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Effects of Inclusion and ODA Sizes on Gigacycle Fatigue Properties of High-strength Steels

Yoshiyuki FURUYA, Saburo MATSUOKA, Toshimitsu KIMURA and Masakazu HAYAISHI

Synopsis : Gigacycle fatigue tests up to 10° cycles were conducted for SCM440 and SUJ2 steels. Five types of each steel were prepared with different
melting processes. The gigacycle fatigue properties were divided into two groups: One group, consisting of SCM440 and double-melted
SUJ2 steels, revealed higher fatigue strengths than the other group consisting of single-melted SUJ2 steels. The origins of fish-eye fracture
were mostly an small AL,O, in the high fatigue strength group and entirely a large (Cr, Fe),C in the low fatigue strength group. ODA sizes
normalized with inclusion sizes at the fracture origin showed dependency on the inclusion sizes. The normalized ODA sizes increased ac-

cording to the inclusion size decrease when the inclusion sizes were below about 10 ym, although the normalized ODA sizes were constant

when above that size. Relating to this dependency, fatigue limits at 10° cycles were independent of the inclusion sizes when the inclusion

sizes were enough small. The inclusion sizes, below which fatigue limit lost dependency on the inclusion sizes, were expected to exist be-

tween 10 and 20 gm. On the other hands, fatigue limits depended on inclusion sizes when the inclusions were large enough to exceed that
size, as well as on ODA sizes. The ODA and large inclusions were similar to small cracks in which AK;; depends on the crack size to the
1/3th power. This meant that the fatigue limits depended on the ODA and large inclusion sizes to the —1/6th power.

Key words: gigacycle fatigue; inclusion; optically dark area; high-strength steel; fish-eye fracture.
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Table 1. Expected inclusion sizes of the prepared steels.

Symbol E/);[fét}ed mclusm’ll:li;;ze Melting Remark
SCM440-1, SUJ2-1 Small Small Double-melted —
SCM440-2, SUJ2-2 Middle Small Single-melted | Controlled by the time
SCM440-3, SUJ2-3 Large Small Single-melted | of Al additions
SCM440-4, SUJ2-4 Small Middle Double-melted Ti added
SCM440-5, SUJ2-5 Middle Large Single-melted

Table 2. Chemical compositions of the prepared steels.

Steel Element (mass %)
C Si Mn P S Cu Ni Cr Mo
SCM440 | 0.39-41 0.16-25 | 0.61-75 | <0.01 | <0.01 <01 | <01 [1.11-2] 0.17-18
SuUJ2 0.99-1.01 | 0.19-21 | 0.30-32 [ <0.01 | <0.005 | <0.05|<0.05]|146-8| <0.01
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Fig. 1. S-N diagrams for the prepared steels. Solid marks show the results of the double-melted steels and open ones show those

of the single melted steels.
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Fig. 2. Typical FE-SEM fractographs for SCM440 and double-melted SUJ2 steels. (a) SCM440-1 which did not fail at 10° cycles
at 890 MPa, but failed at 4.3X10° cycles at 980 MPa. (b) SCM440-1 broken at 2.3 X 10® cycles at 890 MPa. (c) SUJ2-4 bro-

ken at 6.0%X 10® cycles at 830 MPa.
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Table 3. Fatigue limits at 10° cycles for the prepared steels and the proportion
of specimens failed from each fracture site to the total tested speci-

mens for each steel.
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Fig. 4. Extreme value distribution of inclusion sizes mea-
sured on fracture surfaces at the origin for
SCM440-1, 2, 3 and SUJ2-1, 2. 3.

