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Abstract: In this study, a novel test system for estimating bending and torsion fatigue under selectable
kinematic and dynamic loading modes was constructed. Using S355]2 steel specimens, a series of
tests were conducted to determine material sensitivity to different load paths and loading modes.
The experimental results were supplemented with the results of numerical analyses, on the basis
of which the components of strain and stress tensors for subsequent analyses were determined in
the entire working part of the specimen. An original method for determining specific strain energy
components was used. The experimental results showed the grouping of data according to the mode
of loading chosen. This could signify that the selected fatigue models are sensitive to certain loading
scenarios. We performed in-depth data analysis and complex numerical simulations, formulating
likely explanations for the observed effect.

Keywords: energy fatigue model; elasto—plastic strain energy; constitutive models; bending and
torsion; kinematic and dynamic loading

1. Introduction

Non-monotonic alternation of stress states may lead to permanent changes in the structure of
materials and is often the cause of the limited functionality of components. The vast majority of
machines and engineering structures are subjected to complex and time-varying operational loads [1-6].
Generally, the loads can be dynamic, i.e., caused by forces and moments varying in time. They can
also be kinematic loads, caused by time-varying displacements and rotations. In both cases, a complex
field of strain and stress arises in the structure. Industrial examples, where such loading scenarios
are important, include heavy vehicles used for landscaping, such as diggers or crushers. Operation
of such equipment requires completing target kinematic displacement against a uncontrollable and
unpredictable dynamic reaction from soil or processed material. A reverse case example can be found
in many torsionally loaded shafts, where the kinematic response is stochastic, such as large bore drills
in the oil and gas industry.

The fatigue properties of construction materials under uniaxial loads are best described in the
literature [7-9]. However, due to the fact that in reality complex loading states occur in machines
and structures, it is more desirable to test the complex state of loading complexity [10-12]. The issues
that are currently raised in the literature regarding fatigue of materials are the analysis of the
correlation between the material microstructure and fatigue life [13,14] as well as issues on the
border of fracture mechanics and surface quality [15,16]. Under the influence of non-proportional
loadings, the principal stress and strain directions change cyclically [17,18] and, as proven by various
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studies [17,19], the fatigue life of a given structure can be significantly reduced. A number of studies
on a certain group of materials [20] showed a clear impact of material non-proportional hardening
sensitivity on the observed fatigue life.

Most experimental studies conducted under multiaxial fatigue load conditions were performed
for independent tension: compression and torsion [21,22]. The results of material testing under other
loading conditions, for example, for bending with torsion, appear much less frequently in the literature.
In most cases, the tests were performed phase-aligned with controlled values of bending and torsional
moments amplitudes (dynamic load) [23-27]. Testing of materials subjected to bending and torsional
loads, with controlled kinematic load, is much less common; however, some studies [28,29] analyzed
essentially aligned kinematic loads causing bending and torsion. Literature sources on material
testing in both possible load control variants (dynamic and kinematic) is lacking. In this context,
the knowledge of fatigue of materials subjected to phase-dependent kinematic or dynamic loading
seems to be underdeveloped, especially given potential significance to many structures and mechanisms.
As a part of a research program, material specimens were tested with controlled, with independent
kinematic or dynamic loads. A custom-built fatigue testing machine was implemented to facilitate this
project. Similar to typical tensile-compression tests with torsion, fatigue tests were performed for both
out-of-phase loads and in-phase loads for bending and torsion alone and combinations thereof.

The main objective of this study was to examine the fatigue properties of S355]2 steel using an
energetic description. In this work, fatigue tests were conducted on specimens in kinematic and dynamic
scenarios with four paths of loadings. The cyclic stress—strain response of the fatigue-tested specimens
were analyzed using finite element method (FEM) analysis with the Chaboche model of cyclic plasticity.
We determined the effectiveness of the most popular energy models for many variants of cyclic loads
based on the original method of determining specific strain energy components to describe fatigue
life. The fatigue lives of these specimens were compared between kinematic and dynamic loading
test conditions.

2. Materials and Methods

2.1. Test Specimen

Steel grade S355]2 was supplied for testing in the form of drawn bars with a diameter ¢ = 16 mm.
The chemical composition of this material was previously published [26], whereas its relevant
mechanical properties are listed in Table 1. The test specimen is shown in Figure 1. The chosen
shape of specimens ensured that the maximum normal and tangential stresses occurred in the smallest
cross-section area, making it the most probable location of fatigue crack initiation.

12,8

Figure 1. Test specimen. All dimensions are provided in millimeters.
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Table 1. Mechanical properties of S355]2 steel.

! ’

O'y Oy E v K n C1 Cz C3 D1 D2 D3
MPa MPa GPa - MPa - MPa MPa MPa - - -

155 535 213 029 1325 0204 309,760 91,832 26,515 4971 930 O

2.2. Fatigue Machine

The custom-built test stand we used in our research is presented in Figure 2. The fatigue machine
rests on a desktop base plate, supported by a frame structure. The test specimen is gripped between a
tool holder and a column clamp. Each loading lever (bending and torsional) is connected to the holder
tool and through a swivel joint, linked with an actuator that provides excitation.

| Laser displacement sensors

ECr—

Lever (bending) |

Lever (torsion

)

o LB ' 7\&;-* :
" : ./“"‘. 1 \ ’i’)\".‘. ; .\]’
Y § L ¢ [

|
Swivel joint "Holder tool |

Figure 2. Fatigue testing machine.

A schematic diagram of the control and conditioning system used in the experiments is shown in
Figure 3. It is based in NI cDAQ hardware (National Instruments, Austin, TX, USA).
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Figure 3. Fatigue machine control and conditioning system.

