition of ;8; powder was performed
+ Sliding wear: pin—6 mm diameter, 30 mm length using a Metco 7MB APS unit. The spray parameters employed

2.3 Precoating Substrate Preparation

2.2 Substrate and Coating Materials
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Table 5 Characterization of alumina powder

o)
Chemical Particle size,um 3
composition, Diam at Diam at Mean >y
Powder Manufacturer wt % 10% 90% value Particle shape )
Al 03 Sulzer-Metco AJO; (bal) 2.06 10.95 16.26 Regular and angular (.SD-
SiO, - 0.0015 blocky s
Fe,0;-0.0190 )
Cr,0;- 0.0016 Q
TiO, - 0.0033
Table 6 Plasma spray parameters for spraying of Table 8 Abrasive wear test conditions
alumina powder ] ] N
- Abrasive material Silica (150-2%0n)
Primary gas (Ar) Rotation speed of the wheel, rev/min 200
Pressure, MPa 0.69 Load used, N 50
Flow, L/min 64-78 Duration of the test, s 60
Secondary gas @ Sand feed rate, g/min 200
Pressure, MPa 0.35
Flow, L/min 4.70
Carrier gas (Ar)
Flow, L/min 28.3 T s
Powder feed rate, g/min 20-30 Table 9 Sliding wear test conditions
Plasma arc current, A 450-550 . .
. ' Disk speed, rev/imin 820
Spray distance, mm 63-89 Sliding velocity, m/s 3.20
Track radius, mm 36
Sliding distance, km 5.50
Table 7 Main characteristics of D-gun spray equipment Load applied, N 20
9 pray equip Duration of test, min 30
Barrel length, mm 1800 Relative humidity, % 55 3
Barrel diameter, mm 22 Test temperaturéC 25
Working gases:
Fuel Acetylene
Oxidizer Oxygen
Powder carrier gas Nitrogen
Firing frequency, Hz 2-4 coatings was measured by using an eddy current coating thic
Coating thickness per cyclam 5-20 ness gage and by using an optical microscope. The surfad
Typical coating thickness 50-500 h fth : 1so d ined
Power consumption per hour, kW 2 roughnessika,of the coatings was also determined.
2.7 Wear Tests
for depositing the AD; powder under investigation are listed in 2.7.1 Abrasion Wear Test. To evaluate the abrasive wear

Table 6. The D-gun unit used was of Ukrainian origin. A com- resistance property of the plasma-sprayed and D-gun-coate
bustible gas mixture consisting of oxygen and acetylene was pessamples, a dry sand-rubber wheel abrasion test rig was use
riodically detonated using a spark plug. The D-gun parametersTesting was performed in accordance with ASTM G&6and
employed for coating deposition are listed in Table 7. Further de-the conditions used are given in Table 8. The specimens we
tails regarding the D-gun spray equipment and its characteristicscleaned ultrasonically with acetone and weighed before and aftg
have been reported elsewhéfeCare was taken to ensure that the tests. From the results of the abrasive wear loss, the relati
the coating thickness was approximately the same and was in thabrasion wear resistance (RAWR) values of all the alumina coat
range of 215 30 um for both plasma and D-gun spraying to fa- ings were calculated. In this figure, RAWR is defined as the rati
cilitate comparison. of abrasive wear loss suffered by the bare mild steel specimen
the abrasive wear loss suffered by the coated mild steel speg
men under identical abrasion test condititfis.

2.7.2 Sliding Wear Test. The sliding wear tests were per-

The microstructural features of the coated specimens wereformed using a pin-on-disk tribometer employing the conditions
studied using standard metallographic techniques. A sample walisted in Table 9. Both the pin and coated disk samples were u
cut, mounted, and polished and its cross section observed undetrasonically cleaned in acetone separately and before and aft
an optical microscope for all the runs of the deposited coatings.the test. The weight loss due to sliding wear of the pin was cal
The porosity of the coatings was measured using a metallurgicaculated. The wear rate was calculated from the volume loss (i
microscope fitted with an image analyzer (Quantimet Q-520). cubic millimeters) divided by the normal load (in Newtons) and
An optical microscope was used to study the surface morphol-sliding distance (in meters). The volume loss was obtained fro
ogy of as-sprayed coatings. Vickers microhardness values weri¢he mass loss divided by the coating density. In the present stud
obtained on the cross-sectioned surface of the coating using the coating density of AD; (3.4 g/cnd) reported elsewhe?é
microhardness tester under 0.2 kg load. The thickness of thewas assumed for converting mass loss into volume loss.

