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Abstract. The paper considers the issue of increasing the fatigue strength of high-strength steel grades. Based on the results of experimental measurements
of the fatigue strength limit (¢ ,) of spring steel grades, we analyzed the effect of tensile strength, ratio of the yield strength during shear and the
fatigue strength limit. The absence of statistical relationship between fatigue strength limit and tensile strength (c_, # f(,)) was established. The ratio
1,/6_, is the stress concentration coefficient (SCC), which is closely related to the tensile strength of steel. From the theoretical analysis, it follows that
in the presence of the same morphological type and size of non-metallic inclusions (NMI) in steel, relationship of SCC with the strength properties
of steel is functional. Spread of its actual values is associated with the presence of various morphological types and sizes of NMI in the metal. Each
morphological type of NMI is characterized by corresponding physical and mechanical properties (modulus of elasticity, tensile strength and various
SCC). SCC increases both with an increase in the strength of steel and with an increase in diameter (thickness) of NMIL. It was established that
the intensity (rate) of the increase in SCC depends on the size and elastic modulus E,,,; of NMI (ratio of mass fractions of SiO, and Al,O, oxides in
NMI). The average intensity of the change in SCC obtained by processing experimental data corresponds to similar indicators for NMI: 13 % SiO,;
87 % Al O, (4.0 pm thick); 20 % SiO,, 80 % ALO, (5.0 um thick); 25 % SiO,; 75 % AL, O, (7.0 um thick). According to the obtained connections,
dimensions of NMI and their morphology are approximately indicated, which make it possible to increase the fatigue properties of spring steels grades
in the tensile strength range from 1200 to 2000 MPa. To increase the fatigue life of steel (especially in high-strength condition), it is recommended
to use the technology of aluminum-free metal deoxidation during smelting. At the same time, a favorable morphology of NMI with SCC less than 1.0
is provided. Formation of a fine-grained structure of steel after heat treatment is obtained in the absence of aluminum during deoxidation with small
additives of vanadium, niobium or titanium.

Keywords: strength properties of steel, yield strength, stress concentration coefficient, non-metallic inclusions, fatigue strength

For citation: Pavlov V.V., Temlyantsev M.V., Bukhmirov V.V. Increasing the fatigue strength of high-strength steel grades. [zvestiya. Ferrous
Metallurgy. 2023;66(5):522-528. https://doi.org/10.17073/0368-0797-2023-5-522-528

YBE/NIMMEHUE YCTAIOCTHOMN NMPOYHOCTU CTANEN
BbICOKOMPOYHbIX MAPOK

B. B. [1aBs10B!, M. B. Temnsinnes? ©, B. B. Byxmupos?

! Cubupckas ropuo-meratyprudeckas komnanus (Poccus, 654041, Kemeposckas o61. — Kys6ace, Hosokysnenk, yi. Kyryso-
Ba, 37a)

2 Cubupekuii rocyrapcTBeHHbI MHAYcTpUanbHbIi yauBepentet (Poccus, 654007, Kemeposckas 061, — Kys6ace, HoBoky3Henk,
yn. Kupoga, 42)

3 MBanoBCcKuii rocynapcTBeHHbIIl dHepreTudecknii yansepcurer um. B.A. Jlennna (Poccust, 153003, Usanoso, yi1. Pabdakosc-
Kas, 34)

