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Introduction. The process of formation of fatigue defects in
metal alloys with different structural morphology is consid-
ered. The work objective is to develop a computational tool for
determining the moment of the defect nucleation under cyclic
loading.

Materials and Methods. A physical model is built, calculation
expressions are presented. The physical model is based on the
theory of dislocations. It is shown that a structure factor is
particularly important in the process of fracture nucleus origi-
nation under dynamic cyclic loading. Depending on the struc-
ture and properties of the material, as well as on the nature of
the loads, the critical fatigue defect develops in the form of
cracks, pores or micro-crater wear.

Research Results. A numerical experiment was performed to
determine the moment of nucleation of the critical-size defect
in iron-base alloys under the drop hypervelocity impacts.
Comparative data of calculations and bench tests for droplet
impingement erosion of steels and alloys with the structure of
ferrite, austenite, sorbitol and martensite are presented. The
efficiency of the nucleation stage during the incubation period
of erosive wear of the materials studied was evaluated.
Discussion and Conclusions. There are no strict instrumental
methods for determining the duration of the nucleation stage;
therefore, it is recommended to use the proposed analytical
model. In addition, the work performed gave a significant
application result, i.e. it showed that the focused design of the
material structure can significantly increase the wear re-

sistance.

Keywords: iron-base alloys, alloy substructure, cyclic load-
ings, fracture nucleus origination, physical model, numerical
experiment, droplet impingement erosion.
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Bseoenue. PaccmoTpeH nponece (GOpMHUPOBaHUS YCTaIOCTHBIX
neeKToB B METAUTMYECKUX CIUIAaBaX C PA3IMYHOU CTPYKTYp-
HoW Moponorueit. Llenp paboTel — co3maHHe PacyeTHOTO
ammapara Juisl ONpeesIeHUs] MOMEHTA 3apOXKICHUSI YKa3aHHBIX
Je(heKTOB B YCIOBHUSIX IUKIMIECKOTO HATPYKESHUS.
Mamepuanst u memoowi. IlocTpoeHa ¢usuueckas MOJEIb,
Hpe/ICTaBIICHBI pacYeTHbIE BRIpOKEHUs. B 0CHOBY (u3ndeckoit
MOJIENM TOJIOKeHa Teopusi aucinokauuil. [lokxazaHo, 4yro mpu
JIUHAMUYECKHX LUKIMYECKUX HArpyXEeHHIX OIpelelsioniee
3HAYCHHUE B IPOIECCE 3aPOKACHUS 09aroB Pa3pyIICHUs] IMEET
CTPYKTYpHBIH (pakTop. B 3aBHCHMOCTH OT CTPYKTYypHl H
CBOICTB MaTepHaia, a Takke OT XapaKTepa Harpy3ok, KpUTH-
YECKHI YCTaJOCTHBIN Te(EKT pa3BUBAETCA B (POPME TPEIIUHEL,
MOPBI WIIK MUKPOKpaTepa U3HOCa.

Pesynomamul uccredoganus. BBIIOTHEH YUCIEHHBIA JKCIle-
PUMEHT TI0 ONpENeNCHUI0O MOMEHTa 3apoXXAeHHs aedekta
KPUTHYIECKOTO pa3Mepa B CIUIaBaX Ha OCHOBE JXele3a IIpH
BBICOKOCKOPOCTHBIX KaleJIbHBIX coyaapeHusx. [IpencraBnensr
CpaBHUTENBHBIC JAHHBIE PACUYETOB M CTCHJOBBIX HCIIBITAHUI
[0 KaIrjleyAapHOW 3pO3UM CTallell U CIIaBOB CO CTPYKTYpOH
¢epputa, aycrenura, copobura u maprencura. OIeHEeH BKIag
CTaJN¥ 3aPOXKICHUS B HHKYOAIMOHHBIA MEPHO SPO3HOHHOTO
M3HOCA MCCIIEJOBaHHBIX MAaTEPHAJIOB.

Obcyscoenue u 3axaroyenue. CTpOrHe HWHCTPYMEHTAJbHBIC
METOJbI /I OIpeNeIeHHs] MPOJODKUTEIBHOCTH CTAaAuU 3a-
POXIEHHS OTCYTCTBYIOT, IOATOMY PEKOMEHJIOBAHO HCIOJIB30-
BaTh MPEIJIOKEHHYI0 pacUYeTHO-aHAIUTHYECKYI0O MOJEIb.
Kpowme Toro, BeINOIHEHHas paboTa Jjaja BaXHBIH NPUKIIaTHOH
pe3yabTaT — MPOAEMOHCTPUPOBANIA, YTO IeJICHAMPaBICHHOE
KOHCTPYHPOBAHHE CTPYKTYpPHI MaTepHalla MOXKET CYIIECTBEH-

HO YBCJIIUYUTH H3HOCOCTOMKOCTD.