2.6 Characterization of Coatings

Journal of Thermal Spray Technology Volume 9(4) December-2e807
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Table 10 Coating characterization results for plasma spraying

Number Relative

L8 Thickness, Roughness abrasive wear Wear ratg 10
Run um Ra,um Hardness, Hv Porosity, % resistance mriiiIN m
PAO1 185 3.34-0 884 8.18 37.15 4.635-L
PA02 198 3.80 1043-0 3.75-0 128.59-0 2.276
PAO3 195 3.92 996 7.83 94.99 2.234
PAO4 220 3.66 803 9.81 47.10 4.301
PAO5 206 3.94-L 989 4.50 188.84 1.357-0
PAO6 188 3.51 774 9.97 20.04 1.611
PAO7 196 3.69 696-L 16.22-L 14.28-L 1.670
PAO8 200 3.88 987 6.64 113.10 3.862
PA09 210 3.48 936 5.61 102.58 1.733
NM 10 10 10 10

Error, % +7 5.2 4 6.6

NM: number of measurements performed for each test

L denotes the lowest value and O the optimum value in the experimental matrix

Table 11 Coating characterization results for D-gun

Number Relative

L8 Thickness, Roughness abrasive wear Wear ratg10®
Run um Ra,um Hardness, Hv Porosity, % resistance miiiIN m
DAO1 214 4.61 957 7.20 92.07 3.132-L
DAO02 195 9.14-L 1183 1.46 199 1.273
DA03 221 8 1257-0 1.07-0 234.64-0 2171
DA04 229 3.79-0 1072 4.30 145.23 0.438-0
DA05 212 8.92 1027 5.28 154.50 2.881
DAO06 244 5.88 997 9.91 87.58 1.189
DA07 195 6.32 935-L 10.23-L 58.82-L 2.312
DAO08 209 9.52 1054 6.77 108.60 2.422
DA09 220 5.90 1110 241 173.95 0.167
NM 10 10 10 10 o L
Error, % +8 +6 +3 15

NM: number of measurements performed for each test
L denotes the lowest value and O the optimum value in the experimental matrix

3. Results and Discussion that of the APS coatings. Other parameters have only smaller
contribution ratios in lowering the roughness for both plasma
The summaries of the coating characterization results for theand D-gun spraying.
experiments are presented in Tables 10 and 11 for the plasm.
and D-gun-sprayed 40 coatings. 3.2 Porosity Exhibited
From the image analysis of metallographically prepared sur-
faces, porosity was determined as listed in Tables 10 and 11 for
The coatingRavalues ranged from 3.34 to 3.f#h for the the APS and D-gun coatings. Ten fields were selected for the
APS coatings, which indicates that the variations in plasma pro-measurement of porosity (each field covered by 1.19 anea)
cessing conditions moderately affect the surface roughnessand the average porosity values of the alumina coatings ranged
However, the size distribution of the powder may influence the from 3.75 to 16.22% for APS coatings. Coating PA02 exhibited
surface roughness. From the ANOVA calculations, it was con- the lowest porosity, whereas coating PA07 had the highest
firmed that the spray distance was the most dominant factor inporosity in the APS experimental matrix. From the ANOVA cal-
reducing the surface roughness; it has a contribution ratio ofculations, it was confirmed that the parameters’ spray distance
71.6% at the higher level in lowering the roughness. (54.4%) at lower level and plasma arc current (23.5%) at higher
For the D-gun coatings, thiRavalues ranged from 3.79 to  level are significant in lowering the porosity. Other contributors
9.14 um. The higher variation in the roughness of the D-gun were primary gas flow at 7.1%, with the higher primary gas flow
coatings may be attributed either to the higher percentage ofresulting in lower porosity, and powder feed rate at 5%, with the
variation ¢10) selected for spray distance or to the possible sig-lower feed rate resulting in lower porosity. For a given coating
nificantly wider distribution of velocities of particles in D-gun material, the porosity is related to the particle size distribution of
spraying. Though the variation in the surface roughness range ithe powder and to the temperature and velocity of the particles
higher than that of the APS coatings, spray distance alone had on impact. Clearly, the lowest-porosity coatings would be ex-
dominant influence (84.1%) on the surface roughness similar topected for a stream of completely molten particles with high ve-

