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Table A.1 Macro-hardness, micro-hardness and volume fraction of retained austenite 
(Vγ) of heat treatment specimens austenitized at 1050°C. 

Specimen 
No. 

Tempering 
temperature 

(°C) 

Macro-
hardness 
(HV30) 

Micro-
hardness 
(HV0.1) 

Volume fraction 
of retained 

austenite (%) 

No.1 
(Nb-free) 

As-hardened 927.1 857.6 10.3 
400°C 827.8 766.7 8.5 
450°C 839.6 791.5 7.8 
500°C 876.3 834.0 3.2 
525°C 894.6 851.5 1.6 
550°C 854.0 800.9 1.5 
600°C 704.9 660.6 1.1 

No.2 
(0.70%Nb) 

As-hardened 913.5 841.5 15.2 
400°C 791.9 725.5 14.5 
450°C 806.8 730.1 13.5 
500°C 863.1 788.9 8.2 
525°C 873.8 818.1 2.5 
550°C 833.2 764.8 2.4 
600°C 656.4 585.0 1.4 

No.3 
(1.05%Nb) 

As-hardened 909.5 836.5 15.9 
400°C 796.1 735.5 12.9 
450°C 804.2 742.6 12.4 
500°C 846.8 773.6 3.7 
525°C 857.2 792.9 3.3 
550°C 816.1 743.9 2.5 
600°C 668.0 608.9 2.0 

No.4 
(2.58%Nb) 

As-hardened 960.2 878.8 18.5 
400°C 830.1 736.7 18.0 
450°C 850.8 748.0 16.1 
500°C 888.9 795.6 13.5 
525°C 907.1 817.5 5.8 
550°C 862.1 771.0 5.7 
600°C 702.5 615.8 5.2 
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Table A.2 Macro-hardness, micro-hardness and volume fraction of retained austenite 
(Vγ) of heat treatment specimens austenitized at 1100°C. 

Specimen 
No. 

Tempering 
temperature 

(°C) 

Macro-
hardness 
(HV30) 

Micro-
hardness 
(HV0.1) 

Volume fraction 
of retained 

austenite (%) 

No.1 
(Nb-free) 

As-hardened 904.8 841.5 14.7 
400°C 802.7 763.1 11.0 
450°C 821.1 790.3 10.5 
500°C 881.4 839.9 7.1 
525°C 922.1 869.6 2.8 
550°C 890.7 843.5 1.6 
600°C 760.9 720.8 1.1 

No.2 
(0.70%Nb) 

As-hardened 885.7 799.6 22.1 
400°C 758.2 715.6 21.7 
450°C 784.7 725.5 20.4 
500°C 858.3 811.0 19.4 
525°C 911.1 848.8 8.3 
550°C 871.6 792.2 3.4 
600°C 697.5 628.1 1.6 

No.3 
(1.05%Nb) 

As-hardened 841.7 779.3 26.8 
400°C 753.7 726.7 22.0 
450°C 766.7 743.8 20.6 
500°C 855.1 811.9 12.8 
525°C 896.6 845.1 8.5 
550°C 879.2 800.3 4.5 
600°C 744.3 680.2 2.2 

No.4 
(2.58%Nb) 

As-hardened 872.0 811.3 28.2 
400°C 786.0 737.8 27.5 
450°C 814.7 758.0 26.5 
500°C 882.3 825.0 15.8 
525°C 927.0 854.7 9.4 
550°C 912.5 832.7 7.1 
600°C 767.1 678.8 4.9 
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Table B.1 Wear loss (Wl) and wear distance (Wd) of specimen austenitized at 1050°C in 
the Suga abrasive wear test. 

Specimen No. 
Wear distance 

(Wd), m 
As-

hardened 
L-HTmax HTmax H-HTmax 

No. 1 
(Nb-free) 

24 9.3 10.3 9.0 9.6 

48 16.9 17.5 15.6 16.8 

72 23.6 23.7 21.9 23.6 

96 29.8 30.6 28.1 30.5 

120 35.6 37.3 34.4 36.6 

144 41.2 43.5 40.1 43.5 

168 46.5 49.6 45.9 50.3 

192 51.9 55.5 52.1 57.2 

No. 2 
(0.70%Nb) 

24 9.3 11.1 8.5 12.5 

48 17.0 20.3 15.6 24.2 

72 24.0 28.8 22.5 35.7 

96 30.3 37.6 29.1 47.0 

120 37.1 46.8 36.3 58.5 

144 43.9 55.5 43.3 69.7 

168 50.2 64.4 50.5 81.3 

192 57.0 73.4 57.6 92.8 
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Table B.1 Wear loss (Wl) and wear distance (Wd) of specimen austenitized at 1050°C in 
the Suga abrasive wear test. (Continued)  

Specimen No. 
Wear distance 

(Wd), m 
As-

hardened 
L-HTmax HTmax H-HTmax 

No. 3 
(1.05%Nb) 

24 9.6 10.9 7.7 10.9 

48 17.9 19.8 14.8 20.1 

72 25.2 27.8 22.0 28.8 

96 32.0 36.1 29.4 38.0 

120 38.8 44.3 36.8 46.4 

144 45.6 52.8 44.2 55.0 

168 52.1 61.3 51.8 64.2 

192 58.1 69.3 59.5 73.1 

No. 4 
(2.58%Nb) 

24 7.2 10.2 9.3 10.1 

48 13.0 17.9 15.6 17.6 

72 18.9 25.0 21.5 24.9 

96 23.4 32.4 27.0 32.2 

120 29.2 39.1 32.6 39.3 

144 34.6 45.8 38.4 46.4 

168 39.8 53.0 44.1 53.7 

192 44.3 59.8 50.3 61.3 
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Table B.2 Wear loss (Wl) and wear distance (Wd) of specimen austenitized at 1100°C in 
the Suga abrasive wear test. 

