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Notch effects on uniaxial and torsion fatigue behavior of low-carbon steel 20 are investigated in this study. Constant amplitude axial
and torsion both load and strain-controlled tests were conducted on smooth and notched tubular specimens. Maximum principal
stress theory was chosen as driving parameter for experimental program. Torsion loading resulted in significantly shorter lives and
fatigue data could not be correlated by the maximum principal stress theory for smooth specimens. However, considering fatigue
notch factor for notched tubes the maximum principal stress theory gives acceptable results. The Finite Element Analysis was used to
estimate local stress-strain response at the notch root due to stress concentration. Fatigue strength of notched specimens was
predicted based on fatigue strength of the smooth specimens and the fatigue notch factor. As compared to the notched specimens
fatigue data the predicted lives are slightly conservative for axial loading and overly conservative for torsion loading.The Fatemi-
Socie (FS) critical plane parameter was found to correlate all constant amplitude data of both specimen geometries well since this
shear-based critical plane damage parameter represents the actual shear damage crack initiation mechanism experimentally
observed for both smooth and notched specimens and under both axial and torsion loadings.
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Introduction

The most common cause for fatigue crack initiation in structural components is at stress concentrators such as
notches. Grooves and keyholes on shaft, holes, fillets, thread, and welded joints are all notches. Even nominal elastic
behavior may effects in exciding of yield limit around the notch.

Service loading of some notched engineering components such as pipes, shafts, springs, curved shells is often
multiaxial. In addition to the multiaxial case, many structures are also under variable amplitude or periodic overloading
conditions. In comparison with axial loading, torsional and multiaxial fatigue studies are relatively limited.

The notch effect on multiaxial fatigue behavior has been evaluated by some researches. Atzori at al. [1]
conducted a multiaxial fatigue experimental study on V-notched specimens. Their experiments included two nominal

load ratios, and 0, while keeping constant and equal to the unity the biaxiality ratio A =0, /7,. They found that multi-

axial fatigue strength is significantly affected by the nominal load ratio, whereas the influence of the load phase angle
seems to be negligible. Almost 10 times reduction in life was observed when the load ratio changes from R=-1 to 0.
Yi-Ming and Wei-Wei [2] investigated crack initiation life for solid cylinders with transverse circular holes made from
AISI 316 stainless steel under in-phase and out-of-phase multiaxial loading. The crack initiation life of notched
specimens under out-of-phase multiaxial loading is shorter that that under in-phase multiaxial loading due to additional
cyclic hardening effect. The shortest life was obtained for 90° out-of-phase path. Gao at al. [3] studied fatigue behavior
of V-notched shafts made of 16MnR steel with sharp and blunt notch radii. They showed that significant notch size
effect on the fatigue life under different loading paths and notch effect is more significant for higher loading cycle
fatigue. Fatigue analysis was conducted by employing two critical plane multiaxial fatigue criteria, especially Jiang
criterion and Fatemi-Socie model. Results suggest that fatigue life predictions based on the two fatigue criteria and the
local stress and strain obtained from the FE method are in excellent agreement with the experimental observations. Sun
at al. [4] conducted strain-controlled fatigue tests for GH4169 superalloy thin tubular and V-notched specimens under
in-phase and two different out-of-phase loading paths at 650°C. As can be found from experimental results for notched
specimens, all of 90° out-of-phase fatigue lives are longer in comparison with in-phase data. This effect may be also
explained by sufficient additional hardening for this material at the root of the notch due to high plastic deformation. As
a result, a fatigue damage parameter was proposed to predict the fatigue crack initiation life for notched specimen.
Alfredsson at al. [5] studied notch effects on multiaxial fatigue behavior for a bainitic high strength roller steel. Thin-
walled specimens with two the same small two opposite holes with seven different diameters in range of 1.0 to 2.6 mm,
were subjected to different non-proportional load cycles. The outer and inner diameters were 16 mm and 14.4 mm
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respectively. It is not possible to estimate notch size effect as well as load non-proportionality effect on fatigue behavior
due to limited number of tests. However, both the Findley criterion and the Haigh diagram could predict the crack
position at the hole. The Findley criterion did however give a more clear indication of the expected crack position.

In addition, many engineering notched structures are also subjected to different combination of cyclic and static
loadings [6-8]. These results show that the addition of static compression to torsion cycling gives longer lifetime and
static tension — shorter fatigue life in comparison with pure torsion cycling due to notch-weakening.

In this paper, first the experimental program including the material, specimen fabrication, strain paths employed,
and experimental procedure used are reviewed. Next, experimental results and analysis details are presented, followed
by a discussion of experimental observations. Then, correlation of predicted and observed fatigue life of axial and
torsion loadings are presented. Finally, conclusions from the experimental observations and analyses conducted are
presented.