3.1 Surface Roughness

508—Volume 9(4) December 2000 Journal of Thermal Spray Technology



locity.?1 In general, higher arc current produces high heat input
to the particles and higher primary gas flows produce higher
flame velocities, resulting in particles predicted to be in a highly
molten state and attaining higher velocities before impinging on
the substrate. Hence, in the present study, lower porosity had
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been achieved at the higher levels of primary gas flow and arg ! i 5

current and lower levels of spray distance. R s P i s
The average porosity values ranged from 1.07 to 10.23% for T fo s % W S T b

D-gun coatings. Coating DAO3 revealed the lowest porosity, e R e Sl

whereas coating DAO7 had the highest porosity in the D-gun ex-
perimental matrix. Spray distance (45.9%) and fuel ratio
(30.4%) were the two dominant factors affecting the porosity.
Porosity decreases with increase in fuel ratio and decrease i
spraying distance. Other parameters have only smaller contribu- B
tion ratios in lowering the roughness for the D-gun spraying.
Generally, it is considered that a sufficiently high particle ve-
locity will lead to the production of a dense coating with low

porosity. At higher fuel ratio and shorter spray distances, parti-
cles are well molten and impinge with high velocities on the sub-
strate and, hence, result in lower porosity at such conditions.

b)

3.3 Microstructure of the As-Sprayed Al ,0;
Coatings

The microstructures of all the coatings were studied by opti-
cal microscopy and SEM. All the coatings produced in the ex-
perimental matrix may be graded from poor to excellent in
quality. Figure 1(a) to (c) depict the typical microstructures of -
as-deposited APS coatings for the experimental runs: PA02 e
(lowest porosity and highest hardness), PAO7 (highest porosity 1000 jin
and poor hardness), and P09 (coating generated from standard
parameters). Coatings deposited at lower arc current and shorter
spray distances exhibited a significant amount of unmelted par- €}
ticles and a macroporosity. In the present study, it is quite un-
derstandable that at higher primary gas flows, higher arc
currents, and shorter spray distances, the particles are at goa
molten state and impinge with higher velocities on the substrate
Hence, dense and uniform microstructures are obtained unde
such conditions.

Figure 2(a) to (c) depict the typical microstructures of as-
deposited D-gun coatings for the experimental runs: DAO3 (low-
est porosity and highest hardness), DAO7 (highest porosity and
poor hardness), and DAQ9 (coating generated from standard p
rameters). All the photomicrographs exhibited very dense coat-
ings with homogeneously dispersed microporosity; no cracking
or large amounts of unmelted particles were observed except fol
sample DAO7. A comparison of the as-sprayed microstructures
of the APS and D-gun coated. 8% coatings reveals that the

L : ~ : Fig. 1. Optical micrographs of as-sprayed®d coatings deposited by
APS coating is less dense relative to the D-gun coating. TheseAPS'(a) PA02, coating of good qualityb) PAO7, coating of poor qual-

findings can be attributed to the significantly higher particle ve- jty: and'¢) PA09, coating generated from standard parameters 200
locities that are obtained in D-gun spray#ig324

1 ik LI

found to be significant and it has a contribution ratio of 82%.
Other contributors were primary gas flow (8.73%) and plasma

The average microhardness values measured in all g Al arc current (4.82%) in increasing the hardness. In general, goa
coatings for both the APS and D-gun processes are given in Taadherence and higher hardness are expected when the partic
bles 10 and 11. For the APS process, the hardness values rangare molten and strike the surface, they have sufficient mome
from 696 to 1043 Hv. Coating PA02 exhibited the highest hard- tum to assure intense contact upon impact, and the contact te
ness, whereas coating PA07 had the lowest hardness in the experature is as high as possible. At higher primary gas flows an
perimental matrix. For higher hardness, spray distance alone waarc currents and shorter spray distances, the particles are p

3.4 Microhardness Measurements

Journal of Thermal Spray Technology Volume 9(4) December-2e800
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Fig. 3. Correlation between hardness and RAWR of th®©Atoat-
ings deposited by APS (dashed line) and D-gun (solid line)

coating DAQ7 had the lowest hardness. Spray distance (45.9%)
and fuel ratio (30.4%) were the two contributing factors affect-
ing the hardness. The hardness of D-gun coatings is consistently
higher than that of APS coatings; this finding is consistent with
the trends reported in other studies comparing plasma and D-
gun-sprayed coatinds® This finding also may be partly attrib-
uted to previously noted superior microstructures resulting from
the D-gun process. In general, at a higher fuel ratio and a shorter
spray distance, particles attain higher velocities and so more ac-
celerating particles adhere to the coating matrix and hence a
higher hardness is obtained.