&3 uchebn_otdel@sibsiu.ru

AHHOmMayus. PaccMaTrpuBaeTcsi BOIPOC YBEIMYEHHs YCTATOCTHOM MPOYHOCTH CTajIeil BHICOKOIPOUHBIX Mapok. I10 pesyibraraM SKCIIepUMEHTAIbHBIX
U3MepeHHuii pe/ienia ycTanoCTHON NPOYHOCTH (G ) CTa MPYKUHHBIX MAPOK POBE/ICH aHAJIU3 BIIMSHHUS BDEMEHHOTO CONPOTHBIIEHHUS, OTHOIIECHHS]
npejiena TeKy4ecTH IpU CIBHUIe M Hpejesia YCTalOCTHOW MPOYHOCTH. YCTAHOBIEHO OTCYTCTBHME CTATHCTMYECKOW CBS3M Ipejieia yCTaJIOCTHOM
HPOYHOCTH M BPEMEHHOIO CONpoTuBieHus (6, #f(c,)). OTHomenue 1,/6 | ecTh Ko3Qpuuuent konnentpauuu Hanpsokennit (KKH), koropiit
HAXOJMTCS B TECHOM CBSI3U C BPEMEHHBIM CONPOTHBIICHHEM CTasIH. M3 IPOBEAEHHOIO TEOPETHYECKOTO aHAIM3a CIICYET, YTO [P HAJIUYHU B CTAIIH
Hemetauniecknx BriroueHui (HB) ogroro Mopdonorndeckoro tuma u 01uHAKOBBIX pa3mMepoB cBsi3b KKH ¢ mpouHOCTHBIMU CBOWCTBAME CTAITH
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¢dyHkroHanpHa. Pa3dpoc GakTHIeCKUX ero 3HaueHUH CBA3aH ¢ HanuuueM B MeTamie HB paznnunbix MOp(OIOrHYecKux THIIOB M Pa3MepoB.
Kasxprit Mopgonormdeckuii Tun HB xapakrepusyeTcst COOTBETCTBEHHBIMU (PH3HKO-MEXaHNUECKIMHE CBOHCTBAMU (MOTYNIEM YIIPYTOCTHU, IPEAEIIOM
npounoctd u pasznuunbiM KKH). Koadduirent koHenTpanuy HanpspkeHuil Bo3pacTaeT Kak ¢ pOCTOM IPOYHOCTH CTalU, TaK U C YBEIHYCHUEM
nuamerpa (tommuesl) HB. YcranosieHo, uto mHTeHCHBHOCTS (CKopocTh) noemieHust KKH 3aBucut ot pasmepa HB u ot momyns ympyroctu
E, (cootHomenne MaccoBbix noneit okeunos SiO, u ALLO, B HB). Cpennsis untencusHocTh u3mMenenust KKH, nomydennas myrem o6paGoTku
SKCTIEPUMEHTAIILHBIX JIAHHBIX, COOTBETCTBYET aHAJIOTMUHBIM MokasarensM s HB: 13 % SiO,; 87 % Al,O, (tomuunoii 4,0 mxm); 20 % SiO,,
80 % AlLO; (tomuunoit 5,0 mxm); 25 % SiO,; 75 % Al,O, (tommmuoii 7,0 mxm). ITo momydeHHBIM CBA3SM NPUMEPHO yKasaHbl pasmepbl HB
1 UX MOP(OIOrUs, MO3BOJIONINE IIOBBIIATE YCTATOCTHBIE CBOMCTBA CTajleH NPYXKHHHBIX MapoK B AHAIA30HE BPEMEHHOTO COINPOTHBICHHS
or 1200 no 2000 MITa. [Ins moBbIIeHNs] pecypca YCTaJOCTHOH MPOYHOCTH CTaidu (0OCOOCHHO B BBICOKOIPOYHOM COCTOSIHUHM) PEKOMEHIOBAHO
HCIIONIb30BaTh TEXHOJIOTHIO Oe3aIIOMIHIEBOTO PACKUCIICHUS MeTajlIa IpHU BeIILIaBke. [1pu 3Tom obecreunBaeTcs 6aaronpustHas Mopdonorus HB
¢ KKH He 6onee 1,0. @opmupoBaHre MEIKO3EPHUCTON CTPYKTYPBI CTAJIN TTOCIIE TEPMHUYECKOW 00pabOTKH MOTYyYaIOT MIPU OTCYTCTBHU aJTFOMUHHS

IIpU paCcKUCJICHUH, HEOOJIBIITUMU )106aBKaMI/I BaHaaws, HHOOUS WIH THTAHA.

