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Effect of stress concentration on Fatigue Life of S45C Carbon Steel
under Multiaxial Loading

By Koichi NABEKURA

Majority of mechanical components are subjected to repeated multi-axial loadings.
Especially, complicated state of stress/strain may originate from combined loadings in
regions of stress concentration. Therefore, it is necessary to analyze the notch-tip under
multiaxial loading. Although the notch stress/strain analysis is often used in fatigue
analysis to estimate fatigue lives to crack initiation, in order to perform such analysis it
is necessary to measure or calculate the local elasto-plastic notch-tip strain and stress. In
many situations, measurements are impossible and calculations are required. To solve
this problem, The Finite Element Method (FEM) is generally used by a designer.
However, analysis using FEM correctly is difficult and the great deal of experience is
needed as a designer. Therefore method of the easiest estimate proposed by Neuber has
being used on the site. Nevertheless the accuracy of the Neuber-based calculations may
vary depending the material stress-strain curve, the nominal stress level. Furthermore, in
most cases Neuber’s rule overestimates the notch-tip stress.

The stress/strain states around notch-tip under combined axial and torsional loadings
were analyzed using an energy method, based on uniaxial cyclic stress-strain
relationship. Furthermore, fatigue tests were performed on smooth and notched
specimens of S45C steel under these combined loadings. Strain gage was mounted on
surface of the notch-tip and cyclic strains were measured using incremental step method
and companion specimens test. Value of experimental notch-tip strain was compared
with the result of analysis. As a result, Notch effect on fatigue life was remarkable for
push-pull and combined loadings, however little effect was resulted for pure torsion.
Although notch-tip strain can be estimated using an energy method, the predicted life is
too conservative.

In addition, Variation of length and orientation of the failure crack were observed
during the tests. For push-pull loadings, a crack initiation to propagation around the
maximum principal stress plane and led to failure unchanged orientation of the crack in
smooth and notch specimens. In the case of pure torsion loadings in notched specimen,
the microcracks initiated in the vicinity of the maximum shear stress plane irrespective
of notch effect. The many cracks which propagated in axial direction were united in
circumferential direction, and led to failure crack. Thus crack propagation on radius

region led to become specialized form.
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T8500C, 1HFMPRFFEIT I DOEVLEL A fit L7z,

HPEATRELSR KV RO T UIR E M OMMES PR AR 2-1-1.1 1T
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#2-1-1.1 MRS EPRE

Pull Torsion

Kz Koo Kre

NA | 1.511 0.297 1.170
NB | 2.537 0.717 1.548

#2-1-1.2 A OIFSy, BRSO
Material S 45 C
Chemical C Si Mn P S Cu Ni Cr
composition
%
0.45 | 0.18 | 0.67 | 0.027|0.012| 0.06 | 0.05 | 0.12

Heat treatment

850°C 1 hour Furnace cooling in vacuum

Mechanical
properties

Yield stress in tension MPa 371
Tensile strength MPa 591
Elongation % 30.5
Contraction of area % 50.1
Yield stress in torsion MPa 243
Torsional strength MPa 663
Micro-Vickers hardness Hv 184




& 2-1-2.1 7 RBRSA:
Combined ; Combined :
;Sph;;;; :: stresi o Nominal stress [MPa] N, ;Sphea:iem ::: stresi Patio Nominal stress [MPa] N,
T/ O, z. . T./0, T, .
0 311.8 25933 0 311.8 24662
0 300 85323 0 290 55514
0 295 22905 0 0 280 75880
0 290 25921 0 250 128107
0 0 285 36743 0 230 235979
0 280 56258 160 160 79476
0 240 152344 155 155 88401
0 235 | a60a8s| o aot| 10 150 150 98780
Smooth 0 230 502968 (NA) 145 145 141868
(SM) 160 160 91132 140 140 203027
155 155 107345 215 0 49959
1.0 150 150 199156 210 0 115524
145 145 264199 oo 205 0 98279
140 140 340855 200 0 156571
215 0 54367 190 0 288051
210 0 61235 180 0 346014
00 200 0 138871 0 311.8 8783
190 0 206815 0 280 19233
180 0 417559 0 0 260 28616
0 250 35770
0 230 55152
160 160 24858
Notched 155 155 31138
B 1.0 150 150 37651
(NB) 145 145 54160
140 140 73517
210 0 50500
200 0 67491
oo 190 0 181355
180 0 349995
175 0 350847
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A T, o, N;
SM 0 0 280 40250
00 215 0 33487
0 0 280 60000
NA 1.0 167 167 92997
00 215 0 49959
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Axial force and twisting moment

g Notched specimen -
% .

