DYNAMICS AND STRENGTH OF MACHINES

UDC 539.3

CALCULATED ASSESSMENT
OF CRACK DEVELOPMENT
UNDER CYCLIC LOADING
OF THE PLATE

USING THE PARAMETERS
OF DISPERSED DAMAGE

OF THE MATERIAL

Pavlo P. Hontarovskyi

gontarpp@gmail.com
ORCID: 0000-0002-8503-0959

Nataliia H. Garmash
garm.nataly@gmail.com
ORCID: 0000-0002-4890-8152

Iryna I. Melezhyk
melezhyk81@gmail.com
ORCID: 0000-0002-8968-5581

Tetiana V. Protasova

tatyprotasova@gmail.com
ORCID: 0000-0003-1489-2081

Anatolii Pidhornyi Institute
of Mechanical Engineering Problems

of NAS of Ukraine,
2/10, Komunalnykiv str., Kharkiv,
61046, Ukraine

Introduction

DOI: https://doi.org/10.15407/pmach2024.02.018

The reliable operation of structures and energy machines is related to
ensuring thermal strength and durability of their elements and assem-
blies. Currently, a difficult situation has developed in the modern en-
ergy market; the equipment works in difficult conditions and, as a re-
sult, it is operated in variable modes, which causes accelerated wear of
the resource. Ensuring the reliable use of power machines and struc-
tures of various complexity requires a calculated assessment of the
thermal strength and durability of their elements, which is based on the
application of new methods and calculation models taking into account
a number of important factors, including damage, heterogeneity of
material properties, the influence of non-stationary temperature fields
and the presence of cracks. This paper is devoted to the development of
the methodology for crack growth calculations in plate elements of
structures under cyclic loading in an elastic-plastic setting using the
concept of the accumulation of dispersed damage in the material. At
the top of the crack, the processes of sign-changing elastic-plastic de-
formation and crack resistance of the material are simulated using data
from fatigue tests of smooth samples. The thermal stress state of the
structure at different loading modes is determined using finite element
software for several fixed crack depths. The kinetics of a surface crack
in a plate, from both edges of which cracks grow symmetrically under
non-zero cyclic loading by tensile stresses, is considered in the paper.
Elastic-plastic problems were solved for the cases of plane deformation
and plane stress state, the amplitudes of deformation intensities and the
number of loading cycles were obtained depending on the depth of
crack growth. It was established that the type of stress state signifi-
cantly affects the destruction of the material. Evaluation of crack de-
velopment using the concept of accumulation of dispersed damage in
the material has advantages for flat and axisymmetric problems, since
it has no limitations for the size of the plastic zone and small crack
depth. After some improvements, the calculation method can be used
for three-dimensional problems of thermoplasticity.

Keywords: crack kinetics, cyclic loading, finite element method, short-
cycle fatigue curves.

The assessment of the reliability of structures operating under conditions of intense thermal force load-

ings is related to ensuring the thermal strength and durability of their elements [1-4]. When evaluating the calcu-
lated resource of elements of power machines, it is important to take into account their durability in the presence
of a crack in them, which can make up a significant part of the service life [5]. The kinetics of a crack under cyclic
loading can be estimated using the principles of brittle fracture mechanics using various modifications of Paris-
type equations [5-8], taking into account the asymmetry of the loading cycle and the crack closure effect [9—12].
When applying techniques that use the range of the stress intensity factor to determine the parameters included in
the Paris-type equation, long-term complex experiments on special samples with a crack are required.

First of all, it should be pointed out that the procedure for experimental studies of ductile fracture
during plane deformation is standardized and does not require special samples with a crack. In order for the
fatigue crack to remain sharp and its top not to become blunt, the cyclic load should not be intense. The
thickness of the sample must be much larger than the size of the plastic zone, so that the plane stress zone is
relatively small compared to the plane strain zone, otherwise we will get the properties of the sample, not the
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material. In addition, it is necessary that the size of the crack is larger than the plasticity zone. If the required
criteria are not met, the resulting viscosity values will not be a constant for the material.

Another approach for calculating the kinetics of a crack is based on the use of parameters of dispersed
material damage at its top [13—16]. Thus, in [15-16], material destruction at the top of a crack under cyclic
loading is determined through the amplitudes of elastic-plastic deformations and short-cycle fatigue curves for
ordinary cylindrical samples. It should be noted that in this case it is advisable to take into account the scale
factor, since the destruction of the material at the top of the crack occurs in a small volume, where, compared to
smooth samples, defects are unlikely. Considering this, the crack kinetics will occur somewhat faster when us-
ing the parameters of dispersed damage for ordinary samples, which can give a margin for crack resistance.

