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The paper deals with the prediction of the fatigiee ¢f 35NCD16 (36NiCrMo16) steel
under random loading. The 35NCD16 material is a bigbngth alloy steel, characterised
by a lack of mutual parallelism of fatigue charastécs for extension and torsion. It has
been established that fatigue life estimation ndard models should not be used,
because they do not take into account the vargphiilative to tangential and normal
stress. The comparison of experimental resultscafmilations using the proposed model

obtained satisfactory results.
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The 35NCD16 material is a high strength alloy sthat takes its name from the
French industry designation. The combination ohtsgength, high fracture toughness
and superior cleanliness identifies it as a goolickate for aerospace structural appli-
cations [1, 2]. The paper presents an algorithnd@&ermination of the fatigue life of
materials where there is no parallelism of fatigharacteristics for extension and pure
torsion. Verification of the proposed algorithm teeen done for 35NCD16 steel.
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Fig. 1. Fatigue graph for extension and
two-sided torsion of 35NCD16 steel:
1-log\f = 31.95 — 10.03 lom;
2 —log\; = 44.51 — 15.08 log.

presented in [6, 7].

Materials and fatigue tests. Test re-
sults obtained for 35NCD16 steel and pre-
sented in [3-5] are considered. Chemical
composition of the material is as follows (%o):
C - 0.36; Si — 0.37; Mn — 0.39; S — 0.01;
P —<0.003; Ni — 3.81; Cr — 17.0; Mo — 0.28;
Fe — rest. Fig. 1 shows the fatigue graph for
extension and two-sided torsion of the con-
sidered material. As for 35NCD16 steel,
fatigue characteristics are not parallel (see
Fig. 1). Variable values of the ratio of nor-
mal and shear stresses coming from exten-
sion and torsion respectively make it impo-
ssible to apply a constant value of this ratio
in fatigue criteria including this ratio. The
latest review of multiaxial fatigue criteria is

The ratio of fatigue limits from extensian; and torsiory is usually assumed for

the calculation

kzoaf /Taf- ()

Cylindrical specimens subjected to cyclic and randoadings were used for the
tests [3]. Cyclic and random tests were completéth wroportional extension and
torsion f, = 0.50,). In the case of random loading, the standardsso@ARLOS Car
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Loading Sequence-lateral [8] of 95180 cycles inkiluek was applied. After reduction
of low amplitude cycles, two kinds of blocks wetgtained:f; = 46656 extrema and
f, = 13568 extrema.

Modél of fatigue life estimation. Particular stages of the algorithm for fatigue life
determination are presented in Fig. 2. The previooslels did not include the va-
riability of the parametek(N;), which took into account the out-of-parallelisatifue
characteristics for extension and pure torsion.oAstant value of Eq. (1) has been
usually assumed so far, e.g. in [9], the constdoc@5NCD16 steel has been assumed
to be 310° cycles. A similar algorithm for cyclic loading wasesented and used in
[10]. In this paper the authors included variapitt parametek(Ns) according to:

2(N
k(Nf)=%fo)), 2

whereo, — amplitude of the normal stress under bending; amplitude of the shear
stress under torsion.

Measurement, generation or calculation of o,(?), rxy(l)]

v

Assumption of the initial number of cycles, N; L

v

Determination of orientation of the critical plane angle, o ]

v
[ Calculation of the equivalent stress history c,,(?) J

and amplitude G,
v

Fatigue damage acuumulation S(75)

Cyclic loadings

v

[ Calculation of the fatigue life N, ]

|

[ Calculation of the relationship, A = N, /N,

N+1

i

YES NO

A>0.991 A<1.01

[ Calculation of the fatigue life N; = N, ]

Fig. 2. Algorithm for fatigue life determination fomaterials with no parallelism
of fatigue characteristics.

The presented model can be used for the analydatiglie tests for cyclic and
random loadings under extension and torsion. Titwe filock includes registration of
the stress state components in the range of I@ioppfatigue strength.

In the next stage, the initial number of cyclesassary for calculation of the first
cycle of the algorithm work, is assumed toNye= 18 cycles. The next block includes
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determination of the critical plane orientation ngorresponding to the maximum
effort of the material.