A test specimen (Figure 1) was mounted in a tool holder that allows bending and torsional loads
to be applied independent of each other. A computerized control system enabled the implementation
of any load path and two work modes: kinematic and dynamic. In the former, the loads are delivered
as displacements, causing independently controllable torsion Xt or bending Xp, as well as a any
combination of both. The maximum permissible range of lever movements was set to £9 mm.
However, experiments were conducted in the range of 3 mm. Control and acquisition of displacement
values were achieved with dedicated laser displacement sensors, monitoring each load lever. In the
second dynamic mode of operation, the specimen was loaded dynamically using independently
controlled moment of force: torsion Mt and bending Mp. In this case, the permissible range of lever
displacement was also limited to £9 mm. The values of bending and torsional moments specified in
the experiment were within the range of 28 Nm. The control and acquisition of the moment values
were carried out using appropriately calibrated strain gauges located on the load levers. The specimen
neck (its smallest diameter, see Figure 1) caused a concentration of the maximum elastic and plastic
strains. The average components of the ¢; ; strain tensor at a selected measuring point can be measured
using resistance strain gauges. However, this required sticking a flat strain gauge on the saddle surface
of the specimens’ neck. Even with relatively small strain gauges, their deformation and averaged
measured deformation values must be considered. We decided to calculate the values of strain tensor
components by indirect means, as described in detail below. The control and measurement system
also acquired strain value data at the specimen neck. These data were used for preliminary calibration
to determine the relationship between lever displacements and strain measured at the neck, which
aided in later numerical modelling work.

2.3. Research Methodology

In the conducted experiments, we assumed that the respective ratios of bending and torsion
displacements or moments of force amounted to unity. All loading paths used in experiments were
tully reversed, as shown in Figure 4, as follows: path I, bending; path II, torsion; path III, proportional
in-phase bending with torsion; and path IV, out-of-phase bending with torsion. As the experimental
tests were conducted using kinematic and dynamic modes, two different criteria for specimen failure
were adopted. For kinematic loads, the number of cycles to specimen failure was defined as the
durability corresponding to a 20% change in the measured bending or torsional moment. For dynamic
loads, the fatigue life was defined as number of cycles until a 20% change in the displacement of the
bending or torsional lever was achieved. All tests were conducted at an excitation frequency of 20 Hz.
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2.4. Experimental Results

—A—path 1 -
—V¥—path 2 -
path 3 - out-of-phase bending with torsion
in-phase bending with torsion

—p—npath 4 -

bending
torsion

Figure 4. Loading paths.

Table 2 summarizes the obtained values of fatigue life for specimens tested under controlled
dynamic or kinematic loads. Specimens marked as H were subjected to kinematic loading, whereas
specimens marked as P were subjected to dynamic loading.

Table 2. Experimental test results for S355]2 steel specimens.

No. X Xr Mp Mt Loading Path Ny
mm mm Nm Nm (SeeFigure 4) Cycles
Kinematic Load
H1, H2 3 3 3 13,540, 11,360
H3, H4 2.5 2.5 3 22,100, 23,760
H5, H6, H7 22 22 3 32,780, 74,800, 49,100
H8, H9 2.8 2.8 3 14,760, 19,400
H10, H11 2 2 3 77,720, 73,440
H12,H12,H13 3 3 4 16,380, 10,720, 10,500
H15, H16 2.8 2.8 4 14700, 18,180
H17, H18 2.5 2.5 4 26,200, 26,740
H19, H20 2.2 2.2 4 77,840, 70,080
H21, H22 2 2 4 152,380, 95,040
H26 3 0 1 27,580
H28, H29 0 3 2 535,540, 611,720
P2 20 0 1 192,520
P4 2564 0 1 23,780
P5 0 24.59 2 197,190
P6 0 25.27 2 211,900
P7 0 27.38 2 17,760
P8 0 22.74 2 547,680
P9, P10, P11 18.36 18.36 3 77,320, 88,240, 36,600
P17, P18 14.84 14.84 3 219,500, 263,720
P40, P41 18.6 18.6 4 38,360, 63,100
P46 14.79 14.79 4 1,002,160

2.5. Numerical Determination of Strain and Stress State Components

For construction materials in an elastic state, stress can be easily calculated directly on the basis
of strains (or vice versa, strains on the basis of stress). In this case, the generalized Hooke law can be
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used. However, this approach ceases to be adequate as soon as the first plastic strain appears. In this
case, the relationship between the strain and stress is strictly dependent on the load trajectory. Then, a
constitutive model of cyclic plasticity must be used. Constitutive models, despite their diversity in
terms of scope of applications and phenomena they embrace, always consist of three basic components.

o  The plasticity condition in which the von Mises equation is the most commonly used

f@%fffy):g(g—g):(g—g)—vjzo, (1)

where s is the stress deviator, & is the back stress tensor, 0y, is the radius of the plasticity surface
(the limit of cyclic plasticity in uniaxial tensile test), the mark “:” represents the scalar product of
two tensors, and _ denotes a tensor.

e  Associated flow rule, which allows the determination of the increase in plastic strain, which,
according to Drucker’s postulate [30], is normal to the plasticity surface

deP = —(ds:n)n, (2)

. . . . P S—
where ds is the stress deviator increase, 1 is the normal vector for plasticity surfaces n = 34

27,
and H is the plasticity module. ’

o  The hardening rule. In most cases, to calculate fatigue, the kinematic hardening rule is used,
allowing the position of plasticity surface « to be determined after each increment in the stress
deviator s. For example, for the non-linear Chaboche model [30,31], the hardening rule takes the
following form:

3 2 2 %
da = Z{ gcl-dg —D; <3de’° : de”) |, 3)
i=

where C; and D; (Table 1) are the parameters of the cyclic strain curve function [32,33]

3 .
=0y + Y, % tanh D;el. 4)

i=1 "1

To determine the components of the strain and stress state in specimens prior to experiments, a
finite element method simulation was conducted on a numerical model of the test stand, produced in
ANSYS 2019 R1 software (Ansys, Canonsburg, PA, USA). This allowed the computation of the field of
stress g(t, x,y,z) and strain € (t,x,y,z) tensors in the specimen when subjected to loadings in form of
moments or displacements.

The numerical model of the fatigue machine consisted of two levers, a holder tool, and a test
specimen (Figure 5). These virtual components were supported and loaded to reflect the kinematics of
fatigue machine operation. Although some minor geometrical features of the design were simplified,
clamping and loading remained unaffected compared to the actual test stand. A detailed view in
Figure 5 depicts the FEM model mesh structure (Table 3) for the virtual specimen, which consisted of
245,561 finite elements distributed over the neck region of the specimen. The finite element mesh was
optimized using standard ANSYS procedures. The FEM model uses a diverse finite element mesh that
was optimized for the given calculation model.
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Displacement A%?!ns:

CADEMIC

element size:
0,4 mm

support (4 sides)
A: Fixed

100,00 (mm)
]

Figure 5. Numerical model of clamping/loading system of the fatigue machine.