Kawuessie caosa: NIPOYHOCTHBIC CBOMCTBA cTalii, npeaein TeKy4eCTH, K03(1)(1)I/II_II/ICHT KOHIICHTpAuu HaHpSDKCHHﬁ, HEMCTAJUIMYCCKNUE BKIIFOUCHUS,

npesesn yCTaaoCTHON MPOYHOCTH

Jna yumupoeanus: I1asnos B.B., Temnsnues M.B., Byxmupos B.B. YBenuuenue yctanocTHON NPOYHOCTH CTalel BBICOKOPOYHBIX Mapok. M3seec-
must 8y306. Yepnas memannypeus. 2023;66(5):522-528. https://doi.org/10.17073/0368-0797-2023-5-522-528

[ INTRODUCTION

The fatigue strength stands as a critical parameter for
metals and alloys, profoundly influencing their potential
applications as structural materials across diverse indust-
rial sectors [1;2]. Among the spectrum of structural
metal alloys, steels persist as the most prevalent choice
for fabricating a wide range of metal products and struc-
tures, especially those subjected to heavy-duty opera-
tions. In instances such as rail and spring steels endur-
ing dynamic and fluctuating loads [3; 4], the fatigue
strength assumes paramount importance, directly dicta-
ting the operational lifespan of metal products [5; 6]. It’s
noteworthy that fatigue strength isn’t solely contingent
upon the chemical and phase compositions of steel or its
structural configuration [7; 8], but also on factors such
as dimensions, non-metallic inclusion morphology, and
operational conditions of the metal products [9; 10].
Notably, strain hardening emerges as a viable method
to influence fatigue strength positively [11 — 13]. Con-
sequently, enhancing steel’s fatigue strength remains a
pressing research imperative in contemporary materials
science endeavors [14].

[ MATERIALS AND METHODS

The known relationshipo | =0.56 (where o | is fatigue
strength and o is tensile strength) is valid for steel with
the tensile strength not exceeding 900 MPa [15; 16]. Howe-
ver, as the strength surpasses this threshold, the actual
values of fatigue strength significantly deviate from
the calculated ones [17; 18] (Fig. 1). This study focuses
on exploring the correlation between fatigue strength and
tensile strength in spring steel using regression analysis
methods. The specific values of tensile strength (c,) and
fatigue strength limit (c ) used in this study are extracted
from [19 — 23] (refer to the Table).

The statistical regression model 6 | = 0.028c, + 566.4
is inadequate. Fisher’s criterion, at 0.206, falls below
the significance value (0.657), indicating a low statisti-

cal significance. Additionally, the correlation coefficient
stands at a meager 0.120.

The results of regression analysis reveal a lack
of a meaningful relationship between the function and
the parameter. Notably, there’s a noteworthy trend:
as the tensile strength of steel escalates, the disparity
between actual and calculated results widens.

Consequently, it can be inferred that the factor
affecting the reduction of fatigue strength, contingent
upon the tensile strength of the metallic matrix (MM),
is subject to alteration. Steel products are typically
designed considering the fatigue strength of steel. Under
these circumstances, it becomes challenging to fully uti-
lize the available strength potential (indicated by high o,
and o, levels), thereby limiting the potential to reduce
the material intensity of metal structures.

The papers [18; 24] demonstrate that in the non-
metallic inclusion — metallic matrix (NMI — MM) system
subjected to external impacts, shear stress occurs at their
interface within the MM, while NMIs, acting as stress
concentrators, have the potential to amplify the effects
of these impacts.

1000
900
800
700
600
500 | ® 2 °

400 L 4 '
1200 1400 1600 1800

G,, MPa

G ,,MPa

° ® \ .0.'

