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A Taguchi Experimental Design Study for Plasma Sprayed HA Coatings on Super
Austenitic Stainless Steels

Keun Task Oh and Yong Soo Park

Department of Metallurgical Engineering, Yonsei University

This study employs the plasma spray technique for HA(hydroxylapatite) coating
and the super stainless steel, which has an excellent corrosion-resistance and cor-
rosion-wear resistance, as a metal substrate to supplement the deficiencies of con-
ventional Ti, Ti alloy, and Co-Cr alloy. The plasma spray process has many pa-
rameters and their interactions make it difficult to presume the characteristics of
its coating. Thus we have used the Taguchi Experimental Design, where the effects
of its parameters can be quantitatively evaluated and the range of the characteris-
tics may be known. The plasma spray’s main parameters(primary gas flow rate,
current, spray distance, and powder feed rate) were set to 3 levels in 9 different
tests. The evaluated attributes were HA, CaO, C,P volume fraction, Ca/P weight
ratio, porosity, residual stress, surface roughness, and corrosion-resistance. The
results by Taguchi Experimental Design show that the primary gas flow rate af-
fects mainly the coating's chemical attributes, whereas the spray distance and the
powder feed rate affect the physical and mechanical attributes. With the effects of
parameters evaluated by such Taguchi Experimental Design, the coatings with the
optimum conditions could be made.
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Fig. 1. SEM photograph of HA powder.
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2.1 Taguchi Experimental Design'’
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Table 1. Plasma spraying parameters(SCFH:Stan-
dard Cubic Feet per Hour)

Sample Distance Primary Current Powder
NO. (mm) gas flow rate (A) Feed
(SCFH) rate
01 60 50 500 35
02 60 70 400 55
03 60 100 300 45
04 100 75 500 45
05 100 100 400 35
06 100 50 300 55
o7 140 100 500 55
08 140 50 400 45
09 140 75 300 35
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Fig. 2. Cross-sectional photograph of HA coating
(09 sample).
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Fig. 3. SEM photographs of HA coating surface
(% 100).

ZQsE Ae B F Uk oldd dRE
splash @Aolat &d, ol Hetzvie &£x9
283z g8 A$HE o2 A U
Eg=ul 2¥e B F47190 ¥ ELE
Exoz 1 Q7] Wi ZH P #EL L
AL F rh ol ¥ ABFe] FAEY YA
& Fig. 39 Uehich

RoughnessZ 3 & MitutoyoAl2] Surftest SV-
600RA g Agsigon, IHE #EAA W3
1038 2R3 HFage AHgsdd. 293
o] HFAA7)(Ra)s 5.83-845me)l FE o]
it Ragtel 4 g€ v FAAFE &4
Ag e 2uzgssz AFHAYS. F 2dd
2840 £5d wel FHAAVI AAHE



280 ' HqEHA A A26@ A4z:A 1997. 8

Table 2. Response table of Ca/P ratio

Standard Distance Current Primary gas flow rate Powder feed rate
Order Ce/P (mm) (A) (SCFH) (g/min)
Trial ratio 60 100 140 500 400 300 50 75 100 35 55 45
Number 1 2 3 1 2 3 1 2 3 1 2 3
1 2.343 2.343 2.343 2.343 2.343
2 2.397 2.397 2.397 2.397 2.397
3 2.835 2.855 2.835 2.835 2.835
4 2.701 2.701 2.701 2.701 2.701
5 3.608 3.608 3.608 3.608 | 3.608
6 3.504 | 3.504 3.504 | 3.504 3.504
7 3.319 3.319 | 3.319 3.319 3.319
8 3.808 3.808 3.808 3.808 3.808
9 3.188 3.188 3.188 3.188 3.188
Total 27.703 7575 | 9.813 |10.315 | 8.363 | 9.813 | 9.527 | 9.655 | 8.286 | 9.762 | 9.139 | 9.220 | 9.344
Number of value| 9 3 3 3 3 3 3 3 3 3 3 3 3
Average 3.708 2525 | 3.271 | 3.438 | 2.788 | 3.271 | 3.176 | 3.218 | 3.762 | 3.254 | 3.046 | 3.073 | 3.115
Effect 0.913 0.483 0.492 0.069