Table 3. Analysis detalies.

Quantity Total ~ Neck Region
Elements 116,142 111,883
Nodes 260,223 245,561
Elements types WED15, TET10 (>95%)
Loading cycles 7 (3 increasing)
Substeps 80/cycle (560 total)

The cyclic properties and other necessary material data required to introduce the Chaboche
constitutive model were determined on the basis of the cyclic strain curves of the S355]2 steel specimens.
The loading conditions of the specimen, implemented in experiments under kinematic or dynamic
loading, ensured that only normal strains ¢,,, and shear strains ¢y, (and their corresponding stress values)
reached significant values (Figures 6 and 7). Other strain and stress values were significantly smaller.

Pa

o, MPa

XX XX

Figure 6. Numerical obtained hysteresis loops for in-phase kinematic load.
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Figure 7. Numerically calculated hysteresis loops for out-of-phase dynamic load.

As the chosen shape of the specimen (Figure 1) guided the fatigue fracture location (within the
neck region), further analysis only considered the states of the strain and stress in the selected, most
stressed point on the surface of the specimen, as indicated by numerical simulations.

2.6. Energetic Description of the Experimental Results

The comparison between the fatigue life of specimens tested with two different load modes
(kinematic and dynamic) required the selection of the correct fatigue parameter. Among many models
found in the literature [32,34-37], five common energetic models were used:

e  Smith-Watson-Topper model

The Smith-Watson-Topper (SWT) AWSWT parameter [38] is based on a product of maximum
stress 0y, max and principal strain range Ae; located on the principal strain range plane
A€1

AWSWT — (Tn,max7~ ®)

° Chu model

Chu [39] proposed a fatigue parameter using tensile work Un,max% complemented by torsion

A
work Ty pax 5

y A Ae
AW* = max <Tn,max27 + (Tn,max2> . 6)

o Liumodel

For multi-axial loads, Liu [40] proposed a model adopting two different basic modes of fatigue
damage. The first is caused by normal stresses, characterized by virtual energy AW!). The second
mode is produced by shear stress, characterized by virtual energy AW(!). Fracture is expected on a
plane where the value of the virtual energy reaches its maximum. The calculation of the AW(!) value is
preceded by a search for the plane on which the work on the normal strain is the highest. Subsequently,
work on shear strain is calculated.

AWD = (AcAe), .+ (ATAY). @)
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Virtual work is calculated similarly AWU!). In this case, the value of the work on the shear strain
is considered first:

AWUD = (AcAe) + (ATAY ) max. (8)
e  Glinka model

Glinka et al. [41] proposed a fatigue parameter calculated as the sum of normal and tangential
stress work on corresponding strains, determined by the plane of maximum shear strains:

_ Ay Aoy | Aeypy Aoy ©)
2 2 2 2

The authors, aiming to include the impact of mean stresses in the parameter in Equation (9),
proposed modifications in [42]:

W*

A A 0/ T/
W* = ll 7 f + = f 7 (10)
2 2 Uf — On,max Tf — Tn,max

where (7}, T} are the fatigue strength coefficients for tensile compression and torsion, respectively.
e  Ellyin model

The Ellyin model [43,44] proposes both plastic strain energy AW? and positive elastic strain
energy AW™:

AW = AWP + AW, (11)

For selected cases of proportional and non-proportional loads, the energy is calculated using the
following formula:

t+T t+T
AW = / oydel) + / H(0y)H(deS)oydes, (12)
t t

where ¢;; and efj are a stress tensor and plastic strain tensor, respectively; o; and ¢ are the stress and
elastic parts of the principal strains, respectively; and H(x) is the Heaviside function.

2.7. Calculation and Identification of Specific Strain Energy Components

When applying the Ellyin model, which refers directly to the elasto-plastic strain energy density,
it was necessary to calculate it properly using the strain and stress tensor time curves determined
previously through numerical simulations.

Previous studies [19,45] presented an application case for the methodology described in [46].
Through the proposed instantaneous power, defined as:

SW dejj ,
P=" = (Tijdf;] = Ojjtij, (13)

a consecutive time sequence of instantaneous steady states can be presented with the following
equation:

p(t) = oyj(t)é;(t). (14)

where JW is an increment of work of the internal forces on the infinitesimal elongation/shortening
increments. Figure 8 presents the method of calculating the strain energy density for cyclic elasto-plastic
loadings. The computational methodology is illustrated on an example of uniaxial tension-compression;
however, it is analogous to bending and torsion with respect to the change in the selected strain or
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stress tensor values. The specified extent of loading variations consists of two ranges: A—C, which is
the primary range, and C-E, which is the complementary range. Within the first, another distinction
can be made between the tension relief (A-B) and compression (B-C) ranges. Similar to the primary
range, the complementary range also comprises both a compression relief range (C-D) and a tension
range (D-E). The area cut off by the power time course, as a result of the work of internal forces
during a relief phase, is represented by W;. This is followed by the Wj; corresponding to the strain
energy density related to the work of external forces throughout the compression phase and the Wiy;
representing the work of internal forces during the relief after compression phase. Finally, W}y denotes
the strain energy density related to the work of the external forces while the material was undergoing
the tension phase. Notably, the sum of the areas that ware cut off by of the power time course is not
equal for regions located above and below the time axis. By adding W;; and Wy and subtracting the
result by the sum of W; and Wiy, the plastic strain energy density can be calculated for the specified
pair of ranges (hysteresis loop).

(Wi + Wiy) — (W + Wypp) = WP, (15)

Figure 8 presents the location of areas Wj, Wy, Wiy, and Wy in relation to the hysteresis loop
formed by applied loading.

1t
E
2 (1)
C‘ }? ,
A "
=(t .
(*) 1 Wiy
)
"BY | [D \ i
CY

Figure 8. Method of calculating the elastic—plastic strain energy density by integrating the time course
of instantaneous power.

This method of identification and calculation of the total strain energy density components [46],
as described above, can be applied to the results of the FEM simulations.