Material and experimental procedure

Low-carbon steel 20 was used at this study. The chemical composition of the material is as follows (mass%): C
0.24, Si 0.25, Mn 0.45, Cr 0.2. One basic geometry for two different types of specimens shown in Figure 1 with 1.1 mm
wall thickness, 22 mm inside diameter, and 40 mm gauge length was used in this work. One type was a tubular smooth
thin-walled specimens, the other type was the same thin-walled specimen with 3.4 mm circular through-thickness hole
at the middle of gauge length.

Load and strain controlled fatigue tests were carried out at room temperature using servohydraulic machine with
independent control of push-pull and torsion loads with frequency of 0.5-3 Hz.

Fully-reversed sinusoidal axial and torsion waveforms were applied for load/strain controlled constant amplitude
tests. Strain control tests were carried out on smooth specimens only under uniaxial loading. Load control regime
corresponds to testing of all notched specimens and smooth specimens under torsion. In order to make sure in data
correlation between load and strain control tests, two different load control level for smooth specimens were chosen for
uniaxial case.

The 5% load drop for uniaxial strain control tests and 5% strain and rotation angle increment for uniaxial and
torsion load control tests respectively, as compared to midlife stable cycle for smooth specimens were considered as a
small crack initiation life. For load control tests of notched specimens small crack initiation life was assumed with three
different cases, especially estimated based on stress threshold, 0.5 mm and 1.0 mm. The K-T diagram was proposed to
describe the relationship between the stress threshold and the crack length by Katagawa and Takahashi. For the short
crack at notch under the axial cyclic loading, the stress intensity factor range may be expressed as [9]

-1/2 -3/2
AK,, = Ff KA [(nzﬁ] +(1+2ﬁ] }/Z (1)
2~Kf r r

where a is the crack length from the notch root, » =1.7 mm is the notch root radius and f is correction coefficient
which takes 1 if a/7 <0.2 which determines the maximum value of the contact stress at the crack tip. The stress
concentration factor K, was found by using Fatigue on-line software referring Peterson’s plot. The fatigue notch factor
K ; may be obtained from Neuber equation [10]:

K, -1

' 1+ p/r

where the material characteristic length, p , is 0.185 mm. A shape factor F takes 1.05 [11]. Fatigue limit range Ao, =

384 MPa and fatigue threshold stress intensity factor range AK,, = 9MPa\/E were found from experimental results.

Substation of these values to Equation (1) gives solution for crack initiation size based of stress threshold of notched
specimens equal to 0.2 mm.

Experimental Results and Analysis

Axial strain amplitudes, Ag/2 and axial stress amplitude, Ao /2 were the controlling parameters for smooth
specimens under strain control and load control tests respectively. Axial strain amplitude was measured directly from
the extensometer output. Axial stress amplitude was considered uniform throughout the cross section.

The only axial and shear stress amplitude, Ac/2 and Ar/2 were the controlling parameters for all notched
specimens. The axial nominal stress was calculated by dividing the axial load by the gross cross-section area. Shear

stress amplitude, 7, , which exceeding yield strength was calculated from:
At AT
Td = —=
2 2r,A

m
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where AT /2 is torque amplitude, A4 is specimen gross cross section area, and 7,, is mid radius. In case of fully elastic
loading, shear stress was calculated by considering polar moment of inertia. Axial and shear applied strain and stress
amplitudes as well as cycles to failure, N, for each constant amplitude fatigue test of low-carbon steel 20 are listed in
Tables 1.

Table 1
Constant amplitude axial and torsion fatigue tests of smooth and notched specimens

Control Ag A_G E o, o, O max N r

mode - ’

2 2 2
MPa MPa MPa MPa MPa Cycles
Smooth specimens

Axial 0.0100 411 - 411 411 206 50

Axial 0.0070 350 - 350 350 175 135

Axial 0.0030 277 - 277 277 139 3,400

Axial 0.0020 261 - 261 261 131 13,120

Axial 0.0015 232 - 232 232 116 51,500

Axial 0.0010 192 - 192 192 96 >972,000

Axial 0.0031 300 - 300 300 150 2,050

Axial 0.0016 230 - 230 230 115 151,000
Torsion - 190 190 329 0 8,573
Torsion - 175 175 303 0 45,810
Torsion - 149 149 258 0 242,000

Notched specimens

Axial 269 - 269 269 135 315

Axial 250 - 250 250 125 495

Axial 200 - 200 200 100 2,115

Axial 144 - 144 144 72 20,900

Axial 106 - 106 106 53 140,500
Torsion - 149 149 258 0 5,407
Torsion 149 149 258 0 5,910
Torsion - 121 121 209 0 34,700
Torsion - 87 87 151 0 120,000
Torsion - 87 87 151 0 276,000
Torsion - 65 65 113 0 >1,150,000

