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A B S T R A C T   

The reliability and durability of parts of aggregates and mechanisms of motor vehicles depend on the efficiency 
of the basic and responsible load-bearing structures. The responsible elements of the motor vehicle are the wheel 
rims, whose reliability will increase the energy efficiency of the motor vehicle as a whole. One of the directions 
for increasing the reliability of wheel rims is the use of optimized low-pearlite steels with the increased impact 
strength of the 10HFTBch type. When determining the mechanical characteristics of steels with increased impact 
strength, it is worth considering a mixed form of failure; therefore, the scheme of four-point asymmetric bending 
is optimal for laboratory research. Conditions of mixed failure for an oblique crack lead to a 25–45% decrease in 
the value of ΔКІm* relatively to the stress intensity factor ΔКІ* obtained for the pure I mode. The same can be 
said about the II mode, when ΔКІІ* determined during the growth of an oblique crack is 10% smaller than the 
value of ΔКІІ*, which is calculated for the pure mode of failure, This indicates an increase in the fatigue crack 
growth rate for mixed failure compared to pure modes.   

1. Introduction 

The reliability and durability of motor vehicle parts, like other 
products, depend on the performance of the basic and responsible load- 
bearing structures [1,2]. So, for example, the wheel rims of trucks are a 
responsible part because they are one of the most loaded, and their 
failure leads to losses that significantly exceed the cost of the unit itself 
[3]. Therefore, the production of wheels with an increased energy load 
will allow not only to increase the mass of transported cargo several 
times under the existing operating conditions, but also to reduce fuel 
consumption due to a reduction in the number of flights [4,5]. 

The problem of increasing the load capacity of car wheels while 
simultaneously reducing their weight is an old one. Solution to this 
problem using technological means (in particular, the use of high- 
strength sheet manganese steels made by hot stamping) started in the 
last century [6]. At the current stage of wheel manufacturing, experts 
are actively introducing new alloys with high specific strengths [7,8]. 

Apart from reducing the mass, the wheel becomes corrosion-resistant 
[9–11]. But replacing such wheels for trucks is risky. 

Reliability of wheels is ensured by calculating their elements for 
strength while designing them. Currently, FEM programs are widely 
used, which allow making multivariate calculations where the complex 
stress state of the metal is taken into account through equivalent normal 
stresses [6,8,12]. Performance testing is carried out on special test 
stands, where standard and emergency situations are simulated [9,13]. 
Endurance resource tests can also be carried out on these stands. But due 
to complex damage, the test results are in a wide range, which makes it 
difficult to draw conclusions. Therefore, preference should be given to 
multi-sample test methods when they simulate the stressed state of the 
material in the wheel. 

Wheel rims of trucks operate under conditions of cyclic shock 
loading, which over time leads to the formation of fatigue cracks [14]. 
Further transformation of the crack into the main one is possible in 
several directions. Depending on this, crack growth can accelerate or 
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slow down. Therefore, a significant period of rims’ durability is 
accompanied by the development of cracks [13]. If the direction of 
development of cracks varies during maintenance, then the source of 
their appearance is almost always near the mounting hole under the 
washer of the bolted connection. Then it is clear that fretting processes 
significantly affect the formation and growth of cracks [15]. 

It is known that II mode deformations are responsible for the initi
ation of destruction during contact (in particular, fretting fatigue) [16, 
17]. Knowledge of standard material properties is not enough to assess 
the conditions for the genesis of a crack. It is necessary to have the pa
rameters of the kinetic diagram of internal destruction (Peris diagrams) 
for the II mode. Greater crack development occurs in conditions of 
mixed failure, when detachment mechanisms begin to act (I mode). To 
predict survivability (the number of crack growth cycles to the critical 
size) in such conditions, the method of pure modes has been developed 
[18]. It is based on the construction of survivability curves, which allows 
to predict the lifetime under non-stationary complex loading. 

The development of technology and the implementation of scientific 
achievements contribute to the creation of new materials [19,20]. One 
of the ways to increase the reliability of wheel rims is to replace the 
low-carbon steel 15 widely used in their production with optimized 
low-pearlite steels with increased impact strength KCU, which includes 
steel 10HFTBch (KCU = 0,80 MJ/m2) [21]. 

After establishing the influence of the main technological factors on 
the quality of the newly developed 10HFTBch steel, the issue of devel
oping a test scheme to determine its service characteristics arises [22, 
23]. Such characteristics make it possible to predict the durability of the 
rim at various stages of operation [24–28]. 

To simulate the conditions of deformation in the II mode, the scheme 
of four-point asymmetric bending (4PAB) has become widespread. For 
its implementation, it allows the use of universal testing machines and 
simple samples. This scheme is well combined with the three-point 
bending scheme, in which parameters of fatigue failure at the I mode 
are obtained. The 4PAB scheme is well established for elastic-brittle 
materials when the failure of the sample is a direct crack under the 
load support. For such conditions, formulas for calculating stresses and 
the stress intensity factor (SIF) for a straight crack are defined. Structural 
elastic-plastic materials, in particular, wheel steels, are destroyed by an 
oblique fracture. So with the development of an oblique crack, which 
indicates a mixed nature of destruction. For such conditions, there are no 
reasonable dependencies for determining SIF. This makes it impossible 
to obtain fatigue failure diagrams. 