In paper [15], the crack kinetics was calculated using the solution of the elastic problem by the finite
element method. The distribution of the range of elastic-plastic deformations at the top of the crack was ap-
proximately determined based on Neiber's method [17]. In paper [16], the distribution of the range of elastic-
plastic deformations along the path of crack development was obtained by the finite element method from
solving the problem of the theory of plasticity.

The finite element discretization thickens to the top of the crack, which is modeled by a thin cut [18].
As shown by R. B. Heywood's experimental research, the radius of rounding at the top of the crack less than
0.1 mm does not affect the fatigue strength under cyclic loading.

In paper [19], crack development in lamellar and axisymmetric structures under multimode cyclic
loading, taking into account the contact of the crack edges, was determined based on the concept of accumu-
lation of dispersed damage in the material.

Statement of the crack development research problem

The problem of thermoplasticity is solved using software developed on the basis of the finite element
method for several fixed crack depths /; with an interval of 0.5-1.0 cm. At the same time, the finite elements
thicken to the top of the crack with the same regularity according to the law of geometric progression. The am-
plitude ranges of the intensity of elastic-plastic deformations in the centers of finite elements x,, on the path of
crack development are given in the form of tables Ag,,(x,, /;) for all crack depths / for each j-th loading mode.

N.
The relative share of N, cycles of each j-th loading mode d; = Wj is taken into account in a total number of N

cycles. The path of crack development is divided into segments d;; with a length of about 0.1 mm, on which the
crack grows in jump-like manner during the destruction of the material at its top. Diagrams of the amplitude
Ag,(x,, I;) of intensities of elastic-plastic deformations in the centers of elements d;(x;) on the path of crack
growth are calculated with quadratic interpolation using a table Ag,,(x,,, /x;). This operation makes it possible to
reduce computational costs by almost 100 times compared to solving the problem by the finite element method
for each cycle of crack growth. The number of cycles to failure N,; from the j-th loading mode is determined
from the short-cycle fatigue curves for the corresponding temperature, which are given in the form of tables.

For each subsequent segment d; of crack growth, the number of cycles to failure decreases both due
to the increase in the amplitude of the intensity of deformations when the crack grows, and due to the accu-
mulated damage I1(x;.;) on the path of crack growth.

Diagrams of the maximum amplitudes of strain intensities for each current crack depth Ag“(x;) are
found using quadratic interpolation for three neighboring diagrams Ag“(x;, /;;) for fixed crack depths /;. This
is appropriate because they grow smoothly with the depth of the crack.

The increase in damage in the element d\(x;) for one generalized loading cycle from all ky modes is
determined as

ky dN'
AH(xi)zzm. (1)

The number of cycles until the destruction of the closest element d(x;) to the top of the crack, which
has a depth of /, is

_I_H(xi)

where I(x;) is the accumulated damage at the top of the crack during its growth to the current depth /..

)
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The damage at other points x; on the path of crack growth after the destruction of the next element
di(x;) is calculated by the formula

M(x,,,, )= (¥, )+ A (x, N m=1,2,... Q)

The number of cycles for which the crack reaches the depth / is found as the sum of cycles from each
jump-like growth of the crack

N(l)= ZN,..

A 6 cm wide plate, from both edges of which cracks are growing symmetri- z
cally, is considered. Their initial depth is 0.4 cm (Fig. 1). Calculations of the kinetics ﬁ $ 4\ ﬁ ¢ 4\ ¢ ¢ ﬁ ¢ 4\ ¢
of the crack under non-zero cyclic loading with tensile stresses 6, ., =300 MPa were
performed. In the case of plane deformation and plane stress state, the calculation 6lcm
scheme is built for the fourth part of the plate with the fulfillment of symmetry
boundary conditions: at y=0 — u.=1,.=0, and at z=0 — u,=1,,=0.

7.1cm

X
In the case of a three-dimensional problem, the corresponding calculation ’
scheme includes a é part of the plate with symmetry conditions on its middle plane
equal to y=0. WWWWWW\
6:=300MPa

The elastic characteristics of the plate material are: Young's modulus
E£=200,000 MPa, Poisson's ratio v=0.3. The material deformation diagram is given
in Table 1.

