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ABSTRACT: An analytical formula oKg for U and V shaped blunt notches has been
derived on the basis of a multiaxial gradient deleen fatigue criterion. The critical
distance method has also been assessed. Both cippsodave been applied in
experimental data collected from the literature.
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1. INTRODUCTION

The fatigue assessment of notched components wmixial remote cyclic loading is
traditionally based on the concept of the fatigwergth reduction factor, denoted as K
Many empirical formulas for Khave been proposed over decades of research [2-3].
However, none of these approaches takes into atdbanmultiaxiality of the stress
state usually occurring around a notch root evateuremote uniaxial loading.

More recent approaches in this field address tbblpm of the stress multiaxiality; see
for instance the revival of the critical distanggeoach in a recent paper by Susmel [4]
or the thorough work of Taylor [5]. The scope o€ thresent work is to propose an
approach to assess the fatigue limit of notchedpmmants through the application of a
gradient dependent criterion. In particular an winadl formula of the fatigue notch
factor Ke for plane specimens with V and crack like U blumdtches submitted to
remote axial load is derived. A comparative analysithe predictions obtained by the
proposed approach and by the critical distance odefth], against experimental results
collected from the literature, is also provided.

2. GRADIENT DEPENDENT MULTIAXIAL FATIGUE LIMIT CRITERION

The following multiaxial fatigue limit criterion igntroduced to assess the fatigue
strength:

Maxr, + @ Oy v~ BG < ¥ 1)
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According to the above formula, the fatigue strarfgt infinite life is determined by the

maximum shear stress amplitude, max corrected for the effect of the maximum
hydrostatic stressy max OCcurring in a load cycle and for the effect of #iress gradient.

In Eq.(1), the reasoning developed by Papadopoalut Panoskaltsis [6], is also
adopted. Hence, the experimentally observed beakffect of the stress gradient is
solely attributed to the gradient of the hydrostatress:

G = {GO'H do, 00, } @

ox oy 0z

The quantityG appearing in the criterion Eq.(1) is the moduléishe above vectoG,

calculated at the moment at which the hydrostdtiess reaches its maximum. The
material parameters. and y, appearing in Eq.(1), can be determined through th
application of the fatigue limit criterion in thege of smooth specimens loaded in two
different stress states, e.g. fully-reversed temsmmpression and fully reversed torsion:

a=3t,/s,-1/2), y=t, 3)

The determination of requires test results from stress states whemadiemt of the
hydrostatic stress is present. For instance, onausa fatigue limits obtained on smooth
cylindrical specimens of different section radiubsitted to four point fully reversed
bending. In this case the criterion Eq.(1) leadsh following formula for the fatigue
limit f_; of a specimen of radius R:

S
ENES @
R

fi(R) =

The above relationship correctly captures the gerteend of experimental results [1],
i.e. f1is a decreasing function of the specimen radiusidRtands asymptotically to the
tension-compression limit for an infinite radius—k. Eq. (4) can be used to fit four
point bending fatigue limits allowing thus the idiénation of B. Optimization
techniques applied to fatigue limit test data ofched specimens can also be used for
the identification of paramet@r

3. STRESSFIELD AROUND THE NOTCH ROOT

The elastic stress field around the notch tip f@Hdped crack-like notches under mode-
| remote traction has been established by CreaggParis [7] in the late sixties. More
recently Lazzarin and Tovo [8] and Filippi, Lazraand Tovo [9] addressed the same
problem for V-shaped blunt notches for mode-I armbieill loading. The solution for
mode-I| loading will be used in the present work amdriefly reviewed here. The
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geometry of the notch is depicted in Fig. 1. Theomiinate system has theaxis
directed along the bisector of the notch anglea@d its origin is placed at a distange r
from the notch tip, as shown in Fig. 1. The distanpwaries as a function of the notch
geometry and is related to both the notch tip regiand the opening angle.2Fig. 1:
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Figure 1: Notch geometry and associated co-ordiaets
Following [9] the stress field ahead of a V-shap®dnt notch for mode-lI remote
traction is expressed as:
o, =Ar*af @-1)cosL-A,)8 - x,, (L= A,) cos(L+ A,)6 +
+(r/r) ™ [/ A =D [Xe B~ £4) COSA~ 14)8 = Xy COS(L+ 14,) 6}