The purpose of these studies was to develop a methodology for 
testing steel samples according to the 4PAB scheme, at which it is 
possible to obtain parameters of fatigue failure. In turn, such parameters 
should be sufficient to use the method of “pure” modes to predict sur
vivability in case of mixed destruction. 

2. Materials and methods 

2.1. Samples and equipment for testing 

The research was carried out by testing samples under 4PAB. This 
method of research has proven its effectiveness in determining the pa
rameters of mixed destruction [18]. 

Samples for bending have the form of a bar with a rectangular cross- 
section. Their length is l = 120 mm, width – b = 5 mm, height – h = 20 
mm. In the samples, in the middle, to initiate the crack, a U-shaped 
incision on the edge with a depth of 5 mm was made, and therefore the 
stress concentration coefficient ασ˃>1. 

Samples are made of 9ХС(9HS) (analogy 90CrSi5) steel with impact 
strength KCU = 0.78 MJ/m2, which is close to the microalloyed steel 
with increased impact strength proposed in the work [21]. 

Cyclic loading tests were carried out on a universal machine with a 
hydropulsator. 

The appearance of a crack was recorded visually. Sign-invariant 

modes were used, in which the minimum force was 4 kN. Cycle asym
metry coefficient is 0.10 ÷ 0.30. Frequency of cyclic stresses: 10–15 Hz. 
A higher frequency was intended for the crack initiation stage. After the 
appearance of the crack, the frequency decreased. 

2.2. Methodology for processing the results of mechanical tests 

There are different solutions for determining the stress intensity 
factor (SIF) during tests. Depending on the factors of influence, the range 
of their changes for КІ = 1 ÷ 4,49, for КІІ = 1 ÷ 3,03 [29,30]. 

The biggest difference when using different formulas is observed, as 
a rule, at the extreme values of the factors, for example, at the relative 
length of the crack ε = а/h˃0,7. Obviously, the first solution for the 
4РАВ scheme was proposed in 1987 by Y. Murakami [31]: 

KI = σF1
̅̅̅̅̅
πa

√
,KII = τF1I

̅̅̅
h

√
. (1) 

Geometric functions FI(II) depend on the relative length and are 
approximated by polynomials: 

FI = 1, 21ε + 3, 74ε2 + 3, 87ε3 − 19, 05ε4 + 22, 55ε5 (2)  

FII = 7, 26 − 9, 73ε + 2, 74ε2 + 1, 87ε3 − 1, 04ε4 (3) 

Function FII is monotonically decreasing and function FI is 
increasing. 

Further solution (1) was modified [32]: 

KII = τF1I
ε1.5
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√
̅̅̅
h

√
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In addition, Fett’s corrections for the displacement of the crack from 
the median plane are known [33]. Taking them into account (4) is 
transformed as: 

KII = τF1I
ε1.5
̅̅̅̅̅̅̅̅̅̅̅
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√

(

1 −
x
L2

)
̅̅̅
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For КІ such correction is unnecessary, since the displacement x is 
taken into account when determining the bending moment M. 

To establish the kinetics of crack growth based on test results, using 
the previously established formulas (1.7)–(1.9) in work [18] for samples 
with a height of h = 20 mm, we obtain simplified formulas for the 
number of cycles to crack growth from the size а0 (ε0) to the size ас (εс): 

NgI = 1.5⋅107
(

ΔK∗
I

1.65⋅Δσ

)4

[exp(− 13.36ε0) − exp(− 13.36εc)] (6)  

NgII = 5⋅106
(

0.043⋅ΔK∗
II

Δτ

)4
(

1
(a0 − 0.0005)2 −

1
(ac − 0.0005)2

)

(7)  

3. Results and discussion 

The crack grew almost immediately from the cut at the deviation 
angle θ towards the zone of tensile stresses caused by bending (Fig. 1). 

Fig. 1. The location of an oblique crack in the 4РАВ deformation scheme.  
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The breaking of the sample occurs in the direction of the support. Such a 
crack trajectory is typical for tests of metals in this scheme and indicates 
a mixed I + II mode [34]. 

Although there are no bending moments in the middle section that 
provoke the destruction of the I mode, they are present from the very 
beginning of the appearance of the crack. In our opinion, the origin of 
the I-mode fractures here is due to the inaccuracy of the sample instal
lation (from Fig. 1 it is clear that the crack does not originate from the 
root of the cut), as well as friction of the crack edges. This indicates the 
influence of the factor of mixed destruction. 

In the research [18] part of the samples that were tested according to 
the 4РАВ scheme broke into three parts due to an additional fracture by 
the І mode. This situation arose as a result of insufficient cutting 
sharpness and low concentration of tangential stresses. This is evidenced 
by the finite-elemental analysis of the stressed state of the sample 
(Fig. 2). 

