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O6’cxmom docriocens ¢ NOGeOIK 2P HULb 3epPelL, YMOBU YMEOPEHHL MINCIEPEHHUX NOUKOONCEHD i iHmepKpucm -
Jimue pyinye s NOLKpUCT JUHUX Cnl 616 npu 0ii cunosux 1n ¢ nwm xcenv. [Ipobrem cmeopenns snympiwmix
2P HUMHUX 301 13 3 O HUMU MEPMOOUN MIMHUMU, QIBUMHUMU | MEX HIUHUMU X D KMEPUCTMUK MU 8 CNIL 8 X, BUDi-
uLenHs SKOL € 1 UOLIbUL NePCNeKMUBHUM CTLOCOO0M NIOBUCHIS 1X 6]l CTMUBOCEIL, GUM 2 € BUKOPUCHL HHsl MEemOoOig
M mem muunozo mooenios nus. Lle 003601umo KinvbKicHO OUiHIO8 MU 6NAUE XIMIUH020 CKIL Oy, mepmiunoi 06pooKu
M 308HIUHIX H 8 HIM HCEeHb H  YMBOPEHHS MINCIEPEHHUX NOUKOOHCEHD NOTIKPUCT JTIUHUX CUCTIEM.

B x00i docnidacenns 1 ocnosi enepzemuuinozo nioxody ONuUcCY KOHMUNY IbHUX cepedosull i3 6p XY6 HHIAM
pisuunux epexmis, w0 6i00ys wmvca y m cum 6 X, CNIGPOIMIPHUX 13 CIMPYKMYPHUMU CKL 006UMU M 1X 2D -
HuuAMU, NOOYO08 Hi M meM Muuni cniesionoulenis Mooeai noikpucm aunux cucmem. Lls modenv € ocnoeoio
ONLsL PO3P XYHKIG i 6CM HOBIAEHHSL 1 NPYICeHO-0edopmos 1020 cm ny m mepi ay 1 mesopieui. Ilox 3 1o, wo
o Mex Hiuny noeedinKy M mepi Ji6 M 10Mb GNAUE He MIAbKU OCONIOMHL 31 YCHHA T P MEmpie 61 CMugocmel
OKpemux Mikpoo6 emie min, Jaeiixep dienm.

Ompum HO 36’I130K MiNe NPUCYMHICMIO 6 NOKP WYE JOHUX CM JSX 2P HUUb 3epeH 3 NidsuweHum pisHem
enepeii i 30 muicmio 00 ymeopenns Mijicaepennux nouKooxcens npu 0ii 3061020 1 6 Hm Jcenns. Poapoo-
JIeHO Konuenmy Aohuil nioxio 0o Kepye s 61 CMUBOCAMU SHYMPIUHIX NOGEPXOHL PO3OILY CNA 6i6 3MIHOI0
ix cmpyxmypno-enepzemuunozo cm ny. Lle nos’s3 1o is mum, wo 3 nponoros mi MOOeIvbHi i eKcnepumMenm ivii
3 JeNcHoCmi 0CHO6 1 1 Pi3uuno 00TPYHMOE HOMY N P Mempi — GIOHOCHOMY 2p OiEHmMi 64 CMUBOCMEll, KU
BUSH U €MbCS ceepes Ui€r OOMIWOK, BUOLIEHHAM () 3, 2yCMUHO0 OUCTIOK ULl 8 NPUZP HUYHUX 30H X 3EPEH.

Bem noeneniep muuni 3n uenHsa X p KMEPUCUK JOK JbHUX 00 €MIG 3epeit, Npu AKUX SMEHULYEMbCS 30 MHicMb
00 Ymeopemst MidC3ePEHHUX NOUKOONCEHD | THMEPKPUCT MO0 PYUHYE HHsL CNIL 6i8. 3 B0AKU UboMY 3 Oesne-
YUYEMbCS MONCIUBICTND 6NPOE OHCEHHSL THHOB UYTUHUX MEXHONL02Ill 3ePHOZD HUUHOZ0 KOHCMPYIO8 HHS CPYKMypU
mem n06upobie. Ile dossose, y nopiensanmi 3 6iI00OMUMU MEXHOLOZIAMU, CYMMEBO NIOBUUYE MU N P Mempu 1 -
ditinocmi dem neil M wun — 008208IUNHICTD, PecypC, 6E3610MOBHICTD NPU MIHIM JTOHUX CKOHOMIUHUX GUMD M X.

