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ESTIMATION OF THE FATIGUE LIFE OF 35NCD16 ALLOY STEEL UNDER
RANDOM LOADING

M. Kurek,l T. Lagoda,l and F.Morel'**

The paper deals with the prediction of the fatigue life of 3SNCD16 (36NiCrMo16) steel under random
loading. This material is a high-strength alloy steel characterized by the absence of mutual parallelism
of the fatigue characteristics for extension and torsion. It is shown that the fatigue life should not be es-
timated by using standard models because they do not take into account the variability relative to the
tangential and normal stresses. The comparison of the experimental data with the numerical results ob-
tained by using the proposed model gives satisfactory results.
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The 35NCD16 material is a high-strength alloy steel that takes its name from the French industry designa-
tion. The combination of high strength, high fracture toughness, and superior cleanliness identifies it as a good
candidate for aerospace structural applications [1, 2]. In the present paper, we propose an algorithm for the de-
termination of the fatigue life of materials in which there is no parallelism of the fatigue characteristics for exten-
sion and pure torsion. The verification of the proposed algorithm has been performed for 3SNCD16 steel.

Materials and Fatigue Tests

We consider the test results obtained for 3SNCD16 steel and presented in [3—5]. The chemical composition
of the material is as follows (%):

036C, 037Si, 039Mn, 001S, <0003P, 381Ni, 170Cr, 0.28 Mo, and balance Fe.

In Fig. 1, we show the fatigue graph for extension and two-sided torsion of the considered material. As for
35NCD16 steel, the fatigue characteristics are not parallel (see Fig. 1). Variable values of the ratio of normal
and shear stresses coming from extension and torsion, respectively, make it impossible to use a constant value of
this ratio in the fatigue criteria including this ratio. The latest review of multiaxial fatigue criteria is presented
in [6, 7].

The ratio of the fatigue limits from extension G, and torsion T, is usually assumed for the evaluation of
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Fig. 1. Fatigue graph for the extension and two-sided torsion of 35NCD16 steel: (1) log Ny =3195-1003logc,; (2) logNy =
4451 -15.08log1,.

Cylindrical specimens subjected to cyclic and random loadings were used for the tests [3]. Cyclic and ran-
dom tests were completed with proportional extension and torsion (T, = 0.5G,).
In the case of random loading, the standard course CARLOS Car Loading Sequence-lateral [8] of 95,180

cycles in the block was applied. After the reduction of low-amplitude cycles, two kinds of blocks were ob-
tained: f; = 46,656 extrema and f, = 13,568 extrema.

Model of Evaluation of the Fatigue Life

Different stages of the algorithm of determination of the fatigue life are presented in Fig.2. The previous
models did not include the variability of the parameter k(N ), which takes into account the out-of-parallelism
fatigue characteristics for extension and pure torsion. A constant value of Eq. (1) has been usually assumed so

far, e.g., in [9], for 35NCD16 steel, this value was assumed to be 3- 10 cycles. A similar algorithm for cyclic

loading was presented and used in [10]. In this paper, the authors took into account the variability of the param-
eter k(Ny) as follows:

Su(Ny)

> 2
Ta(Nf) ( )

k(Nj) =

where G, is the amplitude of normal stresses under bending and T, is the amplitude of shear stresses under
torsion.

The presented model can be used for the analysis of the fatigue tests under cyclic and random loads in ex-
tension and torsion. The first block includes recording the components of the stress state within the range of
long-lasting fatigue strength.

In the next stage, the initial number of cycles necessary for the calculation of the first cycle of operation of
the algorithm is assumed to be N; = 108 cycles. The next block includes the determination of the critical plane
orientation angle corresponding to the maximum effort of the material.

In the present paper, the position of the critical plane is determined by the method of damage accumulation,
which is reduced to finding the angle of orientation of the critical plane for the maximum possible degree of
damage (minimum durability) by using shear stress.
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Fig. 2. Algorithm for determination of the fatigue life of materials without parallelism of the fatigue characteristics.

The expression for normal and shear stresses was complemented with the correction function with regard
for the fatigue limits for extension and torsion Eq. (2):

Oy (1) = G (1) cos” oL+ k(N )T, (r)sin 20, 3)
Tys(0) = _%Gxx(t) sin 200 + k(N )T, (¢) cos 2aL, 4)

where G,,(¢) are the stresses caused by bending; T,,(f) are the stresses caused by torsion, and o is the criti-
cal plane orientation angle.

Note that Eqgs. (3) and (4) contain a parameter k taking into account the out-of-parallelism of the fatigue
characteristics for extension and pure torsion.

The authors of the present paper applied the criterion of maximum shear stresses [11]. In [12], they demon-
strated that the expression for the equivalent value of stresses should be a linear function including normal

and shear stresses. Based on this fact, the criteria were formulated and verified for cyclic [13—-15] and ran-
dom [16-18] loads.
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Fig. 3. Comparison of the computed fatigue life N according to the criterion of the plane of maximum shear stresses with the
experimental fatigue life Nexp under uniaxial random loading: (@) SK (a =1); (¥) SK (a =0.8); (%) SK (a =0.6);
(0) SK (a =0.5).