Table 4. Average inclusion sizes
measured on the frac-
ture surfaces at the ori-

gin.
. Vickers Fatigue limit | Appearance proportion of each fracture sitc
Stecls Melting Hardness TVIPa APII:O: Tpin (Cr. Fe);C | Matrix* Steel Inclusion | Average size
SCM440-1 | Double | HV391 <830 03 % — — 6% SCMA440-1 | AlO: 8.5 um
SCM440-2 | Single HV603 770 89 % — — 11 % SCM140-2 Al 10.1 um |
SCM440-3 | Single HV591 740 90 % — — 10 % SCM440-3 AloOs 82pm |
SCM440-4 | Double HV603 770 79 % — — 21 % SCM440-4 AlO: 7.6 um
SCM440-5 | Single HV588 800 76 % — — 24 % SCM440-5 Al 8.5 um
SUJ2-1 Double HV724 800 95 % — — 5 % SUJ2-1 Ala()s 11.5 pm
SuJ2-2 Single HV764 <620 — — 100 % — SUJ2-2 (Fe. CraC 18.1 um
SuUJ2-3 Single HVS8I13 680) — — 100 % — SUJ2-3 | (Fe. Cr):C 204 um
SUJ2-4 | Double | HV795 800 0% | 30 % — — SUJ2A | ALO: 11.2 pm
SuJ2-3 Single HV753 620 — — 100 % — o TiN 8.5 um
*: Matrix crack SuUJz-5 | (Fe. Cr)iC 22.6 pm
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Fig. 5. Typical optical microscope photos of ODAs formed
on a fracture surface at the origin. (a) ODA formed
around an Al,O; in SCM440-4 which did not fail at
10° cycles at 830 MPa, but failed at 2.0X 10° cycles
at 920 MPa. (b) ODA formed around a (Cr, Fe),C
in SUJ2-2 broken at 5.0X 10® cycles at 740 MPa.
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Table 5. Fatigue limits at 10° cycles estimated against inclusion sizes.

Inclusion size

Steel Inclusion range Average 15\1)‘;211):;1?: Fan%}[l;ahmlt
pm pm
3-5 4.3 9 830
5-6 5.5 8 800
6-7 6.5 11 770
7-8 7.5 7 830
SCM440 Al2Os 8-9 8.4 9 770
9-10 9.4 9 770
10-11 - 0 -
11-12 11.4 10 770
12-13 12.5 7 800
6-10 8.0 11 800
Al:O3 10-15 12.5 13 830
15-20 17.3 5 800
SUJ2 11-15 13.1 6 680
15-20 17.5 20 680
(Fe. CoC 5095 22.3 18 650
25 - 32 28.3 10 620

Table 6. Fatigue limits at 10° cycles estimated against ODA sizes.

Steel Inclusion ODA mz: Number of Fatigue limit
ee clusio range verage specimens MPa
pum pm
14 -20 16.5 7 860
SCM440 Al20s 20-25 22.2 21 830
25-30 26.9 14 800
16 - 20 19.1 5 800
Al:Oy 20 - 25 23.0 9 830
2530 27.5 9 800
SuUJ2 21-35 324 9 680
N\ 35 - 40 36.3 9 680
(Fe. CC 4045 423 8 650
45 -50 47.2 7 620
1000 vy ey 1000 r .
900 900 °
s ° = (o)
& 800 o.&.{o 1 1 § 800 1 B o 2
- - [
Z 700 s *?j hﬁ Z 700 éﬁ
= e = Feife
o 600 RS +-+. o 6001 ! e *
2 4t ] 2 +
2 #+ o+ = 2 T+
- -
& 500({@ : A1,0,. SCM440 + & 2 & 500H @ : AlLLD, SCH4d0
O : AL,0,, SUJ2 O : Al,0,, SUJ2
@ : (Cr, Fe),C. SUJ2 @ : (Cr. Fe),C. SUJ2
+ : Fu‘ti:u‘e I.)ut‘nAs‘hAe?lts + . + : Fatigue data sheelts .
4001 10 100 400 10 100
area (um) / area (um)
(a) Inclusion (b) ODA

Fig. 8. Fatigue limits at 10° cycles according to inclusion and ODA sizes, respectively. The cross marks shows the results of fa-

tigue data sheets.?*
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Fig. 9. AK,, estimated with inclusion and ODA sizes, according to fatigue limits at 10° cycles. The AK,,, based on inclusion and
ODA sizes, are plotted against inclusion sizes in (a) and ODA sizes in (b), respectively.
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