2000

Fig. 1. Dependence of fatigue strength limit
on tensile strength of spring steel:
1 -0, =0.50, (W, theory); 2 —c_, = 0.028c, + 566.4 (@, fact)

Puc. 1. 3aBucuMocTsb npejiena ycTanoCTHON MPOYHOCTH
OT BPEMEHHOTO COIPOTHUBIICHNUS NPYKHHHON CTaJIN:
1 -0, =0,5c, (W, reopus); 2 —o_, = 0,0286, + 566,4 (@, paxr)
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Mechanical properties of spring steel grades

Mexanunyeckne cBOiicTBa cTajell MPY:KUHHBIX MaApPOK

Steel grade Heat treatment Source | 6, MPa | 6, MPa | ¢ |, MPa E*, hPa

60G quenching 800 °C, tempering 380 °C [20] 1180 1370 529 204
[20] 1220 1470 578

65G n/a [22] 1280 1420 647 215
[22] 1440 1690 725
1050 1200 598

5582 quenching 880 °C, tempering 400 — 460 °C [19] 1300 1400 720 196
1690 1710 769
quenching 860 °C, oil, tempering 400 — 550 °C n/a 1380 490

6052 n/a [19] 1370 1580 421 212
isothermal quenching, 330 °C, 1 h, tempering 300 °C 1680 686

60S2A quenching, oil, tempering 420 °C [21] n/a 1810 637 212
quenching, oil, tempering 400 °C 1900 500

SOKhFA quench%ng 850 °C, 0¥l, temper}ng 175 °C [20] 1590 1630 666 218
quenching 860 °C, oil, tempering 500 °C [21] 1430 1570 725
quenching, oil, tempering 400 °C 1830 1980 540

60S2KhA Isothermal quenching, soaking 290 °C [21] 1720 1950 568 196
isothermal quenching, soaking 290 °C, tempering 325 °C 1430 1920 578
quenching, oil, tempering 415 °C 1810 1900 549

60S2KhFA isothermal quenching, soaking 290 °C [21] 1780 1960 588 191
isothermal quenching, soaking 290 °C, tempering 325 °C n/a 1920 613

Notes. “— data from the paper [23].

Once the stress level attains or surpasses the yield
strength under shear (t), the local regions of the NMI - MM
interface activate the Frank-Read sources [16— 18].
This activation induces local plastic deformation within
the metal. With the escalation of dislocation density in these
zones, initial cracks begin to propagate, eventually reaching
a critical size, thereby instigating material fracture.

The magnitude of resultant shear stresses is assessed
using the following equation [18; 24]:

Exwi i

' EMM ls

T=0

, (1

where 1 is shear stress; 6, is external tensile stress; E,
and E,,,, are modulus of elasticity of the NMI and the MM,
respectively; d is diameter (thickness) of the NMI; [ is
the sum of maximum lengths of the zone of shear stresses

in the MM at the boundary with NMI.

Consequently, the factor Exw 4 represents the stress
MM ‘s

concentration coefficient (SCC). The equations govern-

ing the fatigue strength limit are expressed as follows:

o, = Y orSCC =4,

SCC o,

In instances where compressive stresses affect

the NMI — MM system, shear stresses arise at their inter-

face. However, their magnitude is significantly lower com-

pared to tension scenarios [18]. Henceforth, only tensile
forces are further considered.
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A close statistical association is evident between
the yield strength and tensile strength in spring grade steels
(Fig. 2). The relationship is mathematically expressed as
o, = 1.08c, — 312, presenting the regression model’s statis-
tical parameters as follows: a standard error of 104.5 MPa;
a correlation coefficient of 0.94; Fisher’s criterion standing
at 100.86, with a significance level of 9-1078. The depen-
dences of the strength limit, yield strength under shear,
and tensile strength of the steel are derived from the equa-
tiont=0.7-0.75c,.

When 1 is divided by 6, using the corresponding values
of ¢, a statistical model of the Stress Concentration Coef-
ficient (SCC) dependency on steel strength is obtained
(Fig. 3).