Figure 9 depicts an example of a stabilized hysteresis loop and instantaneous power time courses
for bending p, and torsion p. in the numerical simulations. These were conducted in-phase in
kinematic loading mode. Figure 10 shows the corresponding numerical data results from out-of-phase
kinematic load simulations.
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Figure 9. Stabilized calculated hysteresis loops for kinematic in-phase load and calculated instantaneous
power (bending) p and torsion p-.
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Figure 10. Stabilized calculated hysteresis loops for kinematic out-of-phase load and calculated

instantaneous power (bending) p, and torsion p-.

Figure 11 illustrates an example of the instantaneous power time course for bending p, and
torsion pr, captured in simulations, under dynamic in-phase loading. In addition, Figure 12 presents

the corresponding results for dynamic out-of-phase loading simulations.

o, MPa
1150

1100

-100

—¢E VSO
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-150 vy
—_E& VST
xy o xy
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—0bP
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8
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Figure 11. Stabilized calculated hysteresis loops for dynamic in-phase load and calculated instantaneous

power (bending) py and torsion p-.
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Figure 12. Stabilized calculated hysteresis loops for dynamic out-of-phase load and calculated
instantaneous power (bending) p, and torsion pr.

3. Results and Discussion

Tables 4 and 5 summarize the results of the numerical calculations of the elastic—plastic strain
energy Equation (11) and the fatigue energy parameters from Equations (5) to (10). ASTM E739 standard
recommendations were used to assess suitability of the selected fatigue parameter for describing the
performed fatigue tests. Following ASTM standard guidelines [47], a linear regression model was
adopted (presented in a double logarithmic system) to assess the suitability of the selected fatigue
parameter

lgNf = A+ BlgW, (16)

where Ny is durability expressed in cycles, W is the value of the strain energy or fatigue energy
parameter, and A and B are parameters calculated for this regression model. Table 6 summarizes
the calculated values of the model parameters in Equation (16) and the values of the correlation
coefficient gyy.

Table 4. The elastic—plastic strain energy per cycle.

No. Bending Torsion

AW,  AWS,  AWE,  AWY,  TAWP  pAwt AW

M M M M M]J M M)
Kinematic Load

H1,H2 4213 0048 2048 0004 6261 0053 6314
H3,H4 2693 0072 1330 0011 4024 0084  4.108
H5,Hé6,H7 1901 009 0951 0017 2852 0107 29
HS, H9 3581 0059 1748 0006 5329 0065 539
H10, H11 1442 0098 0728 0021 217 0119 2289
H12,H13,H14 3935 0145 1623 0052 5558 0197 5755
H15, H16 3323 0148 1376 0052 4699 0200 49
H17, H18 2484 0151 1038 0052 3523 0203 3727
H19, H20 1758 01512 0745 00522 2503 02034 2706
H21, H22 1.344 0147 0575 0051 1919 0199 2118
H26 3269 0216 0 0 3269 0216 3485

H28, H29 0 0 1176  0.161 1.176 0.161 1.337
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Table 4. Cont.

No. Bending Torsion
14 + 4 + +
AWy, AWy, AWy, AWy, LAWP J AW AW
MjJ Mj Mj M]J Mj MjJ MjJ
Dynamic Load

P2 0.111 0.091 0 0 0.111 0.091 0.203

P4 0282 0130 O 0 0.282 0.130 0412

P5 0 0 0.092 0.072 0.092 0.072 0.165

P6 0 0 0.103 0.075 0.103 0.075 0.179

P7 0 0 0.141 0.086 0.141 0.086 0.227

P8 0 0 0.066 0.064 0.066 0.064 0.130

P9,P10,P11 0.094 0.075 0.060 0.035 0.155 0.110 0.265

P17, P18 0.025 0.058 0.010 0.030 0.035 0.089 0.125

P40, P41 0.131 0.075 0.074 0.035 0.205 0.110 0.316

P46 0.055 0.052 0.031 0.025 0.086 0.078 0.165

Table 5. Values of fatigue energy parameters.
No. Ny SWT Liu) Liu() Chu Glinka Ellyin
Cycles MJ
Kinematic Load
H1,H2 13,540, 11,360 1.426 8.750 6.660 2.188 3.658 6.314
H3,H4 22,100, 23,760 1.045 6.315 4.833 1.582 2.554 4.108
H5,H6,H7 32,780, 74,800, 49,100 0.849 5.053 3.785 1.263 1.996 2.96
H8,H9 14,760, 19,400 1.269 7.739 5.884 1.935 3.203 5.395
H10, H11 77,720, 73,440 0.721 4.258 3.182 1.064 1.640 2.289
H12,H13,H14 16,380, 10,720, 10,500 1.801 7.221 6.961 1.947 5.285 5.755
H15,H16 14,700, 18,180 1.604 6.430 6.186 1.732 4.683 49
H17,H18 26,200, 26,740 1.334 5.350 5.127 1.438 3.865 3.727
H19, H20 77,840, 70,080 1.092 4.377 4.174 1.174 3.116 2.706
H21, H22 152,380, 95,040 0.939 3.764 3.578 1.008 2.633 2.118
H26 2758 1.370 5.481 4.646 1.406 3.283 3.485
H28, H29 535,540, 611,720 0.353 1.412 2.809 0.703 2.384 1.337
Dynamic Load

P2 192,520 0.224  0.894 0.736 0.227  0.386 0.203
P4 23,780 0.360 1.438 1.190 0.366  0.678 0.412
P5 197,190 0.089 0.357 0.708 0.177  0.465 0.165
P6 211,900 0.094 0.378 0.749 0.187  0.496 0.179
P7 17,760 0.111  0.446 0.884 0.221  0.602 0.227
P8 547,680 0.076  0.304 0.603 0.151 0.387 0.130
P9, P10, P11 77,320, 88,240, 36,600 0.192 1.173 0.844 0.293  0.330 0.265
P17, P18 219,500, 263,720 0.128 0.782 0.568 0.195 0.208 0.125
P40, P41 38,360, 63,100 0.278 1.111 1.048 0.297  0.637 0.316
P46 1,002,160 0.178  0.711 0.671 0.190 0.378 0.165

Table 6. The correlation coefficient gy, and the regression curve of Equation (16) for parameters A, B.