Data for low-cycle fatigue of 2SKh1M1FA (P2MA), 20Kh3M3FA (EI-415A), 15Kh1MI1FA steels [20]
in the form of special tables are placed in the software complex and can be supplemented with new materials.
Data for P2MA steel, which depend on the temperature and amplitude of the strain intensity, are given in Table 2.

Fig. 1. Scheme of a plate
with cracks

Table 1. Material deformation diagram

c;, MPa 400 500 600
€, %o 0.01730 | 0.04213 | 0.12600

Table 2. Number of cycles to failure N(T, &;,)

T °C Amplitudes of strain intensities €;,, %
’ 0.0675 0.0712 0.081 0.09 0.108 0.135 0.18 0.32 9.0
20 6-10° 2-10° 2-107 4-10° 1-10° 9-10° 3-10* 8000 1.50
400 1-10° 2-107 4-10° 1-10° 3-10° 6.8-10" 1.5-10* 4500 1.25
450 2-107 6-10° 1-10° 5-10° 1-10° 3-10* 6500 2400 1.10
500 3-10° 1-10° 3-10° 1-10° 2.5-10* 8000 3600 1500 0.90
550 1-10° 2-10° 4-10* 2-10* 8500 4500 2000 900 0.80

The results of the calculated assessment of crack development under cyclic loading

Linear interpolation is used to obtain the number of cycles for a specific temperature. After that,
quadratic interpolation is carried out for the number of cycles depending on the amplitude of the strain inten-
sity in logarithmic coordinates.

Solutions of elastic-plastic problems using the finite element method for the cases of plane strain and
plane stress state [21] are given by amplitudes of strain intensity along the path of crack growth, given in
Table 3. In the first column, the arguments x,, (in cm) for the diagrams of the intensity of deformations in the
centers of the finite elements, starting from the top of the crack, are given, and in the next three columns —
the amplitude of the intensity of deformation (in %) for the three initial depths of the crack for the case of
plane deformation, then — similar data for the plane stress state. As can be seen from the table, with the same
stresses o, at the edges of the plate, the intensity of deformations in the case of a plane stress state is signifi-
cantly greater than the amplitude of the intensity of deformations in the case of plane deformation.

The number of loading cycles N(/) depending on the depth of crack growth from 4 to 12 mm in the
case of plane strain and plane stress state is given in the Table 4, where AN(/) is the number of cycles when
the crack moves by 0.1 mm.
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Table 3. Amplitudes of strain intensity in the centers of finite elements along the path of crack growth

o om Flat deformation Flat stress state
" [,=0.4 cm [=0.8 cm =12 cm [=0.4 cm [=0.8 cm =12 cm

0.0050 0.4717 0.7848 1.1165 1.0750 1.7150 2.3196
0.0155 0.0788 0.1276 0.1930 0.5090 0.8373 1.1339
0.02704 0.0632 0.0648 0.0968 0.3840 0.6543 0.8937
0.03975 0.0643 0.0571 0.0641 0.2920 0.5117 0.7021
0.05264 0.0623 0.0564 0.0573 0.2350 0.4237 0.5833
0.06731 0.0668 0.0569 0.0499 0.1940 0.3561 0.4925
0.08712 0.0707 0.0572 0.0477 0.1530 0.2946 0.4074
0.13860 0.0617 0.0571 0.0460 0.1048 0.2394 0.3272
0.15000 0.0577 0.0595 0.0477 0.0725 0.1868 0.2530
0.19868 0.0530 0.0624 0.0556 0.0644 0.1193 0.1877
0.26470 0.0510 0.0551 0.0657 0.0594 0.0684 0.1236
0.35530 0.0516 0.0534 0.0641 0.0551 0.0686 0.0714
0.45700 0.0531 0.0504 0.0576 0.0548 0.0746 0.0619

thickness of #=2.8 mm and #=10 mm is given in the Table 5.

