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The developed method of processing experimental data from tests performed according to the four-point
asymmetric bending scheme made it possible to establish the coefficient of proportionality between the modes
of failure I and II, which for structural steels is in the range of 2,5+3. The established longevity before the
appearance of the critical speed according to the developed models is within the limits of the natural dispersion
inherent in fatigue failure, which indicates the effectiveness of the developed algorithm and the correctness of

the determined indicators of resistance to failure. The problem of the appearance of an oblique crack during tests
on four-point asymmetric bending has been solved. It can be assumed that about 90% of the growth of an oblique
crack is caused by the contribution of the mode of failure II.

1. Introduction

In recent decades the scheme of materials testing with four-point
asymmetric bending (4PAB) has become widespread. It is used to
determine resistance to shear deformations. It is the most effective for
elastic-brittle materials, for which failure occurs along a direct fracture
in the planned location (crossing under force P, Fig. 1). Non-metallic
construction, biological, and composite materials are tested according
to the four-point asymmetric bending scheme [1-4].

Crack and failure under cyclic loading occur along an oblique frac-
ture (line x-a, Fig. 1) [5] for structural steels under test conditions ac-
cording to the 4PAB scheme Thus, the conditions of mixed fracture for
modes I + II are implemented. At the same time, quite often specialists
are interested in the characteristics of cyclic fracture specifically for the
mode II. For example, the "pure modes" method was developed to pre-
dict the risk of combined loading [6,7], for which a test method ac-
cording to the 4PAB scheme was proposed [8]. But under such
conditions only the threshold characteristics of the fracture in the mode
II can be obtained. Since further failure occurs for the mixed form of the
mode [+1I, the critical indicators cannot be correctly determined. The
mixed nature of the failure is evidenced by the change in the trajectory
of the crack from straight to oblique (Fig. 1), while previously published

works do not provide a clear mathematical apparatus for the numerical
analysis of this process occurrence.

Therefore, the task of actual research was the development of an
algorithm for evaluating the critical characteristics of the fatigue failure
kinetic diagram of the mode II during tests of structural steels according
to the 4PAB scheme.

2. Materials and methods

Analysis of the previously developed algorithm for estimating
durability in mixed failure is based on survivability curves, which
represent the dependence of the crack growth period from the current
stress. Samples for tests on rectangular cut are made of 9 HS steel (ul-
timate strength o}, = 803 MPa, yield point oy = 658 MPa). Sample length
[ = 120 mm, thickness — b = 5 mm, height — h = 20 mm, a 5 mm deep U-
shaped incision was made in the middle to initiate the crack.

The valid stresses for the mode I are the normal stresses Ngi(Aoc), for
modes II and III- the tangential stresses Ngin(Az). The survivability
curves are obtained by integrating the Paris equation, for which the
following form can be taken for the mode I (II):

Abbreviations: 8K*i, cyclic fracture toughness, (MPa\/m); NI, indicator of appropriate mode’s degree; a, fatigue crack length (mm); ¢, relative crack length; Ng,
number of cycles; FCG, fatigue crack growth; gI/II, coefficient of proportionality between fracture modes I and IIL
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Fig. 1. Test scheme of the sample with the cross-sectional dimensions bxW on
a four-point asymmetric bend [9] and the diagram of bending moments M.

AK ny(1n)
V=10" (F‘(‘”) , e))
1(11)

where V - fatigue crack growth (FCG) in m/cycle; AKjqp — range (twice
amplitude) of the active SIF; AK *j() — range of the SIF which equals V =
1077 m/cycle fatigue failure diagrams; I (II) — mode of fracture; nyqr) —
degree indicator for the corresponding mode.

The proposed algorithm for determining the survivability period
assumes knowledge of the parameters of the cyclic fracture’s kinetic
diagram, which are obtained for the pure conditions of the corre-
sponding mode. In research papers such conditions for the mode I were
modelled for 3-point bending (3 PB) [5].

Therefore, a calculation method for determining the parameters of
the mode II of cyclic failure based on the results of tests with four-point
asymmetric bending (4PAB) has been developed.