Table 3. Response table of Surface Roughness measurement(R,)

Standard Distance Current Primary gas flow rate Powder feed rate
Order R, (mm) (A) (SCFH) (g/min)
Trial (4m) 60 100 140 500 400 300 50 75 100 35 55 45
Number 1 2 3 1 2 3 1 2 3 1 2 3
1 7.50 7.50 7.50 7.50 7.50
2 5.83 5.83 5.83 5.83 5.83
3 7.27 7.27 7.27 7.27 7.27
4 8.39 8.39 8.39 8.39 8.39
5 8.45 8.45 8.45 8.45 | 845
6 8.35 8.35 8.35 | 8.35 8.35
7 6.66 6.66 | 6.66 6.66 6.66
8 7.49 7.49 7.49 7.54 7.49
9 7.54 7.54 7.54 7.54 7.54
Total 67.47 20.60 | 25.16 | 21.69 | 22,55 | 21.77 | 23.16 | 23.34 | 21.76 | 22.38 | 2349 | 20.84 [123.15
Number of value| 9 3 3 3 3 3 3 3 3 3 3 3 3
Average 7.479 6.867 | 8.397 | 7.23 | 7.517 | 7.257 | 7.72 | 7.780 | 7.253 | 746 | 7.83 | 6.947 | 7.717
Effect 1.53 0.463 0.527 0.883
Aoz vebygrh 2R3 E 43E vehle 22 o 2o
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Table 4. Response table of Residual Stess(MPa)

Standard Residual Distance Current Primary gas flow rate Powder feed rate
Order {mm) (A) (SCFH) (g/min)
Trial sl\t;;ss 60 | 100 | 140 | 500 | 400 | 300 | 50 | 75 | 100 | 35 | 55 | 45
Number (MPa) 2 3 1 2 3 1 2 3 1 2 3
1 82.2 82.2 1.33 82.2 82.2
2 45.7 45.7 45.7 457 45.7
3 100.48 |100.48 100.48 100.48 100.48
4 63.49 63.94 3.30 63.94 63.94
5 45.67 45.67 45.67 45.67 | 45.67
6 27.40 27.40 27.40 | 2740 27.40
7 54.80 54,80 | 5.29 54.60 54.80
8 319.7 319.7 319.7 319.7 319.7
9 36.54 36.54 36.54 36.54 36.54
Total 228.38 137.011411.04 | 200.94 [ 411.07 | 164.42 | 429.30 | 146.18 | 200.95 | 164.41 | 127.8 | 484.12
Number of value 9 3 3 3 1 1.12 3 3 3 3 3 3 3
Average 76.127| 45.67 |137.013| 66.98 |137.023| 54.807 | 143.1 | 48.727 | 66.983 | 54.803 | 42.633 {161.373
Effect 91.34 319 62.4 118.74
Table 5. Response table of Coating thickness(.m)
Standard Coating Distance Current Primary gas flow Powder feed rate
Order ihickness Rate (mm) (A) rate(SCFH) (g/min)
Trial 60 100 140 | 500 | 400 | 300 50 75 100 35 55 45
Number | ™) T T2 3 1 1|2z | 3|1 |2 3|1 2/]3
1 1074 | 341 | 341 341 3.41 341 T
2 85.7 1 1 1 1 1
3 95.2 206 | 2.06 2.06 2.06 2.06
4 166.7 10 10 10 10 10
5 142.7 | 7.33 7.33 7.33 7.33 | 7.33
6 120.6 | 4.88 4.88 4.88 | 4.88 4.88
7 139.7 7.0 7.0 7.0 7.0 7.0
8 157.0 | 8.92 8.92 8.92 8.92 8.92
9 138.1 | 6.82 6.82 6.82 6.82 6.82
Total sum 647 | 2221 | 2274 | 204 |17.25 | 13.76 | 17.21 | 17.82 | 16.39 | 17.56 | 12.88 | 20.98
Favor ratio 1 343 | 351 | 148 | 1.25 1 1.05 | 1.09 1 1.36 1 1.63
Sum of deviation| 4.94 0.73 0.14 0.99
0% 726 10.7 14.6