The authors applied the criterion of maximum shear stresses [11]. This is directly connected with the orien-
tation of the critical plane angle. The history of the equivalent stresses was written as

Oeq(t) = k(N p)tns(t) +(2 = k(N £ ))On(1). )

The degree of damage should be found prior to the fatigue life calculations. For the considered material,
if we accept the hypothesis of fatigue damage accumulation according to Palmgren and Miner, then we get in-
correct estimates of the fatigue life.

Thus, for the process of damage accumulation, the Serensen—Kogayev hypothesis [19] was used. This

hypothesis is based on the Palmgren—Miner hypothesis [20, 21] and the coefficient b used to characterize the
history:

J n;
2 — for o, 2 acgf,
i=1 N Gaf
Ssk (To) = oy (6)
0 for 0, <ao,,
where
k
G4 — a0y 21‘:1 n

is the frequency of particular levels G,; in the realization of 7y, and G, is the maximum stress amplitude.
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In Fig. 3, we present the comparison of the computed and experimental fatigue lives for different values of
the coefficient a in Eq. (5). The calculations were performed for the coefficient a =0.5;0.6; 0.8 and 1.

In the case of 35NCD16 steel, the coefficient a = 0.6 was used for subsequent analysis because this guaran-
teed the best possible agreement of the compared numerical results and the experimental fatigue lives. The com-
puted life for the analysis of the method of modified amplitudes [22]

+1
O 6eqa (o)™
Opa = 22— ™
G 6eqa(0)

and the fatigue life were found from the modified Basquin equation
Ny = 10% "0 1080ma (®)

The mean relative errors of the computed fatigue lives for different values of the coefficient a are obtained
from the following equation:

New — N
R == 100%. (9)

exp

Here, for @ =1, R is equal to 1016%; for a =0.8, itisequal to 151%; for a = 0.6, itis equal to 102%,
and for a =0.5, to 123%.

After the evaluation of the degree of damage S(7;;) according to Eq. (5), the next stage of the algorithm
includes the determination of the fatigue life:

N, = Lo
TSy

(10)

In the case of fatigue testing of the analyzed material, the time of observation (7)) is a single block and the
computed life is the sum of blocks. Under cyclic loads, after finding the equivalent stress history, it is necessary
to compute the fatigue life according to the following equation [similar to Eq. (8)]:

Ny = 107" 1080, (1)

The presented algorithm is based on the iterative method. Hence, later, it is necessary to find the ratio of the
assumed and obtained lives:

(12)

This procedure is repeated for successively computed lives up to the time when the following condition is
satisfied:

099 <A <101, (13)

i.e. the assumed error is close to 1%, which is sufficient for the fatigue calculations.
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Fig. 4. Comparison of the computed life N, according to the criterion of the plane of maximum shear stresses and the experimental
life Nexp for the extension and torsion of 35NCD16 steel under cyclic loads: (¥) 1=0; (®) ¢ =0 for k(Nf); (%) 6 =0

for k = const.
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Fig. 5. Comparison of the computed life N, according to the criterion of the plane of maximum shear stresses and the experimental
life Neyx, for 35SNCD16 steel under random loads (a): k =const, (@) 6 =0; (A) T=0.50; (b): k(Ns), (@) 1=0; (¥) 0 =0;

(%) t=0.50.

Recall that the life given by Eq. (9) is the life in a single block. If condition (13) is satisfied, then the ob-
tained fatigue life is just the required quantity.

Verification of the Proposed Criterion

The aim of our analysis is to check the efficiency of the proposed criterion not only for 35NCD16 steel
but also for similar materials [23, 24] with special attention given to the variations of the parameter k(Ny).

In Fig. 4, we present the comparison of the numerical and experimental lives under the conditions of extension
and pure torsion. The analysis was carried out for two cases: for k = const determined for the ratio of the fa-
tigue limits (k =0.86), and k(N ) within the scatter band of the coefficient 3.5 typical of the analyzed steel.
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We also note that, in the case where k = const, the obtained results are less conforming than the results
obtained for k(Ny). In Fig.5, we present the comparison of the fatigue life with the experimental fatigue life

for k =const (a) and k(Ny) (b).
In the case where k = const, the major part of the results are not contained in the scatter band of the coeffi-
cient 3.5 computed for the case of extension.

CONCLUSIONS

The analysis of the results of fatigue tests enables us to make the following conclusions: The proposed model
can be used for the evaluation of the fatigue life under cyclic and random loadings of materials without parallelism
of characteristics under the conditions of extension and pure torsion. The verification of the model gives satisfac-

tory results. The analysis of the numerical results leads to the conclusion that the dependence of coefficient k on
the number of cycles to damage N gives better results than for k = const. The subsequent analysis of the pro-

posed model for other materials and loads seems to be necessary.
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