From Peterson’s plot, the tensile and shear stress concentrator factors are 3.29 and 3.98, respectively. Fatigue
behavior of notched components depends on not only elastic stress concentrator factor. Materials strength is considered
by fatigue notch factor, K ,. From [11], the fatigue notch factor takes 2.73 and 3.21 for axial and torsion loading,

respectively.
Fatigue strength of notched component could be predicted as strength of smooth component divided by analytical
factor. To apply S-N approach, axial K , and shear K , fatigue notch factors are used in this study. For fatigue life of

10° cycles it was estimated fatigue strength of notched specimens as S 4/ Ky and S; /K 5, where S, and S; are

axial and torsion fatigue strength of smooth specimens.

The von Mises was used to correlate axial and torsion fatigue life of notched specimens by using of S-N approach
in following from

&, =B3(K - S.r)
where 5, and 5, are amplitudes of nominal axial and shear stresses. A correlation of fatigue data for studied steel is

presented in Fig. 1. As can be seen from the Figure, ten times overestimation in fatigue life was found for S-N approach
due to conservative methodology.

The following shear form of the Fatemi-Socie critical plane parameter was also used to correlate constant
amplitude fatigue data

Ay;” [1+k O J - {(I-FVE)%(ZN/")b +i+v, )S'f(sz)L}' l”{zo—f (ZN"YJ

O-)’ y

where v, =0.3 and v » =0.5, are elastic and plastic Poisson’s ratios. = 1.0 was assumed for studied steel. The shear

strain-life curve was generated based on von Mises criterion. The FS parameter was associated with local stress-strain
condition based on FE analysis results. Correlation of constant amplitude data by the FS parameter is presented in Fig.2.
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As can be seen from these Figures, FS parameter fits the experimental data both for smooth and notched specimens very
well. Based on FE analysis, the critical shear planes locate at the notch root on 0°, £180° under axial loading and +£45°,
+135° for torsion loading. The same locations were found from experimental results. In addition, the fracture surfaces
for both cases of loading associated with maximum shear plane. It explains FS parameter ability to predict fatigue life
very well.
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Fig. 1. Correlation of axial and torsion data Fig. 2. Correlation of axial and torsion data
by using of von Mises equivalent stress by usingF-S parameter
Conclusion

Although maximum principal stress criterion could correlate axial and torsion constant amplitude data of notched
specimens with a factor of 4, it could not correlate axial with torsion data of smooth specimens. The shear fracture
mechanism was observed for low-carbon steel 20 under axial and torsion loading based of fracture surface orientation
and FE analysis simulation. The Fatemi-Socie parameter was found to correlate both smooth and notched data very
well.

Anomauia. B pobomi Oocnidscyemvcsi 6nau6 KOHYEHMpAyii HANpyj#ceHb HA 6MOMHY Nno8edinky cmani 20 npu 0cbo8omy
HaganmasicenHi ma sunpoOysanHax Ha KpyuenHs. Excnepumenmanviui 0ocniodcenns npogeoeHo Ha mpyouacmux 3paskax 3 0meopom
ma 0e3 KOHYEHMpamopy npu OOHOGICHOMY PO3MALAHHI-CIMUCKAHHI MA 3HAKO3MIHHOMY Kpyuenni. Kpumepiii maxcumanvrux
HOPMATLHUX HANPYJHCeHb YN0 GUKOPUCIAHO 8 SAKOCHI KOHMPOIOI0Y020 napamempy npozpamu eunpobysans. Excnepumenmu npu
KpyueHHi 3pasKie 0e3 KOHYeHmpamopie npooeMOHCMpPYSanu 3aHUICEHT Pe3yIbmamu Ha 6MOMY, AKI He MOXCYmy Oymu onucawi 3a
00nOMO2010 MeOPii MAKCUMATLHUX HOPMATbHUX HanpyiceHb. OOHAK, 3 YPAXy8aHHIM GMOMHO20 KOe@iyicHmy KoHyenmpayii meopis
MAKCUMANbHUX HOPMATLHUX HANPYJICEHb O0Aa€ 3A006INbHI  pe3ylbmamu Ol 3pasKkié 3 0meopoM. s oyinKu HanpysiceHo-
Odepopmosanozo cmany nobauzy KOHYeHmpamopa Oyno 6UKOPUCIAHO CKIHYEHHO-eAeMeNmHUll ananis. Bmomna miynicme 3pasxie 3
KOHYEHMPamopom po3paxoey8anact Ha OCHO8I OaHUX HA 008208iuHICIb OA 2NAOKUX 3DA3KI6 Ma 3HAYeHb 8MOMHO20 KoeiyicHmy
Konyenmpayii nanpysicenv. Ilpoenososani 3nauenns 008208iYHOCMI ONA 3pA3Ki6 3 KOHYEHMPAMOPOM HANPYICEHb BGUABUNUCH
KOHCEepB8amugHuMY, nNpu ybomy 0151 OOHOGICHO2O HABAHMADJICEHHS Y MeHWlili Mipi 8 NOPIGHAHHI 3 pe3yIbmamamu 015l KpyYeHHs.
Bcemanoesneno, wo npoenosysanna 006208iunocmi modice 6ymu ycniuno eukonaue 32i0Ho kpumepito @amemi-Coci. Lleii kpumepiii
3aCHOSAHUL HA NOWKOOXCYBAHOCMI MAMEPIANy NO 3CYSHOMY MUnNY, Wo 6i000padCye peanbHuli Mexauizm 3apoodceHHs mpiuunu,
cnocmepieaemuil y eKChepumMeHmax sk O 2NA0KUX 3pasKié max i Ol 3pasKié 3 KOHYEHMpamopom npu HA8AHMANCEHHI 0CbOBOIO
CUI0I0 MA KPYMHUM MOMEHIMOM.