S, reaction area of coated sample
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Table 6. Response table of Roughness(R,)
Standard &J Distance Current Primary gas flow Powder feed rate
Order Roughni Rate (mm) (A) rate(SCFH) (g/min)
Trial (m) 60 100 | 140 | 500 | 400 | 300 50 75 100 35 55 45
Number 1 2 3 1 2 3 1 2 3 1 2 3
1 7.50 6.74 | 6.74 6.74 6.74 6.74
2 5.83 1 [1595 1 1 1
3 7.27 5.95 5.95 5.94 5.95
4 839 | 9.79 9.79 9.79 9.79 9.79
5 845 10 10 10 10 10
6 835 | 9.66 9.66 9.66 | 9.66 9.66
7 6.66 | 3.85 385 | 3.85 3.85 3.85
8 74% | 6.70 6.70 6.70 6.70 6.70
9 754 | 6.87 | 13.69 6.78 6.87 6.87 6.87
Total sum 1 29.45 | 1742 | 2248 | 17.70 | 2248 | 23.1 | 17.66 | 19.8 | 23.61 | 14.51 | 22.44
Favor ratio 215 | 1.27 | 115 1 1.27 | 1.31 [1.043| 1.12 | 1.63 1 1.55
Sum of deviation| 142 0.42 1.18
0% 41.2 12.2 34.2
Table 7. Response table of Porosity(Electrochemical Evaluation)
Standard Distance Current Primary gas flow Powder feed rate
Order Porosity Rate (mm) (A) rate(SCFH) (g/min)
Trial (%) 60 100 | 140 | 500 | 400 | 300 50 75 100 35 55 45
Number 1 2 3 1 2 3 1 2 3 1 2 3
1 8 1.21 | 1.21 1.21 1.21 1.21
2 9 142 | 142 1.42 1.42 1.42
3 50 10 10 10 10 10
4 30 5.81 5.81 5.81 5.81 5.81
5 30 5.81 5.81 5.81 5.81 | 5.81
6 18 3.30 3.30 3.30 | 3.30 3.30
7 7 1 1 1 1 1
8 25 4,77 4.77 4.717 4.77 4,77
9 25 8.95 8.95 8.96 8.96 8.96
Total sum 12.63 | 14.92 | 14.72 | 8.02 | 12 |22.25| 9.28 | 16.18 | 16.81 | 15.97 | 5.72 | 20.58
Favor ratio 1 118 | 117 1 150 | 277 | 1.0 | 1.74 | 1.81 | 2.79 1 3.60
Sum of deviation| 0.35 2.27 1.55 4.39
0% 41 26.5 18.1 51.3
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Table 8. Response table of Passive Current Density

Standard Passive Distance Current Primary gas flow Powder feed rate
Order current Rate (mm) (A) rate(SCFH) {g/min)
Trial density 60 100 140 | 500 | 400 | 300 50 75 100 35 55 45
Number (A /em?) 1 2 3 1 2 3 1 2 3 1 2 3
1 0.97 10 10 10 10 10
2 1.08 | 9.93 | 9.93 9.93 9.93 9.93
3 7.21 5.79 | 5.79 5.79 5.79 5.79
4 1.40 1.20 1.20 1.20 1.20 1.20
5 591 6.66 6.66 6.66 6.66 | 6.66
6 2.91 8.69 8.69 8.69 | 8.69 8.69
7 140 | 9.71 971 | 971 9.71 9.71
8 3.68 | 817 8.17 8.17 8.17 8.17
9 14.3 1 1 20.91 1 1 1
Total sum 2572 | 16.55 | 18.88 | 1.35 | 24.76 | 15.48 | 26.86 | 12.13 | 22.16 | 17.66 | 28.33 | 15.76
Favor ratio 1.55 1 1.14 1.60 1 2.24 1 183 | 1.16 | 1.87 1
Sum of deviation| 0.69 0.95 2.07 1.03 B
0% 20.0 43.7 217