Kinematic Load

Dynamic Load

Relation Oxy A B Oxy A B

SWT (5) —091 465 —236 —049 408 —1.24
Chu (6) —097 508 —338 —077 288 —345
Liu® () -096 624 —233 —047 493 —1.07
Liu 8) —092 689 —344 —0.80 463 —4.12
Glinka (9) —0.62 554 —197 —051 445 —157
Ellyin (11) —097 587 —237 —079 340 —246

Values of ¢y, differ depending on the mode used for specimens loading. For kinematic loads,
the values are similar and not less than 0.9, with the exception of the Glinka model, where Oxy = 0.62.
For dynamic loads, the values of ¢y, are significantly lower, in the range of 0.47 to 0.8.
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All considered energy models achieved good correlation with experimental data regardless of
loading path, but only within each loading mode used in the experiments (either kinematic or dynamic).

Figures 13a,b, 14a,b, and 15a,b show the calculated values of energy parameters (Equations (5)-(9))
and strain energy (Equation (11)) as a function of fatigue life. For all energy models, we noticed that
the values obtained in kinematic loading mode were clearly separated from the results acquired in
dynamic loading mode. Both groups formed distinct scatter bands in charts, which seemed to be
broadly parallel to each other.

All models described above use the work of stress on strains. However, only the Ellyin model
considers the hysteresis loop directly in the calculation of strain energy. The SWT, Liu, Chu, and Glinka
models propose the use of certain values describing the state of stress and strain that are relatively
easy to calculate. However, according to Liu [40], their relationship with the plastic strain energy is
abstract. It is especially obvious for non-proportional loads, for which these models were not originally
intended for use.

Smith Watson Topper model
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Figure 13. (a) Smith Watson Topper model in Equation (5), (b) Chu model in Equation (6). Tests at
kinematic load: K90BT, out of phase; KOBT, in phase; KB, bending; KT, torsion. Dynamic loads:
D90BT, out of phase; DOBT, in phase; DB, bending; DT, torsion.
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Figure 14. (a) Liu (1) model Equation (7), (b) Liu (1) model Equation (8). Tests at kinematic load:
K90BT, out of phase; KOBT, in phase; KB, bending; KT, torsion. Dynamic loads: D90BT, out of phase;
DOBT, in phase; DB, bending; DT, torsion.
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Figure 15. (a) Glinka parameter in Equation (9), (b) Ellyin energy parameter in Equation (11). Tests at
kinematic load: K90BT, out of phase; KOBT, in phase; KB, bending; KT, torsion. Dynamic loads: D90BT,
out of phase; DOBT, in phase; DB, bending; DT, torsion.

Evaluating the results presented in Tables 5 and 6, we observed that the values of Liu’s energy
parameters were always greater than strain energy calculated from Ellyin’s models. This was noticeable
for both loading modes: kinematic and dynamic. For the former, the SWT, Chu, and Glinka energy
parameter values were smaller than strain energy calculated from Ellyin’s equations. For the latter
mode, a different situation occurred. In this case, both SWT and Chu’s parameters return values close
to Ellyin’s, whereas results calculated according to Glinka are noticeably larger.

Comparing the durability under different load methods (kinematic and dynamic), we found that
the value of elastic—plastic strain energy or any energy parameter can be significantly different for the
same achieved fatigue life.

Searching for the underlying reasons for the difference in strain energy between kinematic
and dynamic loading modes, we directly analyzed the time courses of the moment of force and
displacements of bending and torsion levers. Figures 16 and 17 depict the total work imputed into
the excitation system: levers, holder, and specimen. The rigid design of the test stand ensured that
only an insignificant amount of that energy was spent outside of the specimen, dissipated through
inter-component clearances, fastened connections, bearings, etc.

Figure 16 presents the curves fy;, ayn (X1, MpT,N f) showing the relationship between the life Ny
of the specimen, displacement Xp 7, and the moment of force Mp 1 recorded at the levers. Two example
specimens were selected, H5 (kinematic mode) and P11 (dynamic mode), which exhibited similar
fatigue life. The curve marked in red f;,, (X, Mp, N¢) and the curve marked in green fy;,, (X7, Mt, N¢)
correspond to bending and torsion lever in kinematic mode, respectively. This chart also depicts the
dynamic mode results, where the black curve fdyn (X1, Mp,T,N f) indicates bending and the blue
curve fg,,(Xt, Mr, Nf) denotes torsion.

Figure 17b illustrates that the tests conducted under kinematic load (lines in red and green)
returned a near constant value of amplitudes of moments of force for approximately 5/6 of the the
fatigue test duration, only to start dropping near the end of the test. The amplitude of displacements
(Figure 17a) did not change throughout the experiment in this mode of loading (kinematic). Throughout
the first 5/6 of the test, instantaneous strain energy was constant; however, as the moment of force
decreased in the final stage of the experiment, so did the strain energy.

A similar effect was observed for tests under dynamic loading. However, in this case, the observed
effects were different. Figure 17a depicts an increase in the amplitude of both lever displacements
(black and blue curves) at a constant value of moment loads (Figure 17b). Notably, in both figures,
the black lines correspond to the bending and blue to the torsion. Here, at the conclusion of the tests,
the amplitude of displacements increased. Since the values of the moment of force amplitude did not
change (Figure 17b), the value of the strain energy must increase when dynamic load mode is used.
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Figure 16. Change in recorded values of bending and torsional moments of specimen No. H5 during

the entire test period under kinematic load (red and green) and change in the value of the machine

lever displacement for dynamic load for specimen no. P11, black and blue.
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Figure 17. (a) Change in the fatigue testing machine lever displacement throughout the entire duration
of the specimen test. Red and green correspond to the specimen subjected to kinematic loading,
whereas black and blue correspond to the fatigue testing machine lever displacement for the specimen
subjected to dynamic loading, (b) The moments load the specimen throughout the entire test period.
Red and green correspond to the specimen subjected to kinematic loading, whereas black and blue
correspond to the specimen subjected to dynamic loading.

