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Quantitative Evaluation of Effects of Size and Shape of Artificially In_tro-
duced Alumina Inclusions on the Fatigue Strength of Ni-Cr-Mo Steel

Yukitaka MURAKAMI, Katsumi KAwWAKAMI and W. E. DUCKWORTH

Synopsis :

In 1963, W. E. DuckworTH and E. INEson investigated the effects of non-metallic inclusions on fatigue life
of En 24 steel using specimens which contained artificially introduced spherical or angular alumina particles
with various controlled sizes. Their tests showed a large scatter of fatigue lives of specimens tested
under the same stress level depending on the size and location of the inclusion at fracture origin. Their
report revealed typical complicated aspects of the effects of non-metallic inclusions on fatigue strength.

In the present study, their complicated data were analyzed by the prediction equation which was proposed
by MurakaMI et al. and contains the Vickers hardness ( HV ) as the material parameter and the square root of
projection area (4/area ) of inclusion as the geometrical parameter. The data can be clearly analyzed in a
unified manner by Murakam1 et al’s equation. It is also shown that the shape of inclusions, spherical or
angular, is not crucial factor of inclusion affecting fatigue strength.

Key words : fatigue ; inclusions; inclusion shape ; alumina particles; high strength steel; Vickers hardness;
fish-eye ; shot peening; residual stress; square root of inclusion area; statistics of extreme; scatter band
of fatigue strength.
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(a) Surface inclusion. (b) Subsurface inclusion. (¢) Interior inclusion.

Fig. 1. Location of inclusion.
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Table 1(a).

Rotating bending fatigue.
(Angular particles in specimens not shot-peened)

. Fatigue limit
Cyele to failur Inclusion size Distance from surface N:;n;:ﬂ S;if)ess redicted by
Specimen No. yele ;\), € ( a're):a Why a,“ n Eq.(2), ,( 3),(4) a'fa'y
m m o w
w w (MPa) (MPa)
Cast No. 55 HV=606
Al 1.05x 108 77.9 290 656 (4)548 1.20
A3 1.57x107 88.8 327 649 (4)536 1.21
A5 4.80%x10 31.4 0 710 (2)584 1.22
A6 6.56x10* 30.1 15 707 (3)580 1.22
A9 1.01x10% 55.5 103 691 (4)580 1.19
Al2 2.83%106 65.2 122 687 (4565 1.22
Cast No. 56 HV=614
Al 4.33x108 47.6 118 688 (4601 1.14
Ad 1.41X10 35.9 40 703 (4630 1.11
A6 7.11X10 62.0 0 710 (2)528 1.35
A7 1.96X10° 51.0 30 704 (3)537 1.31
A9 7.02x104 51.7 41 702 ( 4 )593 1.18
Al0 8.16 X104 66.8 71 697 (4)568 1.23
Al12 3.58%10? 53.2 32 704 (3)534 1.32
. A13 1.95X10 77.7 45 702 (3 ;501 1.40
Al4 9.76 X 10* 56.2 50 701 (4)585 1.20
Al5 6.47%x108 51.4 219 669 (4)59 1.13
Cast No. 61 HV=610
A9 5.97 X 103 20.4 Just breaks free surface 710 (3)623 1.14
Al0 1.56X10° 38.9 Just breaks free surface 710 (3 ;559 1.27
Al12 7.84X10 38.8 685 (4)619 1.11
Al3 8.50% 10 39.6 48 701 (4)617 1.14
Al4 3.31x10° 64.2 59 699 (4)569 1.23
Cast No. 63 HV=610
A3 3.11x10* 15.7 0 710 (2)660 1.08
Ad 1.29%10° 14.7 0 710 (2)667 1.06
A5 2.21X10 29.5 20 706 (3 ;586 1.21
A6 4.57X10 30.2 58 699 (4645 1.08
A7 8.96 % 10% 24.1 0 710 (2 ;614 1.16
A8 4.52x107 26.6 58 699 (4659 1.06
Al2 2.81%10° 28.0 Just breaks free surface 710 (3)591 1.20
Al5 6.20x10% 14.6 0 ) 710 (2 ;668 1.06
Al7 5.57x10* 19.7 0 710 (2)635 1.12
Cast No. 78 HV=602
A3 1.64x107 17.2 0 710 (2643 1.10
A5 4.68%10? 19.7 13 708 (3)619 1.14
A6 4.02X10% 33.2 58 699 (4)628 1.11
A7 7.21X10* 19.8 0 710 (2)628 1.13
A9 3.43%x108 15.6 0 710 (2)653 1.09
Al2 4.07%10¢ 15.3 0 710 (2)655 1.08
Al4 4.39x107 29.1 151 682 (4)642 1.06
Al5 5.34X10°8 8.86 0 710 (2)718 0.99
Al7 2.13x107 35.8 115 689 (4)620 1.11
Cast No. 76  HV=606
A3 8.34%x10° 25.1 22 706 (4662 1.07
A7 6.71x 106 11.5 10 708 (4)754 0.94
A8 1.07X10* 21.7 0 710 (2)622 1.14
Al0 1.42%108 15.3 Breaks surface 710 (3650 1.09
Cast No. 77 HV=610
A3 7.86%10% 14.3 Breaks free surface 710 (3 ;661 1.07
A7 1.57X10% 12.5 Breaks free surface 710 (3)676 1.05
A8 8.91%107 11.5 20 706 (4 3758 0.93
A9 7.38x108 11.5 15 707 (4)758 0.93
Varea DIV NF PRI T HEBERLR, = DEBERAEL TS,
DIENDHD v/ area WEFBIBICBOWTEELR VS Photo. 1 ICiRML 27NV I+ HEERT. TOEE
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DAFEPEL ORF %4 2 KT THROE, £vIF
EEHOVWTWES,