KiioueBble cJ10Ba: CIJIaBbl HA OCHOBE Xeje3a, CyOCTpyKTypa
CIUIaBOB, LMKIMYECKHE HArpy3KH, 3apOKIE€HHE O4YaroB pas-
pyueHust, (usnyeckas MOJeb, YHCICHHBIA JKCIIEPUMEHT,
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Introduction. Modeling specific unpredictable phenomena is a pressing challenge in terms of preventing their
undesirable consequences. For example, in aeronautics, heat power engineering, gas turbine production and agriculture,
the problem of droplet impingement erosion remains unsolved. The issue is discussed on the world level [1-4]. The first
success in modeling this phenomenon concerned single0020 droplet collisions [5—10]. Some papers [11-13] attempted
to quantify the ability of materials and coatings to resist the action of dynamic cyclic loads. In particular, it was possible
to create an analytical model tested under the conditions of liquid droplet shock [14—18]. Many authors [19-21] do not
differentiate the behaviour of a material or coating at the stages of nucleation and development of fracture. Nucleation is
problematically identified in the experiment. In the model mentioned above, it was estimated using empirical coeffi-
cients that did not have a universal theoretical foundation, and this is a clear drawback of the solution. This work objec-
tive is a deeper theoretical study of the stage of the defect nucleation in the coating causing its wear and destruction, as
well as the creation on this basis of a calculating apparatus for determining the moment of nucleation of cracks or pores
in various materials and coatings under cyclic loading.

Materials and Methods. Difficulties in evaluating the stage of fracture and wear nucleation under the repeat-
ed exposure (for example, at high-speed liquid-droplet collisions that provoke droplet impingement erosion of metal
products) are associated not only with instrumental determination of nuclei of cracks or pores. At this stage, the pres-
ence of structural elements in the material does not allow us to present the process as a continuum and to use linear frac-
ture mechanics (for example, the Paris-Erdogan fatigue theory) for calculations. Therefore, in the fracture mechanics,
the initial stage of the fatigue defect nucleation is singled out in a special stage. It is called “microstructural fracture
mechanics” and proceeds until the defect reaches the size of /.= (4...10)-d, where d is the size of a structural element of
the material [22]. An analytical estimation of the stage of fatigue defect nucleation requires, first of all, a metal physical
approach. The task is to find a calculated expression for the number of cyclic loads N; necessary for the formation of a
critical size fatigue defect in the material. As an empirical foundation for the computational model, the experimental
data of bench tests for droplet impingement erosion, where the number of drop collisions plays the role of N, can be
used.

In the general case, the equation for the number of dynamic cyclic loads N; should include three components:
mechanical, kinetic, and structural.

The metal physical concept of a mechanical component is related to the number (density) of mobile disloca-
tions p,, arising from a single shock loading (collision).

. In the process of multiple collisions, the number of mobile dislocations increases, they move in the metal ma-
trix along slip planes under the action of tangential stresses o, until they form flat clusters with critical density py, at the
nearest impassable barriers. Exceeding py,. causes spontaneous breaking of interatomic bonds in the metal and the origi-
nation of a crack nucleus. The py, values for various materials and coatings are known [23]. A mechanical component of
the number of collisions is expressed in the form of the dependence N; =f (pi-/pym)-

A kinetic component of the number of collisions N; takes into account the dependence of the dislocation ener-
gy on its velocity V,. From the theory of dislocations, it is known that with an increase in speed of dislocation, its ener-
gy increases according to the expression of Einstein for bodies moving at speeds close to the light speed. The only limit
for the dislocation velocity is the sound speed in a Cj crystal, at which the dislocation energy becomes infinite. There-
fore, considering the specifics of the drop impact, a kinetic component of the number of collisions is expressed as
Ny =f(Val Co).