Among the considered energy fatigue parameters, none consider the temporal transiency of strain
tensor and the corresponding stress tensor. As a consequence, the values of strain energy (stress work
on strains) were calculated with these models for a given time instance. Thus, the results ignore the
changes in the values of the strain and stress tensor components during the fatigue process, affecting
the strain energy or any energy parameter calculations.

The numerical constitutive cyclic-plasticity model (Chaboche) used in calculations does not
consider an important transiency in material properties caused by damage accumulation or crack
initiation, propagation, etc. As a result, the obtained strain and stress tensor values are likely impacted.
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A second limitation of the considered energy fatigue models is related to their spatial sensitivity
(local effect). This is understood as the need to calculate strain energy only at the most stressed
point in the smallest cross-section of the specimen. This, in addition to sampling at an arbitrarily
determined time instance, cannot provide complete information on the distribution of strain energy in a
representative volume of the specimen. This volume can be considered to be subjected to plastic strains.

Figure 18a depict the distribution of mesh nodes at the specimen neck during in-phase kinematic
loading. The numerical model expressed the highest levels of stress at the two opposing node regions
located on both sides of the neck (marked in red). The plastic stain distribution for this loading case is
illustrated in Figure 18b.

(@) (b)

Figure 18. (a) Distribution of the most stressed mesh nodes calculated according to the von Mises
criterion for in-phase kinematic loading; (b) Area of occurrence of plastic strains finite element method
(FEM) calculated for the Chaboche cyclic plasticity model for in-phase kinematic loading.

In comparison, Figure 19a demonstrates the corresponding distribution of mesh nodes during
out-of-phase kinematic loading. Here, the highest stress concentration at the nodes form a ring
encircling the narrowest cross-section of the neck. This region corresponds directly to the plastic strain
distribution region, as presented in Figure 19b. Similar maximum stress patterns and plastic strain
regions were observed for dynamically loaded numerical simulations.

(@) (b)

Figure 19. (a) Distribution of the most stressed mesh nodes calculated according to the von Mises
criterion for in-phase kinematic loading; (b) Area of occurrence of plastic strains FEM calculated for
the Chaboche cyclic plasticity model for out-of-phase kinematic loading.
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The numerically obtained values of strain energy and energy parameters were expected to be
correctly estimated by a single regression model, regardless of loading path and irrespective of loading
mode (dynamic or kinematic). Only the former of these assumptions was fulfilled, suggesting that the
evaluated common fatigue models might be not entirely applicable in every load case.

4. Conclusions

o  We conducted experimental research of the bending and torsional properties of S355]2 steel under
two different modes of load application, which showed the significant limitations of some popular
energy parameters used to determine fatigue durability.

o  Despite similarities observed in the fatigue life of specimens tested under kinematic and dynamic
modes of load application, neither energy parameters nor strain energy calculations allowed for
the common regression model to be implemented for all results. Kinematic and dynamic data
required separate regression models.

e The energy parameters published in the literature were in good agreement with data obtained
from different loading paths, but only within specific groups of results obtained from either the
kinematic or dynamic mode of loading.

e Among the possible reasons for such behavior, we identified the three most likely causes:

1. The constitutive model of cyclic plasticity (Chaboche) influences the numerically obtained
values of strain and stress tensors. The used model assumes that these values are stable and
do not change in time, in contrast to actual fatigue damage. This can significantly influence
the energy parameter and strain energy values.

2. The described popular fatigue models consider only a singular arbitrary chosen time instance
in fatigue life to compute either the energy parameter or strain energy. This results omit the
time dependency in strain energy.

3. The spatial sensitivity (local effect) of fatigue parameters proposed by many authors is a
limitation affect the accuracy of the results. This is because when calculating many energy
parameters as a single parameter, only the most stressed location is considered. As a
consequence, certain parts of plastic strain energy deposited in the specimen are omitted.

e  The custom-designed and built fatigue test stand will enable further investigations into bending
and torsion fatigue behavior of materials under many load paths, including random loads and
both kinematic and dynamic load application mode.

e Asenergy models do not consider the change in energy over time associated with the initiation
and development of fatigue damage, the variability of energy parameters must be considered
during the fatigue test and an algorithm must be developed for estimating energy values over a
specific section, area, or volume depending on the analyzed load variant. This will be our future
research objective.

o  Future work will consider the sensitivity of structural materials to non-proportional hardening
under these two loading modes.

Author Contributions: Conceptualization, C.T.L. and R.O.; methodology, C.T.L.; software, C.T.L. and R.O.;
validation, C.T.L. and R.O; investigation, R.O.; data curation, R.O. and C.T.L.; writing—original draft preparation,
C.T.L.; writing—review and editing, C.T.L. and R.O.; visualization, R.O. and C.T.L.; supervision, C.T.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Firat, M. A numerical analysis of combined bending—torsion fatigue of SAE notched shaft. Finite Elem. Anal.
Des. 2012, 54, 16-27. [CrossRef]


http://dx.doi.org/10.1016/j.finel.2012.01.005

Materials 2020, 13, 2470 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Johansson, G.; Ekh, M.; Runesson, K. Computational modeling of inelastic large ratcheting strains. Int. J.
Plast. 2005, 21, 955-980. [CrossRef]

Xu, S.; Zhu, S.P.; Hao, Y.Z.; Liao, D.; Qian, G. A new critical plane-energy model for multiaxial fatigue life
prediction of turbine disc alloys. Eng. Fail. Anal. 2018, 93, 55-63. [CrossRef]

Yamamoto, M.; Makino, K.; Ishiduka, H. Experimental validation of railway axle fatigue crack growth using
operational loading. Eng. Fract. Mech. 2019, 213, 142-152. [CrossRef]

He, X.; Chen, J.; Tian, W.; Li, Y; Jin, W. Low cycle fatigue behavior of steam generator tubes under axial
loading. Materials 2018. [CrossRef] [PubMed]

Yu, Z.Y.,; Zhu, S.P; Liu, Q.; Liu, Y. A new energy-critical plane damage parameter for multiaxial fatigue life
prediction of turbine blades. Materials 2017. [CrossRef]

Robak, G.; Lagoda, T. Variability of fatigue parameters under uniaxial loading in the function of the number
of cycles to failure. Int. |. Fatigue 2018, 113, 246-252. [CrossRef]

Owsinski, R.; Niestony, A. Analytical model of dynamic behaviour of fatigue test stand—description and
experimental validation. In Dynamical Systems Theory and Applications; Springer: Cham, Switzerland, 2016;
Volume 181. [CrossRef]

Robak, G.; Krzyzak, D.; Cichariski, A. Determining Effective Length for 40 HM-T Steel by Use of Non-Local
Line Method Concept. Pol. Marit. Res. 2018, 25, 128-136.