Kmouosi cnoBa: v mem muuni cniggionouleins MoOesi NOIKPUCI JTUHUX CUCTEM, CI H 2D HUlb 3ePeH NoJli-

Kpucm 118, Mijc3epenne pytnys HHsl.

1. Introduction

Rational construction of metallic materials is closely con-
nected with the fundamental scientific problem of choosing
an adequate mathematical description of polycrystalline
systems, which allows their calculation and optimization
with respect to operating conditions.

In this case, the modeling and evaluation of the be-
havior of such systems must necessarily be carried out
taking into account the physical effects occurring at scales
that are commensurate with the structural components
and their boundaries.

Since it is at the level of structural components that
the basic properties are formed.

Let’s note that the possibility of a controlled change
in the geometric and physical parameters of the interfaces
of the structural components is an important reserve for
improving the working properties of hardware. In this
connection, these issues were transformed into a separate
scientific direction in materials science — <«engineering
of grain boundaries and grain-boundary design of mate-
rials» [1, 2].

This scientific direction is in demand when developing
innovative technologies for producing metal products with
predetermined properties, evaluating the residual life of

structures and determining the mechanisms and causes
of failure of parts and equipment.

Under the conditions of the external load, dislocations
form in the parts from the grain boundaries, and due to
the difference in the elastic characteristics between the
grains of polycrystals, stress concentrations arise. Predic-
ting the behavior of polycrystals makes it necessary to
establish the relationship between the structure, energy
parameters of grain boundaries, physical properties and
factors determining resistance to the formation of secon-
dary damage. Therefore, the development and applica-
tion of mathematical models that are suitable for such
complex problems of interdisciplinary nature, such as the
management of the structural-energy state of the internal
interfaces, is relevant.

2. The ohject of research
and its technological audit

The object of research is the behavior of grain boundaries,
the conditions for the formation of intergranular damage
and the intercrystalline destruction of polycrystalline al-
loys under the influence of force loads.

In order to more fully take into account all the fea-
tures of the behavior of polycrystalline materials under
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operating conditions in the scientific literature, the fol-
lowing hierarchical levels of consideration of materials
have been adopted [3]:

1. Macro level. At this level, the material is considered
as a continuous (continuous) medium with properties whose
parameters vary slightly in space; the typical size of a piece
of material is commensurate with the entire product.

2. Meso level. The material is considered as a discrete-
continuum medium (a discrete-continuum model descrip-
tion is used with additional physical conditions in the
areas corresponding to the boundaries of the structural
components — the boundary zones). The level of consi-
deration of this scale level of material corresponds to the
structural components and their boundaries.

3. Nano level. The level of consideration of the mate-
rial corresponds to individual atoms (or their groups). At
this level, the discrete model description is mainly used.

Let’s note that the simultaneous model and calculation
consideration of all three levels of material is a complex
scientific problem, and therefore is currently used mainly
in the theoretical direction [3].

In applied research, only one of the hierarchical levels
is considered using the results obtained from analyzing
the behavior of the material at other large-scale levels.

In many cases, the destruction of parts is due to the
occurrence of cracks in places of local changes in the me-
chanical properties of products. Borders and junctions of
grains, in which the accumulation and restructuring of
defects under the influence of technological and opera-
tional loads leads to the appearance of damage and the
development of intercrystalline cracks, may be among the
most problematic places.

3. The aim and ohjectives of research

The aim of research is development of an approach to
the continual description of locally inhomogeneous media
for studying the behavior of polycrystalline materials ta-
king into account the energy of grain boundaries.

To achieve this aim, the following objectives are for-
mulated:

1. To build a mathematical model of the mechanics
of polycrystalline spatial-gradient systems.

2. On the basis of the constructed model, to develop
an approach to solving the problem of the formation of
grain-boundary damage in polycrystalline alloys in the
presence of a gradient of properties in individual micro-
volumes.

3. To investigate the main trends and the correspon-
ding regularities of the influence of the relative gradient
of the properties of the grain-grain boundary zone on the
resistance to the formation of intergranular damage and
the intercrystallite destruction of industrial alloys.

4. Research of existing solutions
of the prohlem

The structural features of metallic polycrystalline sys-
tems at the scale level of grain — grain boundaries are of
extremely important (and in some cases decisive) impor-
tance for the behavior of the entire material [2, 3]. In
this regard, the construction of model approximations is
carried out that allow to describe the behavior of poly-
crystalline materials at the meso level.