Table 9. Response table of Residual Stress (MPa)

Standard Residual Distance Current Primary gas flow Powder feed rate
Order siress | Rate (mm) (A) rate(SCFH) (g/min)
Trial (MPa) 60 100 | 140 | 500 | 400 | 300 50 75 100 35 55 45
Number 1 2 3 1 2 3 1 2 3 1 2 3
1 822 | 831 | 831 8.31 8.31 8.31
2 455 9.44 | 9.44 9.44 9.44 9.44
3 100.5 | 7.75 | 7.75 7.75 7.75 7.75
4 63.9 |8.888 8.88 8.88 8.88 8.88
5 45.7 | 944 9.44 9.44 9.44 | 9.44
6 274 10 10 10 10 10
7 54.8 9.16 9.16 | 9.16 9.16 9.16
8 319.7 1 1 1 1 1
9 365 | 9.72 9.72 9.72 9.72 9.72
Total sum 255 | 28.32 | 19.88 | 26.35 | 19.88 | 27.47 | 19.31 | 28.04 | 26.34 | 27.42 | 28.6 | 17.63
Favor ratio 1.28 | 142 1 1.33 1 1.38 1 145 | 1.36 | 1.56 | 1.62 1
Sum of deviation| 0.70 0.71 0.81 1.18
0% 20.6 20.9 23.8 34.7
o} $ALE FE X9 Ca/Pe] FHu & HAREA Age] it APAYE S, o
e 21628t AXMF oz A veted, o AwaEel Matge Eatzul gALZHA Sled
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Table 10. Response table of Ca/P weight ratio

Standard Ca/P Distance Current Primary gas flow Powder feed rate
Order . (mm) (A) rate(SCFH) (g/min)
Trial | WeiBbt | Rate 5T 100 [ 140 | 500 | 400 | 300 | 50 | 75 | 100 | 35 | 55 | 45
Number | "° 1 2 | 3| 1] 2| 3] 11¢2 ] 3|1 2|3
1 2.343 10 10 10 10 10
2 2.397 | 9.67 | 9.67 9.67 9.67 9.67
3 2.835 | 6.98 | 6.98 6.98 6.98 6.98
4 2.701 | 7.80 7.80 7.80 7.80 7.80
5 3.608 | 2.23 2.23 2.23 2.23 | 2.23
6 3.504 | 2.87 2.87 287 | 2.87 2.87
7 3.319 | 4.00 4.00 | 4.00 4.00 4.00
8 3.808 1 1 1 1 1
9 3.188 | 4.81 4.81 4.81 4.81 4.81
Total sum 36.65 | 12.9 | 9.81 | 21.80 | 12.90 | 14.66 | 13.87 | 22.28 | 13.21 | 17.04 | 16.54 | 15.78
Favor ratio 275 | 131 1 1.69 1 1.14 | 1.04 | 1.69 1 1.08 | 1.05 1
Sum of deviation| 2.03 0.83 0.73 0.13
0% 54.6 22.3 19.6 3.5
Table 11. Response table of HA phase fraction (intensity)
Standard Phase Distance Current Primary gas flow Powder feed rate
Order fraction | Rate {mm) (A) rate(SCFH) (g/min)
Trial 60 100 | 140 500 | 400 300 50 75 100 35 55 45
Number | P T [ 2] 3 | 1 |2 | 3|12 |3 1] 2|3
1 304 444 | 4.44 4.44 444 4.44
2 383 6.73 | 6.73 6.73 6.73 6.73
3 496 10 10 10 10 10
4 253 2.97 2.97 2.97 2.97 2.97
5 352 5.83 5.83 | 2.85 5.83 5.83 | 5.83
6 185 1 1 1.69 1 1 1
7 249 2.85 3.32 | 2.85 2.85 2.85
8 209 1.69 | 2L.7 9.68 1.69 1.69 1.69
9 265 3.32 | 2.19 1 3.32 3.32 3.32
Total sum 9.8 10.26 | 14.25 | 14.32 | 7.13 | 13.02 | 18.68 | 13.59 | 10.58 | 14.66
Favor ratio 1.01 1 1.39 | 140 1 1.83 | 2.62 | 1.28 1 1.39
Sum of deviation| 1.20 0.79 2.45 0.67
0% 23.5 15.5 47.9
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Table 12. Response table of CaO phase fraction (intensity)

