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Abstract: To investigate the influence of non-metallic inclusions on fatigue fracture behavior in GCr15 bearing steel pro-
duced through different smelting processes, three different metallurgical processes to produce GCrl5 bearing steel were ad-
opted: electric arc furnace with refining (EAF-VD), converter with refining (BOF-LF-RH) , and vacuum induction fur-
nace with vacuum self-consumption (VIM+VAR). Large inclusions were analyzed using ASPEX software, revealing its
three predominant types: MnS, sulfur-oxygen composite inclusions, and TiN. Fractographic analysis of rotating bending
fatigue specimens revealed that cracks mainly initiated at complex inclusions and TiN, whereas MnS did not initiate fatigue
cracks. All failures in the EAF specimens initiated from complex inclusions, whereas in the BOF specimens, 91% of the
failures were still associated with complex inclusions and only 9% were induced by TiN. In contrast, approximately 75%
of the failures in the VIM+VAR specimens were triggered by TiN, with the remaining failures were caused by composite in-
clusions. . These findings indicate that as steel cleanliness improves, the inclusion-induced failures transition from compos-
ite inclusions in EAF and BOF steels to TiN inclusions in double vacuum process. VIM+VAR steels. Furthermore, re-
search indicates that the primary factors contributing to the reduced fatigue life of certain GCr15 bearing steels include: 1)
Spinel oxide inclusions within composite inclusions are more hazardous than calcium-aluminate inclusions; 2) The sharper
the TiN edge, the higher its fatigue damage potential; 3) When inclusions are located near the sample surface, they sig-
nificantly degrade the fatigue performance of bearing steels.

Key Words: GCrl5 Bearing Steel; Inclusion; ASPEX Analysis; Rotating-bending Fatigue Test; Finite Element Simula-
tion
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Fig. 1 Geometry of specimen employed for rotating bending fa-

tigue test
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Fig. 2 ASPEX analysis of inclusions in steel processed by electric arc furnace (al-a3), converter (b1-b3) and double vacuum (c1-

¢3) processes; (al—c1)MnS inclusions; (a2-c2) calcium aluminate composite inclusions; (a3—c3) TiN inclusions
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Fig. 3 Quantity density of various inclusions (unit: pcs/90 mm?) in bearing steel produced by three different smelting processes

(EAF, BOF, and VIM+VAM) detected and counted via ASPEX automatic scanning technology: (a) total quantity density without dis-

tinguishing inclusion types; (b) MnS inclusions; (c) sulfur—oxygen complex inclusions; (d) TiN inclusions.
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Fig. 4 Failure fracture induced by a complex inclusion (o = 924MPa, Nf = 6. 40 x 10°) : (a) typical three—zone morphology of a fa-

tigue fracture surface (crack initiation region, propagation region, and final fracture region) ; (b) “fish—eye” feature at the crack

source region with a complex inclusion at the center; (c1) Residual inclusion on one side and (¢2) corresponding cavity on the oppo-

site side, indicating crack initiation along the inclusion/matrix interface.
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Fig. 5 Failure fracture induced by a TiN inclusion (o = 1170MPa, Nf = 5.28 x 10°) : (a, b) symmetrical fracture characteristics

with preserved TiN geometry on both fracture surfaces, indicating crack initiation from inside TiN inclusion.
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Fig. 6 Fatigue failure induced by spinel and calcium aluminate complex inclusions: (a) crack initiation by a spinel inclusion (o =

1000 MPa, Nf = 2. 86 x 10°); (b) crack induced by a calcium aluminate inclusion (o = 1000 MPa, Nf = 9. 41 x 10°).
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Fig. 7 Finite element simulation of stress fields for (a) spinel inclusion and (b) calcium aluminate inclusions: (al) and (b1) repre-

sent the residual stresses generated after quenching, while (a2) and (b2) show the equivalent stresses generated around the inclu-

sions under applied loading.
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Fig. 9 Finite element simulation of stress fields around TiN inclusions: (al) and (b1) residual stresses induced by quenching for

TiN inclusions in Figs. 8a and 8b, respectively; (a2) and (b2) equivalent stresses around the inclusions under external loading,

showing the maximum stress located inside the TiN inclusion (arrows).
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Fig. 10 Near—surface ( <10 pwm from the surface) inclusion—induced cracks: (a) TiN inclusion in the VIM+ VAR steel, (o =
1226 MPa, Nf = 1. 62 x 10*) ; (b) composite inclusion in the EAF steel, (o = 1226 MPa, Nf = 1. 62 x 10*). No typical GBF area

was observed, indicating rapid crack initiation and propagation leading to premature failure.
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