Exact calculated mathematical model approximations in
the study of the behavior of polycrystals at this level are
currently an open scientific problem. Depending on the
purpose of describing the structure of the material and the
approaches used, such characteristics of the structure as
grains, grain boundaries are interpreted differently, which
leads to a significant discrepancy when comparing model
representations presented in various scientific publications.

Let’s dwell in detail on such basic definitions for poly-
crystalline systems as grains and their boundaries.

The term «grain», according to [4, 5], will be understood
as a separate crystallite of a polycrystalline conglomerate,
has one crystallographic orientation, and is separated from
other crystals by boundaries. Grain size can range from
a few micrometers to centimeters.

The term «grain boundary» is understood as the sub-
surface region, on both sides of which crystal lattices differ
in their spatial orientation [5].

The size of this near-surface region, according to the
physical representations of various literary sources [6, 7],
can vary significantly. So, at the moment it is customary
to separate the «static thickness» of the border, which has
a thickness of several atomic parameters, and the «dynamic
thickness». It is more <«static» and is characterized by
the vibrational spectrum of atoms in this layer; it differs
from the vibrational spectrum of atoms in the central part
of the grain [8].

It should be noted that the «dynamic thickness» is
especially pronounced for the high angle grain bounda-
ries, which have large differences in structure than other
boundaries [9].

In this connection, the concept of a «grain boundary»
should be expanded and the term <«boundary — boundary
region» should be used, which in many cases reaches se-
veral micrometers [10].

After establishing the dimensional characteristics of the
boundary zone, the problem of the model of the structure
of this zone is important.

In this work, let’s use the Cox — Hirth model [11, 12],
according to which the grain is divided into two sub-
regions: the boundary zone and the inner part of the
grain. Most dislocations are concentrated in the frontier
zone [13], which as a result receives a gradient change in
the parameters over depth and concentrates the defective
structures directly at the boundary.

Currently, a significant amount of experimental data
on the effect of grain boundaries with different energies
on the behavior of polycrystalline materials in the process
of plastic deformation is accumulated [4, 6]. It is shown
that the strength and ductility of polycrystalline alloys
depends on the proportion of low-energy boundaries, which
are characterized by high resistance to destruction [8].

The creation of low-energy grain boundaries during
technological processing is laid down in the principles of
grain-boundary design of the structure of metal products.
It should be noted that the question of the role of the
structure of grain boundaries with a high level of energy
and their boundary zones in the processes of secondary
granulation remains open. Although the transition to the
destruction of the grain boundaries is accompanied by
a sharp deterioration in the mechanical properties and
reliability of products [10].

From the standpoint of physical materials science at
the energy level, the structure of this zone determines the
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value of the free energy of the grain boundary. Moreover,
the higher its level, the more it is considered that the
border contains more defects [14].

The condition (criterion) of local destruction is writ-
ten in the form [14]:

Ay > 20—, (1)
where A, —the work load; A, —free energy (surface energy)
of the material; Az — free energy of the grain boundary.

As can be seen from relation (1), when the structure is
defective in the boundary area of critical value, it responds
at the energy level of the surface energy, the process of
destruction begins in the body.

Taking into account relation (1), it is also possible to
write down the force criteria of destruction.

5. Methods of research

Let’s take into account the degradation of metallic
materials at the structure level using a variable scalar
nature — damageability.

The introduction of a scalar variable to assess changes
in the structure of the material during loads is proposed
in [15, 16], which currently have not lost their impor-
tance, given their experimental and applied significance.

When constructing the mathematical relationships of
the model of polycrystalline materials, let’s use the energy
approach, which has shown its effectiveness in mathemati-
cal models of continual media, taking into account inter-
related fields of various nature, the defectiveness of the
structure of solids [17, 18].

Let’s build a model considering only power loads.

Let’s introduce the function of the free energy of the
system, which depends both on the strain history and
its current value:

t

7(0)=]K(t7)g(e)d,

0

(2)

where K(t,r) — the core of heredity; g(é) — function, ener-
getically takes into account changes in internal parameters;
é — strain tensor.

For the proposed model, let’s accept the fading memory
hypothesis, according to which the system conditions more
distant in time have less influence on the current value
of the variables at a given point in time.

Let’s take a priori the additivity property of the free
energy and, therefore, represent the free energy at an
arbitrary time instant ¢=¢. in the form [19]:

flt=t)=1+ /", (3)
where f¢ — free energy, given by the current values of the
strain tensor; /' — free energy, given by the history of changes
in the loads on the body.

Considered model representation corresponds to the
following position:

1. The new model description takes into account, as
a special case, simpler models, in particular, elastic sys-
tems (at [ =0).