In this paper the critical plane position is detewd with the damage accumu-
lation method which consists in finding the oriditta angle of the critical plane at the
maximum possible degree of damage (minimum dutghilusing shear stress. The
expression for normal and shear stresses was ctdphth the correction function,
using the fatigue limits for extension and torsitm (2):

0 (1) = Oy (1) COS A + K (N ¢ )T 4 (t)SiN2X (3)
Tys(t) :—%oxx(t)sinZOHk(N £ ) yy(t)cos, (4)

where 0,,(t) — stresses coming from bendingy(t) — stresses coming from torsion;
a — critical plane orientation angle.

Let us note that Egs. (3) and (4) use paranietiaking into account the out-of-
parallelism fatigue characteristics for extensiad pure torsion.

The authors of this paper applied the criterionmaiximum shear stresses [11].
In [12] they demonstrated that the expression efeuivalent stress value should be a
linear function including normal and shear stres&ssed on this, the criteria were
formulated and verified for cyclic [13—15] and ramd loading [16—18]. The authors
applied the criterion of maximum shear stressef [[His is strictly connected with the
orientation of the critical plane angle. The higtof the equivalent stress was written as

Oeq(t) =K(N £)Tn () +(2- k(N ))on (9. (5)

A damage degree should be found before fatiguecéfeulations. In the case of
the considered material, assuming the hypothesifatijue damage accumulation
according to Palmgren—Miner, this leads to incdrestimation of the fatigue life.

Thus, for the damage accumulation process, thenSemeKogayev hypothesis
[19] was used. This is based on the Palmgren—Minygothesis [20, 21] and the
coefficientb, characterising the history:

j .
Z—n' - for oy 2alty,
i=1 o f
Ssk(T) =1 bMNg|
“ °\ o (6)
0 for o, <aloy,
k
DOty — albys o
where b=1= , § = k' — frequency of particular levelsy; in reali-
Oy —ally Sn
i=1

zation ofTy; 04 — maximum stress amplitude.

Fig. 3 presents a comparison of calculation and exwstal fatigue lives for
different values of the coefficiemtoccurring in Eqg. (5). Calculations were realised for
coefficienta = 0.5; 0.6; 0.8 and 1.

In the case of 35NCD16 steel, coefficiant 0.6 was used for further analysis, be-
cause this had provided the best agreement of thearechgalculation and experi-
mental fatigue lives. The calculation life for ars$yof the method of modified ampli-
tude [22]
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_ 90eqa(®)™ " 7
Omd =~ —m (7)
O-oeqa(o)

and the fatigue life was calculated from
the transformated Basquin equation

N =10 "M 100%ma (8)

The mean relative errors of the cal-
culation fatigue lives for different values
of coefficienta are obtained according to
the following equation

3,5
Nexp— N :
R=—2__@r000,  (9) 10'¥ .

Nexp 10 10 Nexp» blocks
whereR for a = 1 is 1016%a = 0.8 is Fig. 3. Comparison of the calculation fatigue
151%:a= 0.6 is 102%a = 0.5 is 123%. life Ny according to criterion on the plane

After determination of the damage of maximum shear stresses

with the experimental fatigue lifde,
for uniaxial random loading:
® -SK@=1); ¥-SK @=0.8);

degreeYTy) according to Eq. (5), the
next stage of the algorithm includes

calculation of the fatigue life: % —SK @=0.6);[1— SK @=0.5).
T
N =—9—. (10)
S(b)

In the case of fatigue tests of the considered magt®bservation timeTp) is a
single block and the calculation life is a sumha blocks. Under cyclic loadings, after
calculation of the equivalent stress history, ihécessary to calculate fatigue life from
the following equation, which is similar to Eqg. (8)

N; =107 ™109%aq (11)

The presented algorithm is based on the iteratiethod; so later, it is necessary
to calculate a ratio between the assumed and eotdives
N:
A=—1 12
N (12)

This procedure is repeated for successively cdkedldives up to the moment
when the following condition is satisfied:

0.99<A < 1.0 (13)

i.e. the assumed error is at a level of 1%, whéckuifficient for fatigue calculations.
Let us remember that the life calculated from Ej.i¢ the life in one block. If
condition (13) is satisfied, the obtained fatigifie is the sought after quantity.