In the case of plane deformation at the top of the crack, the stress-strain state is close to all-round
stretching (a significant layered stress tensor occurs). Therefore, the stress intensity is significantly lower
than the tensile stress, and the crack kinetics, along with the shear deformations, are significantly affected by
the separation deformations. Thus, the type of stress state significantly affects the destruction of the material.
In a plate of a given thickness, the amplitudes of the strain intensity near the crack top reach their
maximum values at a short distance from the surface, but they are much smaller than the values under plane
stress state and somewhat smaller than under plane strain.
The number of loading cycles N(/) depending on crack growth from 4 to 12 mm for plates with a

Table 4. The number of loading cycles

Table 5. Number of loading cycles N(1) depending on crack growth

AN(l) when the crack is displaced by 1, 5=2.8 mm h=10 mm
0.1 mm and the number of cycles N(l) mm | y=0.] mm | y=0.5mm | y=1.4 mm | y=0.1 mm | y=0.7 mm | y=5 mm
depending on the depth of crack growth 4 369 220 179 439 265 289
/ Flat Flat 4.5 1827 1015 900 2219 1267 1571
m;n deformation stress state 5 3073 1672 1491 3776 2106 2675
AN(D) | N | ANO) | N 5.5 4126 2231 1981 5151 2833 3629
4 | 4189 | 4189 | 78.50 | 78.50 6 5048 2709 2381 6381 3468 4457
4.5 | 355.1 | 2312 | 4130 | 318 6.5 5852 3119 2706 7487 4029 5180
5 3055 | 3935 | 33.60 | 501 7 6552 3472 2974 8490 4529 5812
5.5 [ 2652 | 5338 | 2890 | 654 7.5 7166 3778 3198 9403 4977 6369
6 |2320 | 6562 | 25.10 | 786 8 7706 4045 3390 10238 5382 6860
6.5 | 2045 | 7638 | 22.10 | 903 8.5 8184 4281 3557 11007 5750 7295
7 181.5 | 8589 | 19.60 | 1006 9 8608 4489 3703 11717 6087 7682
7.5 | 162.0 | 9437 | 17.50 | 1097 9.5 8987 4674 3833 12375 6396 8027
8 145.3 | 10196 | 15.80 | 1179 10 9327 4840 3949 12988 6683 8335
8.5 | 130.9 | 10878 | 14.30 | 1254 10.5 9632 4988 4054 13560 6949 8611
9 | 1185 | 11495 | 13.10 | 1322 11 9906 5122 4148 14095 7197 8857
9.5 | 107.6 | 12054 | 12.00 | 1384 11.5 10151 5241 4234 14597 7428 9077
10 98.1 | 12563 | 11.10 | 1441 12 10371 5349 4312 15070 7646 9274
10.5 | 89.7 | 13028 | 10.30 | 1494
11 823 | 13454 | 9.57 | 1543
11.5| 75.8 | 13920 | 8.93 | 1589
12 69.9 | 14206 | 837 | 1632
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Conclusions

Using the concept of the accumulation of dispersed damage in the material, a calculated assessment of
crack kinetics under non-zero cyclic loading by tensile stresses was performed for a plate with cracks growing
symmetrically from both edges. Amplitudes of strain intensities were obtained as a result of solving elastic-
plastic problems for cases of plane strain and plane stress state using software developed on the basis of the finite
element method. Depending on the depth of crack growth, the number of loading cycles is determined. The ob-
tained results showed that the type of stress state has a significant effect on the destruction of the material.

The uneven distribution of the intensity of the deformation amplitude along the thickness of the plate
near the top of the crack in the case of a three-dimensional problem [22] does not allow us to correctly con-
sider the kinetics of the crack, since its front near the middle plane precedes the exit to the surface of the
plate. At the same time, a crack in a thick plate grows more slowly than in a thin one.

The assessment of crack development using the parameters of dispersed material damage has signifi-
cant advantages in the case of planar and axisymmetric problems, as it does not impose restrictions on the
size of the plastic zone and small crack depth. In addition, after some improvements, it can be used to solve
three-dimensional problems of thermoplasticity.
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Po3paxyHkoBa oniHka po3BUTKY TPIllIHHYA NPH OUKJIIYHOMY HABAHTAKeHHI IJIACTUHHA
3 BUKOPUCTAHHSAM NapaMeTpiB Po3CisiHMX NOLIKOKeHb MaTepiaty

II. II. T'ontapoBebkuii, H. I'. "'apmam, 1. 1. Menexuk, T. B. IIporacoBa

IcruryT npobiem mMamuHoOynyBanHs iM. A. M. Ilizropuoro HAH Yxkpainu,
61046, Ykpaina, M. Xapkis, Bys1. KomynaneHukis, 2/10