ERICHBIT RSB NN EYO~TEICRAKE R
50 & BRONB 0, AEPHRORINZTEREL
Varea \= & o> THEEH L 72, Fig. 4 12 (a) Spherical
alumina (Bk4K 7 v 3 5-), (b) Angular alumina (£ 5
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Table 1(b). Rotating bending fatigue. Table 1(c). Rotating bending fatigue.
( Angular particles shot-peened specimens) (Spherical particles in shot-peened specimens)
g p P
- Distance| Nominal Fatigue limit . Distance| Nominal Fatigue limit
Cycle to Inclusion from | stess at ?redicted by . Cycle to Inc]'uzselon from | stess at predicted by
failure Size surface | inclusion | Eq.(2),(3),(4) |d¢’/o’'y failure St surface | inclusion | Eq.(2),(3),(4) |¢'/d’w
v, area P o'w area o’ o'w
(wm) 1 (um) | (MPa) (MPa) (m) | (um) | (MPa) (MPa)
Cast No. 84 HV=>581 Cast No. S11 HV=556
1.16X108  52.0 374 641 (4)566 1.13 1.27x108  59.5 341 647 (4)534 1.21
1.57x108  68.0 686 583 (4)541 1.08 2.64x10¢  137.4 1100 506 (4)464 1.09
6.97x10%  56.0 453 626 (4)559 1.20 7.88X106  76.7 515 614 (4 ;512 1.20
6.02Xx10°  93.0 327 649 (4)514 1.26 1.60X10%  93.1 830 556 (4)495 1.12
1.45x108  79.4 449 627 (4)527 1.19
7.67X10°  74.2 257 662 (4)533 1.24 Cast No. S2 HV=560
8.96X10°  90.8 318 651 (4)516 1.26 6.77X107  47.8 420 632 (4)557 1.13
2.55%10° 93.4 375 640 (4 g513 1.25 6.21 X107 57.6 460 625 (4)540 1.16
4.12X10° 69.1 418 632 ( 4 )540 1.17 2.85%107 49.2 470 623 (4)554 1.12
4.01X10°  97.0 521 613 (4 ;510 1.20
3.04X10°  87.9 445 627 (4)519 1.21 Cast No. S4 HV=554
3.07x107  40.8 390 638 (4)567 1.13
Cast No. %19 HV=579 2.69x10%  112.6 1300 469 (4)478 0.98
4.92X10 52.7 325 650 (4)563 1.15 2.34%107 46.1 375 640 (4 )555 1.15
1.63x10%  63.8 437 629 (4 ;546 1.15 7.11x108  53.2 470 623 (4)542 1.15
1.66><10§ 81.3 361 643 (4)524 1.23 3.34%x107 46.1 450 626 (4)555 1.13
8.31X10 83.8 335 648 (4 ;52] 1.24 6.39X 108 51.4 357 644 (4)545 1.18
3.66X10°  85.6 427 631 (4)519 1.21 1.54x107  44.3 675 585 (4)559 1.05
2.13%10%  55.4 364 642 (4)558 1.15
2.98x10°  63.3 276 659 (4)546 1.21 Cast No. S7 HV=566
3.06X107  55.8 1200 487 (4)547 0.89
Cast No. %18 HV=581 3.07X107  34.1 500 617 (4)594 1.04
2.80X10°  56.7 582 602 (4)558 1.08 6.58%107  33.8 310 652 (4)595 1.10
6.84X10 53.9 575 603 (4)563 1.07 2.34 X107 41.7 320 651 (4)575 1.13
2.43X10°  63.9 473 622 (4)547 1.14
LEXIG M % | (435 1og  GastNo 58 HV=550
3.68X1 73. . 5.55% 107 . 680 4 4 .
1.56x107  57.1 | 557 | 607 (4557 1.09 s.Sox10, MY | & B (43556 109
2.62x10°  56.7 464 624 (4)558 1.12 953%10° 72,5 410 628 (49812 123
8.61x10°  40.3 56 700 (4)564 1.24
Cast No. 1717 HV=581 2.73%107  46.1 390 638 (4)552 1.16