Displacement in axial direction
and twisting angle constrained

Multi Point Constrain (MPC)

2-2-3.2 EFILOEEREAE
kX 4 (R THEIHER 400 1T VEMERL, —FE2EE LMW ELZ 5 272,
HIXZAME (LINK) 280, 20D THUTTRTOERTREDVANELLL 2D LD
2, F251EY Tl OSE SIS IMENE L 25 Lo IcER LT,

# 2-2-3.1 FRATET VOEI A L EE

AR NODES ELEMENTS
SM 451 400
NA 1681 1600
NB 2611 2500

% 22— R : Marc UV A[6EZR 4 Hi sl #2535 TYPE20

# 2-2-3.2  FRATIZ O T BRI

A BHRME SRRV N T S
Y 7% (MPa) 206000
KT v 0.3
BRI/ o y(MPa) 120
REELREL k 1063.6
INTEEfEE n 0.1985
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S
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100/ Experimental data(SM) V¥ -
Ramberg-Osgood S——

Nominal stress [MP ]
=
=
|

L | L | L | L | !
OO 0.002 0.004 0.006 0.008
Total strain ¢ ;
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Strain
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« 4001
350
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S

250

200

Equivalent stress o ., MP

150

|0
N4
S

® pysh-pull(Solid)
—O—Push-pull (Hollow)
A Torsion(Solid)

A Torsion (Hollow)
O Combined 1=1.0
<P Combined 1=0.5
0 Combined 1 =2.0

0eq=K ¢ npeq

k=1063.6MP, n=0.1985

107 107

Eqgivalent plastic strain ¢ ,¢q
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S 200
=
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© 180}
0
(7]
£
»n 160+
S
2 L
" 140}
® Solid (nominal stress)
L —O0— Solid (true stress)
A hollow

10° 10° 10° 107
Number of cycles to failure N ;

3-2.1 #RA L VIZEBT DI & hZEk DR 57 FF R



Equivalent stress o .q MP,

(S)
()]
S

300

250

200

T T T T I T T T T I T T T T I

llll

1 1 lllllll

—O—  Push-pull
_@._
_...._

Pure torsion
Combined

1 11 11111 1 11

10”

3-2.2

10°
Number of cycles to failure N;

10°

S ) & S O BAR



0.005]

quivalent total strain ¢ (¢qu

0.01 -

—O— Push-pull
0.001-  © Pure torsion .
- ® Combined
I.IJ -
0.000500nt e
10* 107

Number of cycles to failure Nf
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FEM |Z X % [F%Afiii 71(311.8MPa) & faf FDBI5E & flita L O OOT B34 %
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DRI OBRBGITEEST 20T TIE RV, REOLOOT HIZIT TiEe<,
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Nominal stress ¢ , MP,

Number of cycles to failure N;
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AR O S-N #X

I ] " .
350 __(a) Push-pull s 24Oﬁ\(b)Pure torsion
SM — © N . SM ----
L O A NA & - . NA &
3000 NB O @ 220 s NB @
[ ° S v 200 Y
L O © - =] NA
250 ]
50_ O A ﬁ B.a
O A —_

i _g 180
200 £
[l Ll : § 16 | | |

10 10° _ 10° 457 10° 10°
Number of cycles to failure N Number of cycles to failure N;
T T T
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= 400k A N

g TUVR A NA

S S H NB

" I . ]
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Notch Effect on Fatigue Life of S45C Carbon Steel under Multiaxial Loading
Kouichi NABEKURA and Isao OHKAWA
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