A structural component of the number of collisions N3 has two aspects. The first is that the dislocation motion
under impact is limited by the size of the structural element of the D matrix, within which a free path of dislocations is
possible. In the general case, a grain size is considered as such an element, and its thickness — for thin coatings. The
second aspect considers that within the grain or coating, there can be obstacles to the dislocation motion: second-phase
particles, small-angle boundaries, immobile dislocations fixed by atmospheres, stacking faults, lattice resistance (Peierls
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stress). As noted above, these both aspects are reflected in the structural component of the number of collisions, and it is
a function of two variables N; =f (D, AG), where AG is the Gibbs free energy to activate the process of obstacle negoti-
ation within the structural element D. The negotiation mechanism depends on the nature of the obstacle, which deter-
mines the value of AG for each specific case of the material structure (their classification is given in [23]).

Thus, all the components of the desired number of collisions N; affect the process of fatigue defect nucleation
at the same time — with each collision. This fact determines the commutative nature of the interaction of the mechani-
cal, kinetic, and structural components. Then, in the most general form, N; is determined from the expression

V : D Ag
stp_kr. 1_[_51] e KT (1)
Pm Co) o

where £ is the Boltzmann constant; 7 is thermodynamic temperature, K; / is the path covered by mobile dislocations in
one loading cycle (collision).

The expression (1) is obtained on the basis of the theory of dislocations and represents a theoretical concept.
To use (1) in assessing the wear resistance of materials and coatings under the conditions of cyclic liquid-droplet colli-
sions, it is necessary to specify its constituent quantities (such as p,,, ¥V, lo, AG) through measured impact parameters
(e.g., impact velocity ¥, and droplet size Ry). The authors have already completed the corresponding refining of the
model (1) and are preparing material for publication.

Research Results. The computational model has been tested for iron-based alloys of various compositions and
structures. This selection is due, first of all, to the difference in the behaviour of dislocations in these alloys and makes
it possible to identify the capabilities of the computational model. So, in ferrite and austenite, the factor hindering dislo-
cations is the lattice resistance (Peierls stress). In a sorbitol structure, the glide of dislocations is determined by the mor-
phology and distribution of obstacles — by carbides Fe and Cr. In martensite, the dislocation motion is hindered as giv-
en. Thus, the subject of research in this part of the work is actually a structure factor.

Since all the materials studied are alloys based on iron, their basic stress-strain properties differ insignificantly.
The following values were used in the calculations: elastic modulus £ = 186 ... 218 GPa; Poisson ratio v=0.20 ... 0.31;
shear modulus = 64 ... 80 GPa; Burgers vector b =2.5-10"'" m. The data of numerical experiments on the implementa-
tion of the presented model and bench tests of Fe-based alloys with different structural morphology, including hetero-

geneous ones, are given in Table 1 and in Fig. 1.

Table 1
Experimental m, and calculated N; values of the number of collisions* for Fe-based alloys
Collision parameters
] Structure parameters Vo=250 m/s; Vo =340 m/s;
Material Ro=0.55 mm Ro=0.32 mm
(structure) ; -
. 6 6 Calculation Exp. Calculation Exp.
Lattice (M,) | o; |D[m”]| /[m™]
N3 Qo my N3 Qo my
ARMKO F
. °| BCC (2.9) 0.5 100 3.0 2197 — — 1187 — —
(ferrite)
X18H10T
08X18 . 0 FCC (3.06) | 0.5 100 3.0 2446 0.253 9680 1322 0.154 8597
(austenite)
20X13 0.35-
B 2. 2. 1 4 2 1 42 254 | 14
(sorbitol) CC (2.9) 0 00 0.50 655 0.280 6630 37 0.25 768
20X13 Tetrag.
. S8 002 | 001 | 001 | 9844 | 0550 | 17861 | 5705 | 0470 | 12140
(martensite) (2.95)
* Number values of droplet collisions falling at one point are presented (determined in the software of the test bench).
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Fig. 1. Dependences of the number of droplet impacts N; necessary for crack nucleation as a function of impact rate ¥, at Ry= 0.55
mm for Fe-based alloys with different structures: @) ARMKO Fe (ferrite); b) steel sorbitol 20X 13; ¢) steel martensite 20X13

Values of some parameters given in Table 1 need explanation. The distance between obstacles / on the path of

mobile dislocations in ferrite and austenite is the distance between dislocations, i.e. [ = 1/ A fp , - Given high plasticity of

these solid solutions, the density of their dislocations is relatively low p,= 10"" m™ which gives / ~ 3 pm. In hardened
steel, the dislocation density is close to critical p,.= 1016 m*, which not only gives the structural parameter value
/= 0.01 pm in Table 1, but also changes the design procedure for the number of collisions in the source model (1).