Niestony, A.; Bohm, M.; Owsiriski, R. Formulation of multiaxial fatigue failure criteria for spectral method.
Int. ]. Fatigue 2020, 135, 105519. [CrossRef]

Ogawa, F; Shimizu, Y.; Bressan, S.; Morishita, T.; Itoh, T. Bending and Torsion Fatigue-Testing Machine
Developed for Multiaxial Non-Proportional Loading. Metals 2019, 9, 1115. [CrossRef]

Sonsino, C. Multiaxial fatigue life response depending on proportionality grade between normal and shear
strains/stresses and material ductility. Int. J. Fatigue 2020, 135, 105468. [CrossRef]

Owsinski, R.; Kaminiski, S.; Niestony, A.; Lagoda, T. Evaluation of fatigue life of steel using steel grain size:
Evaluation der Ermiidung von Stahl in Abhédngigkeit der Korngrofle. Mater. Und Werkst. 2015, 46. [CrossRef]
Jiménez-Pefia, C.; Goulas, C.; Preufiner, J.; Debruyne, D. Failure Mechanisms of Mechanically and Thermally
Produced Holes in High-Strength Low-Alloy Steel Plates Subjected to Fatigue Loading. Metals 2020, 10, 318.
[CrossRef]

Macek, W.; Owsiniski, R.; Trembacz, J.; Branco, R. Three-dimensional fractographic analysis of total fracture
areas in 6082 aluminium alloy specimens under fatigue bending with controlled damage degree. Mech. Mater.
2020, 147, 103410. [CrossRef]

Macek, W.; Rozumek, D.; Krélezyk, G.M. Surface topography analysis based on fatigue fractures obtained
with bending of the 2017A-T4 alloy. Measurement 2020, 152, 107347. [CrossRef]

Morishita, T.; Itoh, T.; Bao, Z.L. Fatigue Life of Type 316 Stainless Steel under Wide Ranged Multiaxial
Loading. Procedia Eng. 2015, 130, 1730-1741. [CrossRef]

Pejkowski, L.; Skibicki, D. Stress-strain response and fatigue life of four metallic materials under asynchronous
loadings: Experimental observations. Int. ]. Fatigue 2019, 128, 105202. [CrossRef]

Lachowicz, C.T.; Lachowicz, D.S. An Instantaneous Power of Strain Approach to the Calculation of Elastoplastic
Strain Energy Density in SUS 304 Steel. ]. Eng. Mater. Technol. 2011, 133, 31007-31012. [CrossRef]

Itoh, T.; Yang, T. Material dependence of multiaxial low cycle fatigue lives under non-proportional loading.
Int. J. Fatigue 2011, 33, 1025-1031. [CrossRef]

Hamada, N.; Sakane, M.; Itoh, T.; Kanayama, H. High temperature nonproportional low cycle fatigue using
fifteen loading paths. Theor. Appl. Fract. Mech. 2014. [CrossRef]

Li, Y.; Retraint, D.; Xue, H.; Gao, T.; Sun, Z. Fatigue properties and cracking mechanisms of a 7075 aluminum
alloy under axial and torsional loadings. Procedia Struct. Integr. 2019, 19, 637-644. [CrossRef]

Abreu, LM.P; Costa, J.D.; Ferreira, ].A.M. Fatigue behaviour of AIMgSi tubular specimens subjected to
bending-torsion loading. Int. ]. Fatigue 2009, 31, 1327-1336. [CrossRef]

Hannemann, R.; Koster, P.; Sander, M. Fatigue crack growth in wheelset axles under bending and torsional
loading. Int. J. Fatigue 2019, 118, 262-270. [CrossRef]

Kluger, K. Fatigue life estimation for 2017A-T4 and 6082-T6 aluminium alloys subjected to bending-torsion
with mean stress. Int. J. Fatigue 2015, 80, 22-29. [CrossRef]

Marciniak, Z.; Rozumek, D.; Macha, E. Fatigue lives of 18G2A and 10HNAP steels under variable amplitude
and random non-proportional bending with torsion loading. Int. ]. Fatigue 2008, 30, 800-813. [CrossRef]


http://dx.doi.org/10.1016/j.ijplas.2004.05.013
http://dx.doi.org/10.1016/j.engfailanal.2018.07.001
http://dx.doi.org/10.1016/j.engfracmech.2019.04.001
http://dx.doi.org/10.3390/ma11101944
http://www.ncbi.nlm.nih.gov/pubmed/30314354
http://dx.doi.org/10.3390/ma10080923
http://dx.doi.org/10.1016/j.ijfatigue.2018.04.003
http://dx.doi.org/10.1007/978-3-319-42402-6_24
http://dx.doi.org/10.1016/j.ijfatigue.2020.105519
http://dx.doi.org/10.3390/met9101115
http://dx.doi.org/10.1016/j.ijfatigue.2019.105468
http://dx.doi.org/10.1002/mawe.201500433
http://dx.doi.org/10.3390/met10030318
http://dx.doi.org/10.1016/j.mechmat.2020.103410
http://dx.doi.org/10.1016/j.measurement.2019.107347
http://dx.doi.org/10.1016/j.proeng.2015.12.198
http://dx.doi.org/10.1016/j.ijfatigue.2019.105202
http://dx.doi.org/10.1115/1.4003778
http://dx.doi.org/10.1016/j.ijfatigue.2010.12.001
http://dx.doi.org/10.1016/j.tafmec.2014.07.006
http://dx.doi.org/10.1016/j.prostr.2019.12.069
http://dx.doi.org/10.1016/j.ijfatigue.2009.03.004
http://dx.doi.org/10.1016/j.ijfatigue.2018.07.038
http://dx.doi.org/10.1016/j.ijfatigue.2015.05.005
http://dx.doi.org/10.1016/j.ijfatigue.2007.07.001