It is based on a reliable assessment of the parameters — cyclic vis-
cosity of stress intensity (AK*;) and the degree of the corresponding
mode (n;). The number of survival cycles (growth kinetics) of the sample
in mixed mode Ny, 1) and parameters AK*1m, AK* 1, dc(r+1m) are known
from the tests[8]. They also correspond to mixed fracture, but obtained
according to equations (6-7) in the research paper [8], as in the case of
pure modes. Taking into account the dependence arising from the rule of
combining safety indexes, we can write [7]:

-1
Ny = (Ng' +Ngl) @

where Ny — survivability in the conditions of the pure mode I or mode
1I.

If the values AK* and nj are known, survivability Ng; for ap=5 mm
can be obtained. Meanwhile the same final crack size is assumed a
=acq+m=dcr, Which performs the critical role. Then for pure mode II we
get:

Ng(PrlI)

1 — Newew?
Nat

NgII = (3)

Knowing this period of survivability, the range of the SIF at the crack
growth rate of 1077 m/cycle for the mode II is found [8]:

3

33-At 5-1076-Nyy
1
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3. Results and discussion

When using the algorithm specified in Section 2, average values for
pure mode I AKy*=21 MPay/m were obtained.
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Fig. 2. Model survivability curve and their equations for mode I (straight
cracks, solid line) and for modes I+II (oblique cracks, dotted line).
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Fig. 3. Results of experimental fatigue tests before fracture (points) of 9HS
steel samples by three-point and four-point bending (direct fracture, 4PAB),
and survivability curves’ equations.

That is 2,6...2,9 times less than AK*| value for pure mode I. Le. ratio
of AKjc /AKjc indicators is lower than ration g;,;=AK*1/AK*y;. Thus, it
can be recommended to a priori estimate the ratio value gy for struc-
tural steels g;/1=2,5...3.

The found indicators together with the previously determined in-
dicators AK*; = 61 MPay/m, AK*; = 66 MPa\/m, nj=4, ny=3, ap=1 mm
(unnotched samples) and ap=5 mm (notched samples) served as initial
data for determining model curves of fatigue crack growth. The algo-
rithm for this was as follows. For the current length of the crack a.; (or
£.i), according to equations (6)—(7) defined in the research paper [8], the
current separate periods of survival of Ngan; are determined. After that,
according to (2), the current survival Ny, is found. The full period of
survivability was taken as the final size of the crack, when the fatigue
crack growth rate reached v = 10~° m/cycle.

Equations for determining survivability are valid when stresses are
constant [9]. Based on equation (6) in [8], it can be concluded that the
normal stresses Ao depend on the length of the crack. To overcome this
contradiction, it was considered that Ac=const on the segment Aaci=ac;
- aei-1)=1 mm. Therefore, the survival period on this segment ANgj;.
was determined. And then the current survival Ngi; was found as the sum
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of the periods ANgj;.

Despite the differences in the forms of the model (Fig. 2) and
experimental (Fig. 3) crack growth graphs, the longevity obtained for
them until the appearance of the critical speed are within the limits of
the natural dispersion inherent in fatigue failure, which are given in [8].
This testifies to the effectiveness of the developed algorithm and the
correctness of the determined indicators of resistance to fracture.

With mixed modes, the slope of the survivability curves changes due
to the fact that survivability Ngq,1p is lower than survivability in pure
modes: Ny < Ng1, Ny 1< Ngni. In these researches the average is Ny
@+ =0,9 Ngp. That is, it can be assumed that about 90% of the growth
of an oblique crack is caused by the contribution of the mode II.
Therefore, the slope of the survivability curve in the mode II coincides
with the slope in the mixed mode.

4. Conclusions

Despite the impossibility of obtaining a pure mode II fracture when
testing selected steels under the conditions of the 4PAB-scheme, the
obtained values of AK*; in mixed fracture from an oblique crack can
serve as initial data for determining "pure" AK*p, bypassing the algo-
rithm developed for this purpose.

The obtained results of the original research indicate that during
testing structural steels under four-point asymmetric bending, on
average, 90% of the contribution to the stable stage of crack develop-
ment is given by the mode II, and immediately after the failure of the
sample, mode I starts to dominate.
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