8.28X10 33.2 402 635 (4)610 1.04 4.87%107 26.6 415 633 ( 4)605 1.05
4.68x107  51.7 424 631 (4 ;567 1.11
2.57%108  54.5 382 639 (4)562 1.14
1.05x108  26.9 367 642 (4 {632 1.02
4.43x10‘7‘ 72.1 803 561 (4)536 1.05
1.75X10°  46.6 521 613 (4)576 1.06 Table 1(d) Tension-compression fatigue.
Cast No. 116 HV=574 (Spherical particles shot-peened specimens)
9.08x107.  36.2 277 659 (4 ;595 1.11
4.78)(10; 125.9 510 615 (4)484 1.27 Inclusi Distance| Nominal Fatigue limit
1.61X107  37.6 287 657 (4)59 1.11 Cycle to | MCUSIOM | from | stess at redicted by
9.04)(107 116.0 860 550 (4)490 1.12 failure Size surface | inclusion | Eq. ? 2),(3)(4)d'/c'w
5.24 %10 33.6 668 586 (4)603 0.97 4 arﬁa o o w
pm (um) | (MPa) (MPa)
Cast No. S11 HV=556
1.49%10%  50.5 1000 710 (4)549 1.29
15 2.47x108  71.1 1510 710 (4)518 1.37
1.85%10%  114.2 2000 710 (4)479 1.48
1.4 A
bk 29 a Cast No. S2 HV=560
. A 8.12x10°  72.8 2100 710 (4 ;519 1.37
12 AR 5 O a 4.66x105  66.9 1160 710 (4)526 1.35
D D
11F O 0O -,A O [ﬁ a Cast No. S4 HV="554
(o9
o @a o B 3.10X105  69.4 830 | 710 (4)519 1.37
g 10 o 2.40X10°  115.1 1120 710 (4)477 1.49
© ool g a 3.67X10° 80.1 500 | 710 (4)506 1.40
~ 1.03x108  59.8 1860 710 (4)532 1.34
b-. 08
Cast No. S7 HV=566
0.7} 6.04X10° 77.4 2350 710 (4)518 1.37
0.6} O Surface inclusion
! . 8 HV=550
A Subsurface inclusion Cast No. 5
05+ P . 3.91X10 62.1 1650 710 (4)525 1.35
e O Interior inclusion 1.88%10°  82.3 | 2500 | 710 (4 g501 1.42
0.3
0.2+ - _ .
O'T RTNIF) D Jarea DA T T L%ERT. WL
0 | L ! ) bIEHDEFERTH, FAICRHTVEIAEONL .
10* 10° 10 10’ 10° . . - ~ A
Nf Fig. 5 #A L OT, Fig 2 & F#EDERiFoBa D

Fig. 2. Comparison between the failure stress
and the predicted fatigue strength for not shot-

peened rotating bending beam test specimens.
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A. Typical spherical particles. (a) 73 pym nominal size. (b) 40 pm nominal gize. (c) 10 pm nominal size.

()

(c)

B. Typical angular particles. (a) 73 pm nominal size. (b) 40 pm nominal size. (¢) 10 pm nominal size.
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Fig. 3. Relationship between the 4/area and the

cycle to failure.
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Fig. 4. Histogram of 4/area at fracture origin.
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Fig. 5. Comparison between the failure stress and
the predicted fatigue strength for shot-peened
rotating bending beam test specimens and for
shot-peened tension-compression test specimens.
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