Specimen No. 
Wear distance 

(Wd), m 
As-

hardened 
L-HTmax HTmax H-HTmax 

No. 1 
(Nb-free) 

24 8.2 7.5 8.2 7.3 

48 15.2 13.6 14.8 14.0 

72 20.9 19.6 20.4 20.6 

96 25.8 25.3 25.6 27.2 

120 30.8 30.6 31.0 33.4 

144 35.8 36.3 36.3 39.9 

168 40.2 42.6 42.0 46.4 

192 44.6 48.1 46.7 52.6 

No. 2 
(0.70%Nb) 

24 9.0 9.7 7.8 9.5 

48 16.3 17.5 14.2 18.4 

72 23.4 24.7 20.5 27.0 

96 30.2 31.9 26.5 35.3 

120 36.5 38.9 32.7 44.1 

144 42.8 45.7 38.9 53.2 

168 49.2 52.8 45.3 62.1 

192 55.8 59.8 51.3 71.2 
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Table B.2 Wear loss (Wl) and wear distance (Wd) of specimen austenitized at 1100°C in 
the Suga abrasive wear test. (Continued) 

Specimen No. 
Wear distance 

(Wd), m 
As-

hardened 
L-HTmax HTmax H-HTmax 

No. 3 
(1.05%Nb) 

24 8.5 9.48 7.5 10.4 

48 15.8 16.78 14.2 18.6 

72 22.8 23.88 20.8 26.7 

96 29.9 30.48 27.3 34.9 

120 36.8 36.92 33.5 43.4 

144 43.5 43.78 40.1 51.5 

168 50.0 50.16 46.6 59.6 

192 56.2 57.10 53.1 67.9 

No. 4 
(2.58%Nb) 

24 6.5 7.0 5.6 9.5 

48 11.8 13.3 10.7 17.1 

72 17.0 19.8 15.9 23.9 

96 22.5 25.5 20.8 30.4 

120 27.6 31.7 25.7 37.1 

144 32.9 37.4 30.5 43.5 

168 37.4 43.7 35.7 50.3 

192 42.0 49.9 40.6 57.0 
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Table C.1 Wear loss (Wl) and wear distance (Wd) of specimen austenitized at 1050°C in 
the rubber wheel abrasive wear test. 

Specimen No. 
Wear distance 

(Wd), m 
As-

hardened 
L-HTmax HTmax H-HTmax 

No. 1 
(Nb-free) 

785 78.9 102.7 92.4 114.0 

1570 148.1 195.7 177.0 219.7 

2355 214.4 283.9 250.7 317.4 

3140 279.4 372.0 355.9 410.4 

No. 2 
(0.70%Nb) 

785 77.8 92.1 79.7 102.0 

1570 142.3 175.7 151.6 197.0 

2355 203.3 260.4 221.5 288.3 

3140 262.6 336.8 289.2 377.8 

No. 3 
(1.05%Nb) 

785 77.9 88.6 73.0 96.7 

1570 140.8 165.1 143.3 186.2 

2355 193.4 238.5 212.4 275.7 

3140 249.7 310.9 281.1 363.3 

No. 4 
(2.58%Nb) 

785 72.3 96.2 78.6 100.4 

1570 136.2 190.8 159.9 210.5 

2355 203.0 281.2 239.9 316.3 

3140 268.6 370.0 320.2 417.9 
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Table C.2 Wear loss (Wl) and wear distance (Wd) of specimen austenitized at 1100°C in 
the rubber wheel abrasive wear test. 

Specimen No. 
Wear distance 

(Wd), m 
As-

hardened 
L-HTmax HTmax H-HTmax 

No. 1 
(Nb-free) 

785 66.8 80.6 69.5 84.4 

1570 129.2 158.1 134.9 162.0 

2355 188.3 234.6 199.8 238.0 

3140 246.9 307.7 263.8 312.0 

No. 2 
(0.70%Nb) 

785 71.0 79.2 66.8 80.4 

1570 130.4 150.1 126.3 155.2 

2355 186.3 217.5 183.7 228.3 

3140 241.1 285.4 239.0 299.8 

No. 3 
(1.05%Nb) 

785 71.9 69.4 65.7 83.7 

1570 130.0 135.3 124.0 159.7 

2355 184.4 199.5 180.4 232.1 

3140 237.6 262.2 235.4 300.5 

No. 4 
(2.58%Nb) 

785 73.2 88.4 67.7 89.3 

1570 141.1 175.9 136.5 175.6 

2355 205.5 264.0 202.7 258.9 

3140 270.0 349.4 268.0 340.6 
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