2. If the object is not under load (f¢=0), then this
does not mean that it is in a state of thermodynamic
equilibrium, it is taken into account by the term f%.

Let’s note that f is possible at the model level to
interpret as well as the value A, in the expression (1).
Let’s assume that f* depends on the internal struc-
ture — the structure of the material and connect the f# with
damage with a scalar variable using the following expression:

J’ (4)

where ® — level of damage; V — Hamilton operator; V, —
characteristic size of the investigated area; |..| — module
vector symbol.

Expression (4) takes into account the fact that the free
energy of the body at a point depends on local structural
changes, as well as changes in a certain area.

This expression is in accordance with modern trends in
the development of materials science, solid state physics
and mechanics [20, 21]. In accordance with them, the
mechanical behavior of the body is affected not only by
the absolute value of the magnitudes, but also by their
gradient, as well as the average distribution of the mag-
nitude in a certain neighborhood [22, 23].

This is especially pronounced in areas that are charac-
terized by a high level of energy, as well as by the dis-
tribution of degradation structural characteristics in local
volumes [24].

Let’s note that the distribution of non-local charac-
teristics of the degradation of the structure in a given
neighborhood can also be obtained using physical research
methods, in particular, the LM-hardness method [25].

fi=fH ((1),

6. Research results

Let’s write the relation (2) with the view of the rep-
resentation (3):

af of¢ of
5 ®
For an isotropic elastic body:
0 ~ ~ 1 .
2 =Ke[+2G(e—3‘el}y (6)

where K — bulk compression modulus; G — shear modu-
lus; e=e- 1=V-u — the first invariant of the stress tensor;
T — unit tensor.

To transform the second expression (5), the set of
variables describing non-local material damage is repre-
sented as:

& % 1j dv
0 =0V, |0 ,
Vo

where @ — vector of generalized damage.
To simplify the recording, let’s make the following no-
tation:

(7

a =0, =

)

1
, a3 = 70{[(0(1‘/

As a result, expression (7) will have the following form:

(I)* =(a1,(l2,(l3).

)]
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Following the approaches that are presented in [19],
the second term relation (5) is presented in the form:

—

o e @

Ao

= ‘6) Kel + ‘
de  1-|@ 1|

2G[e—;ei} (10)

In expression (10), in order to preserve the invariance
of mathematical transformations, a transition was made
from the vector of «generalized» damage to its module.
@]

The selection of the multiplier is related to

1-|@’

the need at the functional level to take into account the
nonlinearity of the dynamics of structural damage, which
is shown, in particular, in [25, 26].

Taking into account the expression (9), the relation (5)

will look like:

K. %G 1
o= - €I+7_* e——el |.
1=[@] 1-03( 3 ]

(11

In the submitted formulation, the damage |@’| corre-
sponds to its classical view as a reduction of the «recall»
of the material of the structure to the effect of the load.

Let’s analyze the obtained model relations. Taking into
account the results (7), (8), expression (11) will look like:

G_

1 . 1
o N (K€I+2G(€—3€I))
1—(20(,&)
i=1

In the expression (12) in the mathematical representa-

(12)

3 12

tion (z (x,-a,-) , a generalized interpretation of the vector
i=1

modulus in the functional space is shown by the introduc-

tion of additional numerical constants o;, i=1,2,3.

Let’s note that this representation can be interpreted
as weighted using the appropriate approximation coeffi-
cients [27], which allows more widely than other existing
model concepts to take into account the structure of the
boundary region of polycrystalline systems.

To obtain the calculated dependencies according to
relations (5)—(12), we use the equilibrium equation:

V-6=0, (13)
and obtain:
Ij(x) . - (V-ﬁ)l#
o o
+q3[‘i0'l.(0dV]
. 26(x) ?@ﬁ—l(Vﬁ)I

where # — displacement vector; ® — symbol of the tensor
product.

The above equation is the basis for calculations and
the establishment of the stress-strain state of the material
at the meso level, taking into account the non-locality
of damage in the grain-boundary regions.

The developed model made it possible to analyze the
influence of the properties of local volumes of grains on
the propensity of steel to break up grains during impact
testing of samples in the temperature range from 100 °C
to —196 °C. Steel 40, 40X, 40XI, 40XTP, 40XC after
quenching and tempering at 600 °C, as well as about
friable processing (repeated tempering at 550 °C with
subsequent slow cooling) was investigated.