Standard Phase Distance Current Primary gas flow Powder feed rate
Order fraction | Rate (mm) (A) rate(SCFH) (g/min)
Trial 60 100 | 140 | 500 | 400 | 300 50 75 100 35 55 45
Number | (P T 2z | 3 | 1|2 ] 3|12 3|1 ]2]3
1 166 | 1.33 | 1.33 1.33 1.33 1.33 B
2 138 3.64 | 3.64 3.64 3.64 3.64
3 61 10 10 10 10 10
4 142 | 331 331 331 3.31 3.31
5 103 | 6.53 6.53 6.53 6.53 | 6.53
6 120 | 513 5.13 513 | 5.13 5.13
7 118 | 2.29 5.29 | 5.29 5.29 2.29
8 170 1 1 1 1
9 70 9.26 9.26 9.26 9.26 9.26 1
Total sum 1497 | 14.97 | 1555 | 9.93 | 11.17 | 24.30 | 7.46 | 16.21 | 21.82 | 17.12 | 14.06
Favor ratio 1 1 1.04 1 1.12 | 2.46 1 217 | 2.92 | 122 1 1431
Sum of deviation 0.04 1.58 3.09 024 1.02
0% 0.8 31.9 62.4 4.9
Table 13. Response table of C,P phase fraction (intensity)
Standard Phase Distance Current Primary gas flow Powder feed rate
Order fraction | Rate (mm) (A) rate(SCFH) (g/min)
Trial 60 100 | 140 | 500 | 400 | 300 50 75 100 35 55 45
Number | (P T 172 s 1] 2| 3|1 |2 |3 |1 |23
1 96 10 10 10 10 10
2 122 7.16 | 7.16 7.16 7.16 7.16
3 108 | 3.84 | 3.84 3.84 3.84 3.84
4 107 | 3.61 3.61 3.61 3.61 3.61
5 129 | 8.82 8.82 8.82 8.82 | 8.82
6 104 | 2.89 2.89 2.89 | 2.89 2.89
7 134 1 1 1 1 1
8 132 | 9.53 9.53 9.53 9.53 9.53
9 118 | 6.21 6.21 6.21 6.21 6.21
Total sum 21 |15.32 | 16.74 | 14.61 | 25,51 | 12.94 | 22.42 | 16.98 | 13.66 2503 | 11.05 | 16.98
Favor ratio 1.37 1 1.09 | 113 | 1.97 1 1.64 | 1.24 1 2.27 1 1.54
Sum of deviation| 0.46 1.10 0.88 1.81
0% 10.8 25.9 20.7 42.6
&g ood, Table 5-13¢ = WA HH & AAF AeHtE 15 sta #F3o o8 AwEds
ot} Taguchi BAd Hg ZAxnE AAFHe= A ¢ F U 2HF ¥AARA = &4
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Table 14. Results of the Taguchi Analysis{ 0% )

Processing Factor

DesFred Distance Current Primary Powder
Attribute (cam) A) Gas Flow Feed Rate
mm (SCFH)
HA 235 155 131
. 419

Ca0 0.8 319 624 4.9
TP 108 259 207 429
Ca/P(wt% ratio) 546 22.3 19.6 3.5
Current Density 146 20.0 43.1 217
Porosity 41 26.5 18.1 51.3
Roughness(Ra) 112 12.2 12.5 34.2
Coating Thickness | 726 10.7 2.1 14.6
Residual Stress 20.6 20.9 238 4.7

analysis
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Fig. 4. Phase diagram of the system CaO-P,0; at
high temp.(vertical axis:temp C, water present).
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