Materials 2020, 13, 2470 20 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Singh, A K,; Datta, S.; Chattopadhyay, A.; Riddick, J.C.; Hall, A.]. Fatigue crack initiation and propagation
behavior in Al-7075 alloy under in-phase bending-torsion loading. Int. ]. Fatigue 2019, 126, 346-356. [CrossRef]
Kurek, A.; Kurek, M.; Lagoda, T. Strain-life fatigue curves on the basis of shear strains from torsion. Procedia
Struct. Integr. 2018, 13, 2210-2215. [CrossRef]

Kurek, A. Using fatigue characteristics to analyse test results for 16Mo3 steel under tension-compression
and oscillatory bending conditions. Materials 2020, 13, 1197. [CrossRef]

Chaboche, J.L. A review of some plasticity and viscoplasticity constitutive theories. Int. J. Plast. 2008, 24,
1624-1693. [CrossRef]

Kulkarni, S.C.; Desai, YM.; Kant, T.; Reddy, G.R.; Prasad, P.; Vaze, KK.; Gupta, C. Uniaxial and biaxial
ratchetting in piping materials-experiments and analysis. Int. J. Press. Vessel. Pip. 2004, 81, 609-617. [CrossRef]
Karolczuk, A.; Kluger, K.; Lagoda, T. A correction in the algorithm of fatigue life calculation based on the
critical plane approach. Int. J. Fatigue 2016, 83, 174-183. [CrossRef]

Karolczuk, A. Ratcheting Simulation in a Titanium-Steel Bimetallic Plate Based on the Chaboche Hardening
Model. Acta Mech. Autom. 2016, 10, 265 — 270. [CrossRef]

Zhu, H.; Wu, H.; Lu, Y.; Zhong, Z. A novel energy-based equivalent damage parameter for multiaxial fatigue
life prediction. Int. ]. Fatigue 2019, 121, 1-8. [CrossRef]

Kluger, K.; Pawliczek, R. Assessment of validity of selected criteria of fatigue life prediction. Materials 2019,
12, 2310. [CrossRef] [PubMed]

Liu, J.; Zhang, Z.; Li, B.; Lang, S. Multiaxial Fatigue Life Prediction of GH4169 Alloy Based on the Critical
Plane Method. Metals 2019, 9, 255. [CrossRef]

Zhang, W,; Jiang, T.; Liu, L. Low cycle fatigue life prediction model of 800H alloy based on the total strain
energy density method. Materials 2020, 13, 76. [CrossRef]

Smith, K.N.; Watson, P.; Topper, TH. A stress-strain function for the fatigue of materials. |. Mater. 1970,
5,767-776.

Chu, C.C; Gao, A. Evaluation of low fatigue under nonproportional loading. In Proceedings of the Fourth
International Conference on Biaxial/Multiaxial Fatigue, Paris, France, 31 May-3 June 1994; Volume 1, pp. 283-292.
Liu, K.C. A method based on virtual strain-energy parameters for multiaxial fatigue life prediction.
In Advances in Multiaxial Fatigue; ASTM STP 1191; McDowell, D.L., Ellis, R., Eds.; American Society of
Testing and Materials: West Conshohocken, PA, USA, 1993; pp. 67-84.

Glinka, G.; Shen, G.; Plumetree, A. A multiaxial fatigue strain energy density parameter related to the critical
fracture plane. Fatique Fract. Eng. Mater. Struct. 1995, 18, 37-64. [CrossRef]

Glinka, G.; Wang, G.; Plumtree, A. Mean stress effects in multiaxial fatigue. Fatigue Fract. Eng. Mater. Struct.
1995, 18, 755-764. [CrossRef]

Ellyin, F; Kujawski, D. A multiaxial Fatigue Criterion Including Mean-Stress Effect. In Advances in Multiaxial
Fatigue; ASTM STP 1191, McDowell, D.L., Ellis, R., Eds.; American Society of Testing and Materials:
West Conshohocken, PA, USA, 1993; pp. 55-66.

Ellyin, E; Xia, Z. A general fatigue theory and its application to out-of-phase cyclic loading. J. Eng. Mater.
Technol. 1993, 115, 411-416. [CrossRef]

Rozumek, D.; Marciniak, Z.; Lachowicz, C.T. The energy approach in the calculation of fatigue lives under
non-proportional bending with torsion. Int. J. Fatigue 2010, 32, 1343-1350. [CrossRef]

Lachowicz, C.T. Calculation of the elastic-plastic strain energy density under cyclic and random loading.
Int. ]. Fatigue 2001, 23, 643-652. [CrossRef]

ASTM. Standard Practice for Statistical Analysis of Linear or Linearized Stress-Life (S-N) and Strain-Life (e-N)
Fatigue Data; Volume 03.01; Annual Book of ASTM Standards: West Conshohocken, PA, USA, 2003.

® (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ijfatigue.2019.05.024
http://dx.doi.org/10.1016/j.prostr.2018.12.139
http://dx.doi.org/10.3390/ma13051197
http://dx.doi.org/10.1016/j.ijplas.2008.03.009
http://dx.doi.org/10.1016/j.ijpvp.2004.04.001
http://dx.doi.org/10.1016/j.ijfatigue.2015.10.011
http://dx.doi.org/10.1515/ama-2016-0040
http://dx.doi.org/10.1016/j.ijfatigue.2018.11.025
http://dx.doi.org/10.3390/ma12142310
http://www.ncbi.nlm.nih.gov/pubmed/31330994
http://dx.doi.org/10.3390/met9020255
http://dx.doi.org/10.3390/ma13010076
http://dx.doi.org/10.1111/j.1460-2695.1995.tb00140.x
http://dx.doi.org/10.1111/j.1460-2695.1995.tb00901.x
http://dx.doi.org/10.1115/1.2904239
http://dx.doi.org/10.1016/j.ijfatigue.2010.02.007
http://dx.doi.org/10.1016/S0142-1123(00)00102-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Test Specimen
	Fatigue Machine
	Research Methodology
	Experimental Results
	Numerical Determination of Strain and Stress State Components
	Energetic Description of the Experimental Results
	Calculation and Identification of Specific Strain Energy Components

	Results and Discussion
	Conclusions
	References