Scheme of the development of the sample’s destruction was made 
(Fig. 3) on the basis of the finite-elemental analysis, fatigue tests and 
work results [18]. If the oblique crack grows from the cut, then the 
straight crack begins on the opposite side of the sample opposite the 
support (I, Fig. 3). The maximum tensile stresses are marked in the form 
of red zones. The growth of oblique and straight cracks occurs in 
opposite directions. 

Thus, at a four-point bend, the fracture parameters were obtained for 
an oblique (mixed I + II fracture) and direct (I mode) crack. 

Original curves of fatigue crack growth (FCG) were obtained 
experimentally in the form of graphs of crack length а – number of cycles 
Ng. 

In the future, relative length was used instead of absolute length ε 
(smooth samples) or Δε=(a-a0)/h (samples with a cut depth a0) (Figs. 4 
and 5). 

Along with experimental curves, model curves were obtained by the 
developed algorithm FCG (Figs. 4–5). They are based on value ΔК*І(ІІ), 
obtaining which is the main result of fatigue tests (Table 1). For mixed 
destruction I + II, the effective value is given SIF ΔК*І+ІІ, which is ob
tained by Richard’s criteria. It is chosen as the one that maximally 
“enhances” the effect of the II mode. 

Fig. 2. Fields of tangential stresses in the sample with the 4РАВ deformation scheme.  

Fig. 3. Schemes of the development of cracks in the samples with the 4РАВ 
deformation scheme. 

Fig. 4. Kinetics of a straight crack growth in 9XS steel samples during four- 
point bending for the range of shear stresses Δτ = 110, 120, 130, 190 MPa 
(model curves – solid line, experimental – dotted line). 

Fig. 5. Comparative graphs of oblique crack growth in 9ХС steel samples, 
obtained by models for the range of shear stresses Δτ = 110, 120, 130, 
190 MPa. 

Table 1 
Experimental indices of cyclic fracture toughness.  

N◦ Scheme Shape of the crack 
trajectory 

Mode Indicator designation, 
MPa√М 

9ХС 
steel 

1 4РАВ straight І ΔКІ* 43 
2 4РАВ oblique І+ІІ ΔКІm* 35 

ΔКІІim* 18 
ΔКeff* 49  
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The tendency of the deterioration of the resistance to destruction 
with the 4РАВ-scheme tests in the conditions of straight cracks was 
confirmed. For them the value of ΔК* is 25–45% smaller than the pure 
ΔКІ*, obtained according to the 3РВ-scheme. This leads to an increase in 
the speed of FCG by 2.5–4.5 times, which leads to a decrease in dura
bility and survivability. 

The deterioration of the resistance in the cyclic process in the con
ditions of the I mode for the 4РАВ scheme is explained by the increase in 
the contribution of tangential shear stresses. In the case of transverse 
bending, theoretically, there is a section in which there are no shear 
deformations. However, their sharp spike occurs in the surrounding 
areas. This circumstance affects the intensity of FCG. 

The contribution of tangential stresses is estimated through the lever 
arm coefficient [18] γlb = σ/(τkf) where the coefficient of the 
cross-sectional shape kf is constant for structural element. Decrease of 
the lever arm coefficient γlb indicates an increase in the contribution of 
shear stress and destruction of the II mode or an increase in the effective 
ratio КІІ/КІ. 

The factor γlb has a contradictory effect on the fatigue resistance of 
materials. At the stage of crack initiation, its reduction leads to an in
crease in the cyclic strength and durability of N [35]. At the stage of 
crack growth, increase in factor γlb leads to an increase in speed of FCG 
and, as a result, a decrease in value ΔКІ*. Such ambiguous effects are not 
unique to combined load conditions. For example, torque (III mode) 
reduces the cyclic strength of shafts loaded by bending with rotation (I 
mode). However, when the crack reaches a certain length, the appear
ance of the III mode helps to slow down its development [36]. 

4. Conclusions 

A test method was developed according to the 4РАВ scheme, which 
includes the shape and dimensions of the samples, the scheme of their 
installation relatively to the supports, dependencies for calculating 
stresses and SIF. The latter are original. 

Mixed failure conditions for an oblique crack leads to a 25–45% 
decrease in value ΔКІm* relatively SIF ΔКІ*, obtained for pure І mode. 
The same can be said about the II mode, when ΔКІІm* determined during 
the growth of an oblique crack is 10% smaller than the value of ΔКІІ*, 
which is calculated for the pure failure mode. But difference between 
these indicators (i.e. ΔКІІm*- ΔКІІ*) is much smaller, than difference 
between SIF of І mode ΔКІm* - ΔКІm*. I.e.:/ΔКІІm*- ΔКІІ*/</ΔКІm* - 
ΔКІm*/. All this indicates an increase in speed of FCG for mixed failure 
versus pure modes. 
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