For hardened metal materials (for example, for strongly deformed or hardened alloys including 20X13 with a
martensitic structure), in the expression (1), the first three factors become a unit. In such materials, the critical disloca-
tion density p. has already been reached; therefore, the concept of mobile dislocations p,, loses its meaning. In terms of

numbers, this is expressed as follows: py/p,=1; V;=0; D=1, = 1/4fp,a, .

As for the exponent in the expression (1), it retains its meaning with the values of the parameters o; and / giv-
en in Table 1. A crack nucleates in such a structure, an external cyclic action should overcome the existing stresses in a

saturated dislocation medium and form a shear defect. Given the above, the designed expression (1) for hardened steel
takes the form [23-26]:

el . )

Here, AF is the activation energy of the process of overcoming obstacles without applying external voltage, the value
AF actually determines the strength of the obstacles from the point of view of their dislocation; o, is the internal stress
existing in the material and allowing dislocations to pass through the obstacle at minimum AG values. The yield stress
of a solid at 7= 0K is taken as o,. The values o, and AF are the material properties and, in the general case, are ex-
pressed through its basic physical characteristics p and b:
C.=p-b/LAF =0, p-b. 3)
In the expressions (3), the coefficient o, classifies obstacles according to their strength [23].
In the expression (2), the shear stress in the slip plane under the action of which the mobile dislocations move,
is considered as the stress o,. Stress o, is the projection of the external stress vector onto the slip plane and is related to
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the lattice slip system through the Taylor factor M, according to the Schmidt - Boas law for polycrystal [27]. It can be
expressed in terms of impact parameters ¥, and R, [28].

The experimental values shown in Table 1 characterize the incubation period of erosive wear of the material
my. This value includes both the stage of the defect (cracks, pores, microcraters) nucleation, and the stage of its devel-
opment before the sample loss-of-mass start. It does not seem possible to instrumentally identify the number of colli-
sions occurring only at the nucleation stage in the experimental values of my; therefore, the values of N; are exclusively
theoretical. The contribution of the nucleation stage to the total value is characterized by the coefficient o,y = N; / my,.

In addition to the numerical values presented in Table 1, the model considers the number of collisions N; nec-
essary for the fracture nucleus origination (cracks, pores, microcraters) and the impact rate ¥} at the specified droplet
size Ry. In addition, using this solution, we can determine the dependence of N; on V;. Some options of such depend-
ences are presented in Fig. 1.

The results show that the designed data N; agree with the experiment (the bench test data my). They also
demonstrate compliance with the basic canons of fracture mechanics. In particular, the coefficient o characterizes the
nucleation energy with respect to the fracture energy. In plastic metallic materials (ARMCO, austenite, sorbitol), the
nucleation energy of fatigue cracks is significantly less than the energy of their growth. In hardened alloys (martensite),
the nucleation energy is almost always higher than the growth energy. As a rule, this ratio is much larger in favour of
the nucleation stage. Table 1 data show that in steel 20X13 with a martensitic structure, the stage of nucleation of fa-
tigue defect N5 is about half of the entire incubation period of the wear formation my: o = 0.47 and 0.55 for collision
velocities ¥ = 340 m/s and 250 m/s, respectively. Whereas for the same steel with a sorbitol structure, the coefficient
o is half as much. The values of o obtained by us correspond to the data of other authors for similar conditions of cy-
clic loading (for example, for steel 30XI'CH2A in [29].

The computational dependences in Fig. 1 also correspond to the experimental data. They are located asymptot-
ically with respect to the values V=~ 100 ... 150 m/s (the numerical experiment did not study this region in detail). The
computational dependences mentioned above correspond to the results of bench tests, which showed that at
Vo< 135 m/s, wear is generally not observed in the iron-based alloys [30—34]. That is, the asymptotic property of the
graphs in Fig. 1 confirms this empirical fact: at the indicated low collision velocities, fatigue defects of a critical size do
not nucleate.

Discussion and Conclusions. There are no instrumental methods for accurate determination of the stage dura-
tion of fracture nucleus origination of materials, therefore, if necessary, the proposed analytical model is used. It is ap-
plicable to materials of various morphologies, in which the mechanisms of defect nucleation (cracks, pores, microcra-
ters) have a dislocation nature. Therefore, under normal conditions, the model is not applicable to ceramic materials
with a high proportion of covalent bonds. Another use restriction for the model is, perhaps, too high sensitivity of the
exponential factor in the expressions (1) and (2). A small error in determining the numerical values of a, o, or / in the-
se formulas prevents from obtaining the results adequate to the experimental data.

The performed work yielded an important applied result, it showed that the focused design of the material
structure can significantly increase wear resistance.
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