Annomayua. B oaunnoii pabome ucciedyemcs @nusAHue KOHYESHMPAYUU HANPANCEHUN HA YCMATOCMHYI0 00a208e4Hocmyb cmanu 20
npU 0CeB0M HASPYHCEHUU U UCNBIMAHUAX HA KpYYeHue. DKCnepuMeHmaibHble UCCIe008aHUsL NPOBOOUNUCH HA MPYOUamblx 0Opazyax
¢ omeepcmuem u Oe3 He20 npu OOHOOCHOM DACHIANCEHUU-CHCAMUU U 3HAKONEPEMEHHOM KpyueHuu. Kpumepuii MAaKcumMaibHbix
HOPMAIbHBIX HANPAXCEHUT Dbl UCNONb308AH 8 KAYECMEe KOHMPOIUPYEMO20 NApaMempa npoepammsl UCHbIMAHUL. DKCRepuMeHmbl
npu Kkpyvenuu oopasyos He3 KOHYeHmpamopos npOoOeMOHCMPUPOBANU 3AHUICEHHbIE PEe3VIbIAMbl NO 00I208EYHOCHIU, KOMOPble He
Mo2ym Oblmb ONUCAHBL C NOMOWBIO MeOpUU MAKCUMATbHBIX HOPMAbHbIX Hanpsicenuti. OOHaxo, ¢ y4emom YCmanoCmHo2o
KO3 uyuenma KonyeHmpayuu meopus MaKCUMAaibHblX HOPMATbHLIX HANPANXCEHUU Oaem YOosnemeopumensHble pe3yibmamol OJis
obpasyos ¢ omsepcmuem. [ OyeHKu HANPAHCEHHO-0eDOPMUPOBAHHO20 COCMOAHUA GONUIU KOHYEHMPamopa Obll UCNONIb306AH,
KOHEYHO-9/IEeMEeHMHbIL, aHAIU3. YCmanocmuas npouyHocms 00pasyoe ¢ KOHYEHMpamopom paccyumuleéandcb Ha OCHOBAHUY OAHHbIX
no Ooncogeunocmu Ons  2NAOKUX 06pA3408 U  3HAYEHUL YCMALOCMHO20 KOIPDUYUEHMA KOHYEHMPAYuUu HANPINCEHUL.
IIpoenosupyemvie 3Hauenus 001206e4HOCMU Ol 06PA3YO8 ¢ KOHYEHMPAMOPOM HANPANCEHUI OKA3ANUCH KOHCEPBAMUBHLIMU, NpU
ueM Ofid OOHOOCHO20 HAZPYNHCEHUSI 6 MeHbuiell Mepe NO CPAGHEHWlo ¢ pe3yibmamamu 0N KpYYeHus. YcmawoeneHo, umo
NPOCHOUPOBAHUE O0N20BEUHOCIU MOMNCEM OblMb YCNEeWHO 6bINOIHEHO co2ndcHo Kpumepus Pamemu-Cocu. Dmom Kpumepuil
OCHOBAH HA NOBPENCOAEMOCHIU MAMEPUALA NO COBUL0BOMY MUNY, YMO OMOOPANCAEN PEANbHbIN MEXAHUSM 3APONCOEHUS. MPEUUHDL,
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HAONI0O0aeMblil 6 IKCNEPUMEHMAX, KaK OAs 2na0Kux obpasyos, max u O o0pasyos ¢ KOHYEHMPAMopoMm npu HASPYHCEHUU 0Cesol
CUOU U KPYMAUUM MOMEHIOM..
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