The model appears as follows

SCC=0.00167c, —1.04 2)
with statistical parameters indicating a Pearson coefficient
is 0.70; a standard error of 0.31; and Fisher’s criterion mea-
suring 15.98, showing a significance level of 0.00093.

Consequently, the SCC exhibits a fairly strong statisti-
cal association with the tensile strength of steel. It suggests
that as the strength properties increase, so does SCC.

For specific thicknesses of NMIs (d) and their particular
morphology, the equation is formulated as follows [18]

MM
_ ENMIi _ ZENMI Ty
NMI®

SCC

G)

MM ‘s Eyv ©
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Fig. 2. Dependences 6,.=f(c); 1, = fG,;

> Tp=fo, for spring steel grades

Puc. 2. 3aBucumocru 6, = f(c,); T, = fo,; 15

MPY’>KUHHBIX MapOK

=/ G, V1s cTanei

where )™ represents the MM strength limit during shear
and o)™ denotes the tensile strength of the NMI.

u

[ RESULTS AND DISCUSSION

The theoretical analysis suggests that when identical
NMIs of the same morphological type and the same size
coexist within the steel, the relationship between SCC and
the steel’s strength properties becomes functional. Howe-
ver, the observed variability in the actual SCC values
(Fig. 3) is linked to the presence of diverse morphological
types and sizes of NMIs within the metal. The morpho-
logy of internally formed NMIs during the steel’s deoxi-
dation process is contingent upon the ratio of oxygen
to aluminum dissolved within it [25 — 27]. These endog-
enous NMIs exhibit varying physical properties, which
are notably influenced by the proportion of SiO, and
Al O, basic oxides present in them. This variation spans
from plastic aluminosilicates to brittle globules, which
remain non-deformable during the rolling process, up
to yielding pure alumina [28]. Each morphological type

2,6
24 r
22 |
2,0 |
1,8
1,6
1,4
1,2

SCC, rel.

A
| | |

1,0
1200 1400 1600

c,, MPa

1800 2000

Fig. 3. Dependence of SCC on tensile strength of steel

Puc. 3. 3aBucumocts KKH 0T BpeMeHHOT0 CONPOTUBICHUS CTAIN

of NMI exhibits specific physical and mechanical proper-
ties, such as modulus of elasticity (£, ), tensile strength
(o™ resulting in diverse SCC.

Fig. 4 illustrates the derived relationships depicting
the dependency of SCC on the tensile strength of steel
concerning three potential elemental compositions
of NMlIs, %, along with sizes of 4.0, 5.8 and 7.0 pm:

-
——
1.0 Bo—" SCC=0.00167c,— 1.04
a
3.0 1 1 1
‘ 7.0
e
s 20 F
Q
S 5.0
2
4.0
1.0 g
b
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c
01 | | |
1200 1400 1600 1800 2000
c,, MPa

Fig. 4. Calculated dependences of SCC on tensile strength
of steel for alumosilicate NMI with different concentrations
of Si0, and Al,O; oxides in them:

a—10 % Si0,, 90 % Al,O,, E = 350 hPA;

b—25 % Si0,, 75 % Al,0;, E = 320 hPA;
¢ —80 % SiO,, 20 % AlL,0,, £ =100 hPA;
solid lines — calculated values;
dashed line — experimental values;

numbers indicate thickness (diameter) of NMI (um)

Puc. 4. Pacuernsie 3aBucumoctu KKH
OT BPEMEHHOT'O COIPOTHUBIICHHUA CTaU 171 aloMOcHInKaTHIX HB
C pa3HbIMM KOHIEHTPALMAMY B HUX Okcu10B Si0, n ALO;:
a—10 % Si0,, 90 % Al,O;, E = 350 I'Tla;
b—25% Si0,, 75 % Al,0;, E = 320 I'Tla;
¢—80 % Si0,, 20 % AlL,0,, E = 100 I'Tla;
CILIOILIHbIE IMHUU — PACUETHbIE 3HAYCHMUS;
IITPUXOBAs TUHUA — DKCIIEPUMEHTAJIbHbBIC 3HAYCHUS;

mudpamu odo3HaueHa Tomuuna (auamerp) HB (Mxm)
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Fig. 5. Dependence of the rate (intensity) of increase in SCC
on the ratio of mass fractions of SiO, and Al,0, oxides in NMI