Tgo = AT Al_lai{ (@+A,)cos(l=A,)0 + x,, 1 - A ) cos(L+A,)6 +

(4)
(/1) [A/4(A ~D]LXey A+ £4) COS(L— 1)+ Yy COSL+ £4,) 6]}

O, = A ”flal{(l— A)sin@—A)8+ x,,@—A)sin@+A,)8 +
+(r/16) [0/ 40 = D] [xay A= 14) SIN(L= 14)8 + Y Sin A+ 14,) 6]}

Table 1 summarises the values of expongrand exponent; along with the values of
the coefficientgy, 1c1, xa1, for three different values of the opening angie[2].

Table 1: Parantersii, p, xp1, Xc1, Xd1 @S afunction of the opening angle of the notch

2a[deg] | 9 lo A My Ao Xa X
0° 2| p/2 | 05 -0.5 1 4 0
60° 5/3| 2p/5 | 0.512| -0.406| 1.312| 3.283| 0.096
90° 3/2| p/3 | 0.544| -0.345| 1.841| 2.506| 0.105
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In the case of a U shaped notch, i.e. opening a@gié , r=p/2, Eqs (4), coincides with
the Creager-Paris solution of a crack-like blurtchpprovided thataK /\2r, where K

is the usual mode | stress intensity factor ofeeckiof length equal to the depth of the U-
shaped notch. Hence, the parametdras the function of a stress intensity factor\fer
shaped sharp notches. It is noted that the stigsst the position (rsr 6=0), is the
maximum local stress at the tip of the notch andsigally expressed as the product of
the stress concentration factor By the remote nominal stresgon Keeping this in
mind and using the second of Eqs.(4) one obtains:

Ktanom (5)
Alro/‘l_l[(l"' /]l)+)(bl(1_ /]1)+ 4(qq_1) ()(d1(1+ /"1) +)(c1)]

JHH(rO’O) = Kta-nom = al =

Clearly, for a given V-shaped blunt notch the abmlationship allows to determine the
stress intensity factonrgprovided K of the given notch is known.

4. ANEW FATIGUE STRENGTH REDUCTION FACTOR FORMULA

A new formula of Kk for blunt V- and U-shaped notched specimens loadwtker a
remote axial stress amplitude, is here derived ftbengradient dependent multiaxial
fatigue criterion, Eq.(1).

The instantaneous maximum shear stress at a po$ri#), denoted as(r,0,t), can be
derived from the stress field, Eqs.(4), as the gdifference of the maximum and
minimum principal stresses. Moreover, since thelilog.considered is proportional, the
maximum shear stress amplitude at the positién i§,equal to:

2(u1~A)
_ 2 r

r,(r.8) = a Ar ™ (1-A) L+ 22, cos28] + — 2 2[xil(l—ul)Z—zxdxdl(l—M)cosze+x§][ +
16(g-1) fo

R
+ 9t Kok cosl-A)—xcOS@H M—Al)e—xmxdl(1—M>cose+¢—wel[r] } ()
Z(q_l) A
The position () wherety(r,0,t) reaches its maximum value, mgxurns out to be rsr
ando=0:

maxr, = Alroﬁl_lai,a[(l_ Al)(/Ybl _1) + [Q/4(q _1)] [)(cl - (1_ ,ul)Xdl]] (7)

Upon introducing in the above relation the valuethsd stress intensity factog #om
Eq.(5) one has:

(- 2)06 =D +[9/4@ DI = A= Xall ©
[(1+ A 1) + (1_ A 1)Xb1 + [q/4(q - 1)][/Yd1(1+ :ul) + )(cl]]

maxr, =
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The hydrostatic stress at any poiné)rjn the neighbourhood of the notch tip and time t
during a loading cycle is:

0, (r.0.t) = W3){hr e [4+[a/(@-D)(r/r,)* ™ o] cosl-A,)8} 9)
Introducing in the above relation aom Eq.(5), the maximum value of the hydrostatic
stress in a loading cycle at the position {r8£0), wheremax,occurs, is equal to:

[4 + qul/ (q _1)] KTanoma

{@r )+ -2 x0 a4 @Dl v @) +xall 3
The modulus of the gradient ef; at the notch root and at the instant of the logdin
cycle where the hydrostatic stress becomes maxirmum

Ty (=10, 6=0) = (10)

|40 2,) +ax, - 1)/(q-1)] K10 oma

G(r=r,,6=0)=
{@) + @)X + /4 (-l e @) +xa 30

(11)

Let us remind that Kis defined as the ratio of the smooth specimeiguatlimit over
the nominal fatigue limit of the notched specimdfeeping this in mind and
introducing in Eq.(1) the quantities calculated Ens.(8), (10), (11) along with the
values of the parameters andy from EQ.(3), one derives the following analytical
expression of the fatigue notch factor #r blunt V- and U-shaped notched specimens
loaded under a remote axial stress amplitude:

S B)s B s
K,=—2 =g |[a-2|2t4g-c P 2
f o.llmlt t |:( 2) t, :b t—l:| (12)

nom,a

The constants A, B and C depend on the notchedrspergeometry:

A={L= ) =D +a/[4A =D Xy (14 =D + X)) Y, B={4+ x,, o/[4a-D}/ Y
C=qfa-1,) + aru, @~ 1,)/[4a-DY (@ -D)]
with Y ={(1+A,) + @A) +[a/4(a-2)] v @) +x. ]

The values of the constants A ,B, C for the operangles reported in table 1 are
summarised in table 2.

(13)

Table 2: Values of the constants A, B, and C ferdpening angles considered

2a deg| A B C
0 05 1 1
60 | 0.5/ 0.957| 1.2
90 | 0.5/ 0.945|1.342
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It is of interest to notice that the-Kormula, Eq.(12) achieves the following simplenfor
for U-shaped blunt notches:

K = K:[1-(8/30) (s.4/1.)] (14)
5. COMPARISON WITH EXPERIMENTAL DATA AND DISCUSSION

The theoretical formula of KEq.(12), has been used to analyse experimentdigdsu

V shaped blunt notches [10-11] . The results amvided as @, Kr) couples. The
critical distance approach [4], both point and Imethods, has also be applied in the
same test data.

The material of the notched specimens was a 0.22%ie€l with ultimate tensile
strength =432 MPa and tension-compression (R=-1) fatiguet lsg=201 MPa. The
theoretical stress concentration factarias been calculated with Peterson’s analytical
expression [3]. The geometry of the notched spetniereported in Table 3.

Table 3: V-shaped notched specimens geometrie$110-

notch radiusp[mm] | notch depth [mm] 2a [deg] | gross section width [mm]
7.62 5.08 55 63.5
1.27 5.08 55 63.5
0.51 5.08 55 63.5
0.25 5.08 55 63.5

In Fig(2) the analysis of the test data with thepmsed K formula is shown. In Figs (3)
and (4) the test data have been analysed by tm @od line methods respectively, of
the critical distance approach.

= ¢ | 1 T I 1

~= === proposed KF formula |

% experimental data

notch radius p, [mm]

Figure 2: Test data analysed by thefsfrmula based on the gradient dependent fatigterion
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Figure 3: Test data analysed by the critical distaapproach (point method)
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Figure 4: Test data analysed by the critical distasppproach (line method)

Examining Figures (2), (3) and (4) it appears thath the proposed approach and the
critical distance method interpolate rather we# #xperimental points. However, it is
noticed that the critical distance proposals prediccontinuous increasinggKas p
decreases, Figs (3) and (4), whereas from theréssits the point most on the left
corresponding to the smallgsexhibits a lower K with the respect to the second point
from left which corresponds to a higherObserving Fig.(2) it seems that the proposed
approach is able to capture this behaviour, sinegtedicted theoretical evolution of K
against the notch tip radius, exhibits a local nmaxn at a small value g, behind
which Kg decreases. Such a finite value maximum of the IKurve has already been
reported by some researchers [12-13] and couldaptued by the application of a
gradient dependent fatigue criterion at the stfietd around the notch tip, as has been
shown in the present work.
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