On the basis of experimental studies [28], a functional
dependence of the fraction of secondary intergranular fai-
lure V on the relative gradient of properties of alloys g in
local volumes was obtained. It is established that, depending
on the relative gradient of properties in local volumes, steel
can be divided into three groups: with a small, stable, and
catastrophic tendency to intergranular destruction (Fig. 1).

0 t T T } T T
3000 4000 5000 6000 7000 8000
1

g m

Fig. 1. The dependence of intergranular damage V on the parameter g:
I — zone of small (minor) intergranular destruction; II — zone of stable
intergranular destruction; IIl — a zone of catastrophic intergranular
destruction

Determining the dislocation density in local volumes of
the investigated steels using the method proposed in [29, 30]
shows that the dislocation density at the grain boundaries
is higher after all heat treatment conditions. In the fragile
state, the density of dislocations increases more signifi-
cantly for steels prone to secondary fracture (Table 1).

Table 1

Influence of heat treatment modes on microhardness, dislocation
density in local volumes of grains and intergranular destruction
of Steel 40 and 40X

Microhardness, Dislocation The share of
7 2 ; -2
gS::;l; Stt::gl 107 N/m density, cm intergranular
Grain | Boundary | Grain | Boundary damage, %
Viscous | 235 246 2.21-10'" | 2.43.10" 2
40
Fragile | 237 266 2.25.10'" | 2.84.101 12
Viscous | 246 265 2.26-10'" | 2.62-10" 10
40X
Fragile | 249 288 2.31-10'"| 3.10-10" 55
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The calculations have shown that the proposed model
and experimental dependencies of the tendency of steels
to intergranulars on the characteristics of local volumes
at the meso level are described by a physically justified
parameter — the relative gradient of properties. It has
a direct connection with the density of dislocations in
the boundary zones of the grains, as well as their damage.

7. SWOT analysis of research results

Strengths. Calculated model ratios are proposed, which
allow for calculations of media with regard to their struc-
ture, and analyze their stress-strain state.

Weaknesses. At different variations of the coefficients {oc ,},
let’s obtain various mathematical models of media. So, at
{oy =10, =03 =0} let’s obtain the equation of the «classi-
cal> model of damaged media, and at {o, =0, =013 =0} —
the equation of the elasticity theory. Let’s note that the
choice of the above factors at the moment is an open ques-
tion, since the determination of the influence of structure
characteristics on the performance parameters of mate-
rials is a scientific problem that has not been fully re-
solved [31].

Opportunities. Using the developed models, physically
substantiated parameters for estimating changes in local
properties in the grain boundary regions are determined,
allowing one to estimate the propensity for the forma-
tion of intergranular damage to alloys by technological
treatments that change the structural-energy state of the
polycrystal grain boundaries.

Let’s note that the continual assessment of the behavior
of polycrystalline systems with the simultaneous use of
three parameters of the structure — damage, its gradient
and average damage in the vicinity is quite a knowledge-
intensive issue for further research.

The limiting values of the characteristics of local vo-
lumes of grains, at which the ability to form intergranular
damage to alloys, is determined. This ensures the pos-
sibility of introducing innovative technologies for grain-
boundary design of the structure of metal products, which
makes it possible to significantly increase the reliability
parameters of parts in comparison with the known tech-
nologies — durability, service life, reliability with minimal
economic costs.

Threats. The main limiting factor that has the most
significant impact on the implementation of the techniques
proposed in the work in engineering practice is the need
to conduct a procedure for determining the mechanical
properties of polycrystalline systems at the meso level.
As well as mathematical and computer modeling of such
systems, taking into account their structure.

1. Based on the approaches of thermodynamics, a ma-
thematical model of the mechanics of polycrystalline systems
is constructed, which takes into account the non-locality of
the distribution of damage in the material of the studied
area. The obtained dependences, as a special case, take
into account classical and more «simple> models of me-
dia and are in accordance with modern ideas about the
structure of the material structure at the meso level.

2. The proposed model relationships that allow for cal-
culations of the media, taking into account their structure,

and analyze their stress-strain state. Using the developed
models, physically substantiated parameters for estimating
changes in local properties in the grain boundary regions
are determined, allowing one to control the propensity
to form intergranular damage to alloys by technologi-
cal treatments that change the structural-energy state of
polycrystal grain boundaries.

3. It is established that, depending on the parameters
of the physical and mechanical characteristics of the local
volumes of the structure, polycrystalline materials are di-
vided into three groups — with a small, stable, and cata-
strophic tendency to intergranular destruction. Improving
the operational reliability of alloys requires a reduction in
the relative gradient of the properties of the grain-grain
boundary zone.
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