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Abstract — The powder core, conventionally fabricated from iron particles coated with insulator, showed large eddy cur-
rent loss under high frequency, because of small specific resistance. To overcome the eddy current loss, the increase in
the specific resistance of powder cores was needed. In this study, copper oxide coating onto electrically conductive iron
particles was performed using a planetary ball mill to increase the specific resistance. Coating factors were optimized by
the Response surface methodology. The independent variables were the CuO mass fraction, mill revolution number, coating
time, ball size, ball mass and sample mass. The response variable was the specific resistance. The optimization of six factors by
the fractional factorial design indicated that CuO mass fraction, mill revolution number, and coating time were the key factors.
The levels of these three factors were selected by the three-factors full factorial design and steepest ascent method. The steep-
est ascent method was used to approach the optimum range for maximum specific resistance. The Box-Behnken design was
finally used to analyze the response surfaces of the screened factors for further optimization. The results of the Box-Behnken
design showed that the CuO mass fraction and mill revolution number were the main factors affecting the efficiency of coat-
ing process. As the CuO mass fraction increased, the specific resistance increased. In contrast, the specific resistance
increased with decreasing mill revolution number. The process optimization results revealed a high agreement between
the experimental and the predicted data (Adj-R?=0.944). The optimized CuO mass fraction, mill revolution number, and
coating time were 0.4, 200 rpm, and 15 min, respectively. The measured value of the specific resistance of the coated pellet
under the optimized conditions of the maximum specific resistance was 530 kQ-cm.
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Table 2. Experimental conditions for the design of experiment
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Table 1. Physical properties of the materials

Materials

Physical Properties Fe Cuo
Density (g/cm®) [28] 7.87 6315

Reflex index (-) [29] 2.86 2.63
Particle size (um) 109 3.46

*Median diameter (volumetric base)

DOE

Factor Fractional factorial design ~ Full factorial design ~ Steepest ascent method ~ Box-Behnken design Prediction
Ball size [mm] 2,5 2 2 2
Ball weight [g] 55.44~83.16 55 55 55
Sample weight [g] 7~14 14 14 14
CuO mass fraction [-] 0.2~0.4 0.2~0.4 0.4 0.3~0.4 0.4~0.324
Mill revolution number [rpm] 250~450 250~450 350~200 200~340 200~320
Coating time [min] 4~32 4~32 18~24 18~24 15
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Table 3. Experimental matrix for the fractional factorial design and specific resistance (X1: ball size, X2: ball mass, X3: sample mass, X4: CuO mass

fraction, X5: mill revolution number, X6: coating time)

Trial X1 X2 X3 X4 X5 X6 Specific resistance [KQ-cm]
1 -1 -1 -1 1 1 1 449
2 1 -1 -1 -1 -1 1 0.332
3 -1 1 -1 -1 1 -1 273
4 1 1 -1 1 -1 -1 1060
5 -1 -1 1 1 -1 -1 506
6 1 -1 1 -1 1 -1 51.9
7 -1 1 1 -1 -1 1 129
8 1 1 1 1 1 1 17.6
9 -1 0 0 0 0 0 415
10 1 0 0 0 0 0 317
11 -1 0 0 0 0 0 369
12 1 0 0 0 0 0 39.9
13 -1 0 0 0 0 0 324
14 1 0 0 0 0 0 104
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Table 4. Analysis of variance of the specific resistance listed in table 3

g Aol H2 st 47

Source DF Adj SS AdjMS F-Value P-Value
Model 6 839900 139983 3.90 0.049
Linear 6 839900 139983 3.90 0.049
Ball size 1 28221 28221 0.79 0.405
Ball mass 1 6422 6422 0.18 0.685
Sample mass 1 86555 86555 241 0.164
CuO mass fraction 1 415903 415903 11.59 0.011
Mill revolution number 1 165178 165178 4.60 0.069
Coating time 1 137620 137620 3.84 0.091
Error 7 251104 35872
Curvature 1 1194 1194 0.03 0.871
Lack-of-Fit 2 203682 101841 8.81 0.034
Pure Error 4 46228 11557
Total 13 1091004
Term 1895 N
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b Aaigich.
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A ball size