Haoiiina poboma xoncmpykyiii ma enepeemuyHux MAuUH no8 a3ana i3 3a0e3neueHHIM MepMOMIYHOCII U 0082061~
ynocmi ix enemenmis i @y3nie. HuHi Ha cyuacnomy eHepeopuHKy CKAanacs CKiaoHa cumyayis, 00naoHauHs NPAYIoE Y ANCKUX
YMOBAX, SIK HACTIOOK, BOHO eKCIIYAMYEMbCA HA 3MIHHUX PENCUMAX, WO BUKTUKAE NPUCKOPEHe chpayiosanis pecypcy. 3abes-
neyeHHsl HAOIHO20 BUKOPUCTAHHS eHEP2EMUYHUX MAUWUH | KOHCMPYKYIU PI3HOT CKIAOHOCMI BUMARAE PO3PAXYHKOBOT OYiHKU
MEPMOMIYHOCIE Tl D08208IUHOCI IX eNeMeHmMI8, W0 IPYHMYEMbCS HA 3ACMOCYBAHHI HOBUX MEMOOUK | PO3PAXYHKOBUX MOOe-
Jietl 3 YPaxyeaHHam psoy 8aXNCIUGUX (PaKmopis, ceped sKux NOUWKOONICY8AHICIb, HEOOHOPIOHICIb 61ACMUBOCHel Mamepiary,
BNIUE HECMAYIOHAPHUX MEMNEPANMYPHUX NOJIG | HAsAGHICIb MpiwuH. Jlana poboma npucesiuena po3gumKy MemoouKu pos-
PAxXyHKi6 pocmy MpiwjuHu 6 NIACMUHYACHUX eleMEeHMAax KOHCMPYKYIU npu YuKIiYHOMY HABAHMAICEHHI 8 NPYIHCHO-
NAACMUYHIT ROCIMAHOBYI 3 BUKOPUCMAHHAM KOHYENYii HAKONUYEHHs. PO3CISTHUX NOWKOOJNCeHb Y mamepiani. Y eepuiuri mpi-
WUHU MOOEIOIOMbCS NPOYECU 3HAKOIMIHHOZ0 NPYAHCHO-NIACHUUHO20 O0eqhopMYBaHHs Tl MpiyuHOCMIKoCcmi Mamepiany 3
BUKOPUCTHAHHAM OGHUX BUNPODYBAHDL HA BMOMY 2IAOKUX 3PA3KiG. TepMOHANpYICeHUll CMan KOHCMPYKYIL HA PISHUX PeHCUMAX
HABAHMAICEHHS BUSHAYACNBCS 30 OONOMO0I0 PO3POONIEHO20 HA OCHOBL MEMOOY CKIHUEHHUX eleMeHMiI8 NPOSPAMHO20 3a0e3-
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neuenHs OJisl KIIbKOX (DIKCOBAHUX 2nubuUH mpiwunu. Y pobomi posenanyma KiHemuKka noeepxHeoi mpijutu 6 niacmuHi, 3
000X Kpais AKoi cumempuyHo niOpOCmMaioms MpiyuHy NP GiOHYIbOBOMY YUKITUHOMY HABAHMANCEHHI POSMASYIOUUMU HA-
npyorcerramu. Tpyoicno-nracmuyni 3a0a4i po3ssi3ano 015 6unaoKie naockoi dedopmayii i nIOCKO20 HANPYIHCEHO2O CMaHy,
OMPUMAHO aAMAIMYOU THMEHCUBHOCIEN 0ehopMayill I KITbKICMb YUKILE HABAHMANCEHHSL 3ANENHCHO 6I0 TUOUHU NIOPOCMAH-
Ha mpiwuny. Bcmanoesieno, wo nHa pyuHyeanHs Mamepiany cymmeso naueace 8Uo Hanpysiceno2o cmany. Oyinka po3eumxy
MPIWUH 3 BUKOPUCMAHHAM KOHYenyii HAKONUYEHHs PO3CIIHUX NOWKOONCEHb Yy Mamepiai Mae nepesazu OJis NIOCKUX I 0Ce-
CUMEMPUYHUX 3a0aY, OCKIIbKU He MAE 00MedCeHb ONisl BeNUHUNY NIACMUYHOT 30HU | Hegenukoi enubuny mpiwunu. Ilicia Oe-
SAKUX YOOCKOHANIEHb PO3PAXYHKOBA MEMOOUKA MOXCe OYMu 6UKOPUCIAHA T OJIsL MPUSUMIDHUX 30044 MEPMONIACIUYHOCTI.

Knrouosi cnosa: xinemuxa mpiwgunu, yukiiuHe HA8AHMANCEHHS, MEMOO CKIHUEHHUX eJleMeHmis, Kpuei Maioyu-
K080 6MOMU.
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