Puc. 5. 3aBucumocts ckopocTy (MHTeHCHBHOCTH) yBennuenust KKH
oT cooTHomIeHus B HB MaccoBBIX 1071l OKCHUIOB SiO2 u A1203

Group Si0,  AlLO, E, hPa
1 10 90 350
2 25 75 320
3 80 20 100

Aluminosilicates falling within groups / and 2 of high-
modulus NMIs, surpassing the typical modulus of elasti-
city within the MM (with an average value of 205 hPa, as
indicated in the Table). Conversely, aluminosilicates cate-
gorized under group 3 demonstrate low-modulus traits.

SCC escalates proportionally with the increase in both
steel strength and the diameter (or thickness) of the NMI.
The rate of this rise in SCC depends on the size and elastic
modulus £, of the NMI, dictated by the ratio of mass
fractions of SiO, and AlL/O, oxides within the NMI
(Fig. 5). It’s noteworthy that the average rate of change
in SCC, calculated from experimental data using Equa-
tion (2), corresponds to analogous indicators for NMIs:
13 % Si0,; 87 % AlL,O; (4.0 um thick); 20 % SiO,,
80 % A1L,O, (5.0 um thick); 25 % SiO,; 75 % Al,O,
(7.0 um thick).

For example, in the context of producing spring grade
steels by smelting and deoxidation processes (as indi-
cated in the Table), where diverse high-modulus NMIs
are formed, these inclusions significantly impact fatigue
indicators. To enhance the steel’s fatigue strength limit,
it becomes crucial to ensure the formation of NMlIs
with a modulus of elasticity not exceeding that of MM
(Exyn < Eyyy) and a thickness (d) that does not surpass /.

As per [18], achieving involves the formation of NMIs
in steel, comprising at least 60 — 65 % Si0,, with the total
content of high-modulus oxides like AL,O,, MgO not
surpassing 35 —40 %. These NMIs, when produced
under these conditions, exhibit ductility at the heating
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14.0
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Fig. 6. Dependence of the limit diameter of NMI (60 — 65 % SiO,;
35— 40 % Al,O,) on tensile strength of steel at d/l = 1

Puc. 6. 3aBucumocTs npenensHoro auamerpa HB
(60 - 65 % SiO,; 35 - 40 % Al 0O,)
OT BPEMEHHOTO CONPOTUBJICHHS CTau pu d/l = 1

temperature for metal rolling, allowing for easy defor-
mation, resulting in the formation of thin filaments. For
example, during rail rolling, aluminosilicate NMIs are
generated within the rail head, measuring approximately
4.0 — 6.0 um in diameter and having an average length
of 40 — 50 um. Fig. 6 illustrates the calculated maxi-
mum diameter (or thickness) for NMIs with the speci-
fied chemical composition and various levels of tensile
strength within the MM.

Hence, as long as the NMI thickness does not exceed
8.5 um (maintaining a d/l <1, E,,/E,,,~ 1.0 [18],
the SCC remains below 1.0, even with MM strength
reaching 2000 MPa. In this context, the fatigue strength
of'the considered steel must be equal to or exceed the yield
strength of the metallic matrix during shear.

- CONCLUSIONS

To enhance the fatigue endurance of steel, particularly
in high-strength conditions, employing aluminum-free
metal deoxidation technology during smelting proves
beneficial. This approach facilitates the creation of a desi-
rable NMI morphology, ensuring that the SCC remains
below 1.0. Achieving a fine-grained structure in steel
post heat treatment is feasible by deoxidizing without
the inclusion of aluminum, instead incorporating minimal
amounts of vanadium, niobium, or titanium.
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