B ball weight

C sample weight
D CuO fraction
E rpm
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20 25

15
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0.0 0.5 10 30 35

Fig. 1. Pareto chart of the standardized effects obtained by the fractional
factorial design using specific resistance as a response (¢=0.1).
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Fig. 2. Main effects plot for specific resistance obtained from the fractional factorial design.
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Table 5. Experimental matrix for the full factorial design and specific resistance

Trial CuO mass fraction Mill revolution number Coating time Specific resistance [KQ-cm]
1 -1 -1 -1 0.0634
2 1 -1 -1 318
3 -1 1 -1 0.00865
4 1 1 -1 98.5
5 -1 -1 1 0.0317
6 1 -1 1 352
7 -1 1 1 3.12
8 1 1 1 171
Table 6. Analysis of variance of the specific resistance listed in table 5
Source DF Adj SS Adj MS F-Value P-Value
Model 5 152517 30503 163.54 0.006
Linear 3 130825 43608 233.8 0.004
CuO fraction 1 109577 109577 587.49 0.002
rpm 1 19747 19747 105.88 0.009
coating time 1 1501 1501 8.05 0.105
2-Way Interactions 2 21692 10846 58.15 0.017
CuO fraction*rpm 1 20355 20355 109.13 0.009
CuO fraction*coating time 1 1337 1337 7.17 0.116
Error 2 373 187
Total 7 152890

CuO fraction

pm

coating time

250

H
3 8 3

Mean of specific Resistance

n
id

02 04

250

450

2

2

Fig. 3. Main effects plot for specific resistance obtained from the full

factorial design.
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design.
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1 -1 -1 0 15.7 H] A &(Specific ResistanceyS | 53}7] $13810] 3]H w418 3131 2.
2 ! 1 0 530 o, 2ACRIBIA 4] B G AR Ak T Aok,
i 11 1 g 33(;2 Specific Resistance = —588 — 3783 (CuO fraction) + 5.30 (rpm)
5 -1 0 1 3.53 + 17484 (CuO fraction)*(CuO fraction) — 15.62 (CuO fraction)* (rpm)
o] . ! o o] 2|72 Ae] RATFE)E 0940131,
s 0 | 479 Cu0 A7} 9 057 1Al vl FIE 1] 915
9 0 -1 -1 138 o] EAUEE Fig. 5ol YERISIT Fig. 5914 & = S1=°] Cu0 4
10 0 1 -1 228
11 0 -1 1 184
12 0 1 1 190
13 0 0 0 215
14 0 0 0 182
15 0 0 0 159 o 40
g
8 30
3-4. HESHETFAMH (response surface methodology)= O|&5t g
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w)io] 24w slo] Mgkl 20w o] =Hr), (rin::sg lil'l.'actlon and mill revolution number by the Box-Behnken
Table 9. Analysis of varience of the specific resistance listed in table 8
Source DF Adj SS AdjMS F-Value P-Value
Model 4 379379 94845 60.23 0.000
Linear 2 360288 180144 114.40 0.000
CuO fr. 1 359200 359200 228.12 0.000
rpm 1 1088 1088 0.69 0.425
Square 1 7133 7133 4.53 0.059
CuO fr.*CuO fr. 1 7133 7133 4.53 0.059
2-Way Interaction 1 11957 11957 7.59 0.020
CuO fr.*rpm 1 11957 11957 7.59 0.020
Error 10 15746 1575
Lack-of-Fit 8 14162 1770 223 0.346
Pure Error 2 1585 792
Total 14 395125
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Fig. 6. Response optimization plot obtained by the canonical analysis.
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Table 10. Comparison of the experimental results with the predicted results for specific resistance

CuO mass fraction Mill revolution number

Specific resistance [KQ-cm]

[-] [rpm] Desirability Predicted Experimental Experimental / predicted
04 200 0.941 507 472 0.931

0.387 220 0.982 403 437 1.084

0.3839 340 1.000 300 297 0.990

0.3514 220 0.995 200 226 1.127

0.3244 320 0.998 100 109 1.091
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