[RLERTT

3.5 Wear Test Results

3.5.1 Abrasion Test Results. All the APS and D-gun
coatings studied were subjected to abrasion wear tests. The wear
resistance in all the D-gun coatings was much higher than that
obtained with the APS coatings. The calculated RAWR values
ranged from 128.59 to 14.28 for the APS process, whereas these
values ranged from 234.64 to 58.82 for the corresponding D-gun
coatings. Coatings with higher RAWR are more abrasive wear
resistant. For abrasive wear resistance, the spray distance was
the most dominating factor for both the APS and D-gun
processes, and primary gas flow and fuel ratio were the second

— significant factors for the APS and D-gun, respectively. The
Vi puim variation in the RAWR for all the coatings indicates that all the
APS coatings exhibit a consistently higher wear rate than the
b DAO3 D o 0000 aialak) DAY P of corresponding D-gun coatings, which show significantly lower
qugﬁ&(‘:‘)nd 0 bg\%%"ngogﬁggog egg?alté(g)from s'tgr?gzipdg F?argcr’ﬁéters wear. From both the coating characterization results, it has been
(200%) observed that the calculated RAWR tends to follow trends sim-
ilar to that of the hardness. As shown in Fig. 3, there is correla-
tion between hardness and RAWR for both the APS and D-gun
dicted to be in a highly molten state and to attain higher veloci- spray processes. This shows a trend that the higher hardness
ties before impinging the substrate. Hence, in the present studycoating resulted in the best abrasive wear resistance.
higher hardness had been achieved at the higher levels of pri  3.5.2 Sliding Wear Test Results. The wear rates of all
mary gas flow and arc current and lower levels of spray distancethe coated pins, determined as the volume loss of the coated pin
in the APS process. in cubic millimeters per meter of sliding distance, are presented

For the D-gun process, the hardness values ranged from 93'in Tables 9 and 10. As indicated in Table 12, primary gas flow

to 1257 Hv. Coating DAO3 had the highest hardness, whereasalone had a significant effect in lowering the wear rate and had

Fig. 2. Optical micrographs of as-sprayed®{ coatings deposited by

510—Volume 9(4) December 2000 Journal of Thermal Spray Technology
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Table 12 Contribution ratios and optimized levels for Table 13 Contribution ratios and optimized levels for D- o
plasma spray process parameters gun spray process parameters %
Processing factors §%/level) Processing factors §%/level) ;U
Desired Plasma Desired Carrier Frequency ()
coating Primary arc Powder Spray coating Fuel ratio gas flow of Spray S.
attribute gas flow current feed rate distance attribute (C,H./O,) rate detonations distance %
Low roughness 3.591 12.51#1 0.04+1 71.63#1 Low roughness 9.751 0.32+1 0.09+1 84.12#1 )
High hardness 8.781 4.82#1 0.201 82.00+1 High hardness 30.481 3.47F1 2471 45.90+1 Q
Low porosity 7.10f1 23.47#1 5.08+1 54.36f1 Low porosity 49.58f1 0.33+1 0.27F1 43.76+1
High RAWR 16.96+1 1.03#1 2.70+1 59.12+1 High RAWR 29.7441 1.30#1 3.75F1 45.90+1
Low wear rate 25.361 4.95k1 4.80r1 6.40f1 Low wear rate 6.69/1 2.68f1 55.92+1 5.87+1