Verification of the proposed criterion. The aim of the analysis is to check the
efficiency of the proposed criterion, not only @8NCD16, but for similar materials
[23, 24] with special attention paid to the varldpiof parametek(N;). Fig. 4 shows a
comparison of calculation and experimental liveslamextension and pure torsion.
Analysis was done for two cases: for const determined for the ratio of fatigue limits
(k = 0.86), andk(Ny) in the scatter band of coefficient 3.5, charaster for the
considered steel.

Let us note that in the case whier const, the obtained results are less confor-
ming than those fok(N;). Fig. 5 presents a comparison of the fatigue difel the
experimental fatigue life fdk = const &) andk(Ny) (b).
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\ sl Fig. 4. Comparison of the calculated INg,
106} es e according to the criterion of the maximum
2 : ‘,: shear stresses plane and the experimental life
= o Neyp fOr extension and torsion of 35NCD16
1051 = steel under cyclic loading¥ —1 =0;
= A ® — o = 0 fork(N;); % —o = 0 fork = const.

. . In the case whek = const, most of
10* 10° 10° Neyy. blocks  the results are not included into the
scatter band of the coefficient 3.5, which

is calculated for extension.
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Fig. 5. Comparison of the calculation Iifg, according to the criterion of the maximum shear
stresses plane and the experimentalNifg for 35NCD16 steel under random loadings.
ak=const®-o0=0;A —-1=0.50;b:k(N;), ® —1=0; ¥V-0=0;% —1=0.50.

CONCLUSIONS

It is possible to draw the following conclusionarfr the analysis of the fatigue test
results. The proposed model can be applied foulzlons of the fatigue life under cyc-
lic and random loadings of materials with no patain of characteristics under exten-
sion and pure torsion. Verification of the modet lppovided satisfactory results. Analy-
sis of the calculations results leads to the cammtuthat the dependence of coefficikent
on the number of cycles to damageprovides better results than o= const. Further
analysis of the proposed model for other mateaatsloadings seems to be necessary.

PE3IOME. TlpoaHami3oBaHO BTOMHY JIOBrOBiuHicTH BHcOKOMinHOi crami 35NCD16
(36NiCrMo16) 3a BumaakoBoro HaBaHTaeHHs. CTajib BiPi3HSETHCS BIICYTHICTIO BiANOBi-
HOCTI XapaKTEPUCTHK BTOMH 3a PO3TATY i 3aKpyTy. [IOpIBHIHO EKCIIEPUMEHTAIIbHI PE3yIbTaTH 3
JAHUMH TIPOTHO3YBAaHHS TOBIOBIYHOCTI HA OCHOBI 3alponoHOBaHoi Mojeni. BeTaHoBieHo, mo
OIIiIHKa BTOMHOI JIOBFOBIYHOCTI TAKMX MarepiajliB HE MOKE IPYHTYBATHCS Ha CTaHIAPTHUX MO-
JIeTISIX, OCKITBKY BOHH HE BPaXOBYIOTh 3MiHU TaHT€HI[Ia bHUX i HOPMAIIbHUX HAPYKCHb.

PE3IOME. TlIpoaHanu3upoBaHa YCTalOCTHas JAOJTOBEYHOCTb BBICOKOIPOYHON CTalu
35NCD16 (36NiCrMol16)ipu ciryqaitiom HarpyxeHun. CTaab OTIHIAETCS OTCYTCTBHEM COOT-
BETCTBUS XapaKTEPUCTHK YCTAJIOCTU NPU PACTHKEHUM U KpydeHHU. CpaBHEHbBI KCIIEPUMEH-
TaJlbHbIE PE3YJIBTAThl C JAHHBIMU IPOrHO3MPOBAHUS JAOJITOBEYHOCTH HA OCHOBE IPEIIOKEHHON
MOZIENHU. Y CTaHOBJIEHO, YTO OLIEHKA YCTAJIOCTHOM JONrOBEYHOCTU TAKHX MATEPHUAJIOB HE MOXKET
OBbITh OCHOBAaHA Ha CTAHAAPTHBIX MOJEISIX, TAK KaK OHM HE yYUTBIBAIOT U3MEHEHUE TAHI€HIIU-
AJIbHBIX ¥ HOPMAJIbHBIX HAIIPSKEHUM.
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