a contribution ratio of 25.3%; other parameters had only small4, Conclusions
contribution ratios. Similarly, frequency of detonations had a
major contribution ratio of 55.9%, affecting the sliding wear Taguchi style fractional-factorial gl.experiments were used
rate in the D-gun process (Table 13). The variation in the wearto study and optimize both plasma and D-gun processes for al
rates for all the coatings indicates that all the APS coatings ex-mina coatings. Major parameters investigated in the studies i
hibit a slightly higher wear rate than the corresponding D-gun cluded primary gas flow, arc current, powder feed rate, and spra
coatings. distance for the plasma spraying and fuel ratio, carrier gas flo
rate, frequency of detonations, and spray distance for the D-gu
spraying. Coating attributes evaluated included surface roug
ness, microhardness, porosity, abrasion, and sliding wear. Ad
cording to the results, samples PA02 and DAO3 were the bes
Selection of optimum levels of the designed factors can pro- Al,O; coatings formed by plasma and D-gun spraying, respec
duce consistently good-quality thermal spray coatings. In thetively. Based on the coating characterization results, the follow:
Taguchi method, usually there are three categories of the qualing conclusions may be drawn.
ity characteristic in the ANOVAj.e., “higher the better,”
“lower the better,” and “nominally the best.” The optimal param-
eters are selected based on the required coating quality. Fo
hardness and RWAR, “higher the better” _criteria_we_re (_:hosen the D-gun-sprayed coatings are also found to outperfor
and, ther_efore, the highest \_/alues are circled, indicating the the corresponding APS coatings under all the wear mode
parametric level that should yield the highest hardness, wherea: studied
for surface roughness, porosity, and wear rate, “lower the bet- ’
ter” criteria were chose#:111 The preferred levels of the APS ¢ In the Taguchi statistical evaluat_ion, spray distance, prima
and D-gun process parameters obtained from the effects oi 9as flow, and arc current were identified as the major con
analysis are listed in Tables 12 and 13 for the desired coatin¢  trolling factors in the APS process, whereas spray distanc
attributes. For all of the coating properties studied (except and fuel ratio were the significant factors in the D-gun
roughness), spray distance was the single most influential param ~ Process for the measured responses.
eter, with lower distance being the optimum for the APS « Forthe APS process, higher primary gas flow, higher arc cur
process. The remaining variables shifted in importance de- rent, and shorter spray distance are necessary for higher har,
pending on the property examined. Further, from the tables, it ness, lower porosity, and higher abrasive wear resistan
is quite understandable that the variables corresponding to higt coatings, whereas for the D-gun process, higher fuel ratio an
hardness, low porosity, and high RAWR were located at the  shorter spray distance are necessary.
same parameter levels for the APS process. The present inves,
tigation shows that AD; coatings of low porosity, high hard-
ness, and high RAWR could be obtained by using the following
APS process parameters: primary gas flow of 78 L/min, arc cur-
rent of 500 A, powder feed rate of 20 g/min, and spray distance
of 60 mm. )

3.6 Optimizing APS and D-Gun Spray Process
Parameters

» D-gun-sprayed coatings consistently exhibit denser mi-
crostructure and higher hardness than the correspondin
APS coatings. Presumably, as a consequence of the abo

In view of both cases, it has been observed that the highe
as-sprayed coating hardness had the highest RAWR and th
shows a trend that the higher hardness coating resulted in t

best abrasive wear resistance.

In controlling the sliding wear, primary gas flow and fre-

In the case of D-gun, spray distance and fuel ratio were the ~duUeéncy of detonations were the domi_nant factors for the APS
dominating factors, with lower distance and higher fuel ratio ~ @nd D-gun spray processes, respectively. Other factors ha
being optimum for all of the properties studied. ThgdAkoat- only small contribution ratios.
ings with extremely good wear characteristics could be obtaineds The present investigation shows that the quality of alumina
by using the following D-gun process parameters: fuel ratio of ~ coatings is directly related to the corresponding coating mi-
1:2.8, detonation frequency of 2 Hz, and spray distance of 180 crostructure, which is significantly influenced by the spray
mm. The remaining variable, carrier gas flow rate, could be parameters employed. Though it is evident that the D-gun
shifted in importance depending on the property examined, sim-  sprayed coatings consistently exhibit denser microstructure
ilar to that of the APS process. higher hardness values, and superior tribological perfor
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mance, the performance of plasma-sprayed coatings can bt 7. C.J.S. Guestrans. IMF,1986, vol. 64, pp. 33-38.
improved further by employing the Taguchi analysis. 8. Y. Wang:Wear,1993, vol. 161, pp. 69-78.

. uSi the T hi luati | dinth 9. W.L. Riggs, R.K. Betz, and N. JayaramanThermal Spray Research
n conclusion, the Taguchi evaluation employed in the pres- and Applications,T.F. Bernecki, ed., ASM International, Materials

ent study led to optimized process variables for the bestweal  par o, 1990, pp. 711-28.
resistant alumina coatings. 10. T. Chon, A. Aly, B. Kushner, A. Rotolico, and W.L. RiggsThermal
Spray Research and ApplicatiosF. Bernecki, ed., ASM Interna-
tional, Materials Park, OH, 1990, pp. 681-93.
11. J.E. Nerz, B.A. Kushner, and A.J. RotolicoTrermal Spray Coatings:
ACknOW|edgments . Research, Design and Applicatior3,C. Berndt and T.F. Bernecki,
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