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NMPEANC/IOBUE

CoBpemMeHHasa Hayka ABUMXEeTCA N0 MHHOBALMOHHOMY MyTU pPa3BUTUSA, B OCHOBE
KOTOPOIro NIEXUT LUMPOKOE OCBOEHME pe3y/ibTaToB UCCedoBaHUM U pa3paboTok B
nponsBoacTee. KOHKYPEHTOCNOCOOHbLIMU MOTYT ObITb TO/IbKO BbICOKOTEXHO/IOMMYHbIE
N HaykoeMKue npomnsBoAcTBa. B gaHHOM cBA3M 0COOYIO0 akTyaslbHOCTb npuobpera-
0T 3HAHUA O NPOrpPeccmMBHbIX CNocobax NPomM3BoACTBa U 0OPaboTKM MaTepmnanos n
NX CBOMCTBax. Takme 3HaHMUA MOXHO MOJy4YnUTb B pe3y/bTaTte NpoBeAeHUS HayYHbIX
nccnegoBaHUin U NpeacTaBneHnsa NOMYYEHHbIX JaHHbIX HAaY4YHOM OOLWEeCTBEHHOCTU U
LMPOKOMY KPYyry CneuvanucToB B Buae onyo/IMKOBaHHbIX CTaTen B cneunanmnsnpo-
BaHHbIX M3gaHnsax. TakuMm nsgaHnem n aBnseTcs COOpPHUK Hay4HbIX TpyaoB «CoBpe-
MEHHbIE METOAbI U TEXHOMOMNM CO3AaHNT N 06pPabOTKN MaTepUanoB».

COOpHNK COCTOUT UX 3 KHUT 1 BKtoYaeT 6onee 70 ctaten, o6beanHEHHbIX MO
cnegylwmMm TeMaTMYeCKMM HanpaBfieHUAM: MaTepuanoBegeHne, TeEXHONormm n o6o-
pyooOBaHME MeXaHNYeCKON U hU3NKO-TEXHUYECKON 06paboTkn, o6paboTka MeTanioB
AaBreHneM.

B nsgaHuu npuBeaeHbl HaydHble M NpakTu4Yeckue pesynbtaTbl padoT, BbIMNOS-
HEHHbIX U3BECTHbIMW OTEYECTBEHHBLIMW N 3apPyOEXHBLIMU YYEHbIMU, MONOAbIMU Hayy-
HbIMW COTPYOHWMKAMM, acnupaHTaMu, cneymaancTtamm npoMbILLIEHHbBIX MPeanpuaTmn
N NPOMU3BOACTBEHHbLIX KOMMNaHWi B 061acTM MaTepuanoBefeHus, MoaennpoBaHua
CTPYKTYPHbIX NpeBpaLLleHnn, NCCNnegoBaHMsa U CO34aHUs HOBbIX METOAOB CUHTE3a,
YMPOYHEHUSA, UCTBbITAHUS U BOCCTAHOB/IEHNS CBOMCTB KOHCTPYKLUMOHHbBIX Matepuranos.

C6opHUK BxoauT B lNepeveHb HayudHbIX nsgaHui Pecnybnvkn benapycb ans
ony6/IMKOBaHMA pe3ynbTaTtoB ANCCEPTALMOHHbBIX NCCNeA0BaHWN, @ TakXKe BK/IIOYEH B
Poccninckunii tHAeKC Hay4YHOro LUMTMpPOBaHUS.
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This article analyzes the deformation properties of concrete with non-metallic fibers (co-
conut and cane) and steel fibers. Using two variables of normal stress (o, MPa) and different
concentration of fiber content (r, %), a computational experiment was carried out. During the
experiment, the properties of fiber-reinforced concrete samples with coconut, reed and steel
fibers and reference concrete samples for tension, bending and compression were compared.
The experiments led to the conclusion that all types of fibers can improve the mechanical
properties of structural concrete. An analysis of the test results showed that the best way to
improve the mechanical properties of concrete is to add 2 % reed or coconut fiber and 1.5 %
steel to the concrete mixture. During the experiments, it was found that due to the impact
strength of metal fibers, the compressive results of samples with steel fiber are much higher
than for samples with plant fibers, while the bending strength and tensile strength are higher
for samples with non-metal fibers. According to the results of the experiments, the relationship
between the mechanical stress of fiber-reinforced concrete is as follows: concrete with steel
fibers > concrete with reed fibers > concrete with coconut fibers.
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INTRODUCTION

Today there is an increasing interest in ecological and natural building materials and
methods. A large number of agricultural by-products plant fibers are widely used. For example
as bagasse, rice husk, jute fiber, reeds, balsam, straw and wheat straw, peanut shells, banana
bundles, corn husks and cobs, coconut shells, kenaf, cotton stalks, date palm fiber, durian,
oil palm fiber, pineapple leaves, tiger lily fiber, sunflower, and olive waste have been used
to develop new sustainable building materials. The reed is one of the most widely distribut-
ed plant species on earth, with perennial growth characteristics that allow it to be harvested
each year and re-sprouted and grown the following year. It is a widespread species in central
and eastern Europe. It grows in a wide range of habitats, mostly on lakeshores, micro saline
marshes, and tidal marshes, where a particular water table is below the soil level. As a multi-
national common plant fiber, it has been shown in many numerous studies that a large amount
of reed fiber is feasible for concrete applications. Many scientists carbonize reed fiber, grind it
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into a powdery substance, and add it to structural concrete. Alternatively, reed fibers are cut
and added to structural concrete. Natural fibers are used in concrete as a fibrous material to
improve cement or lime-based mortar; it can enhance the mechanical properties of concrete
wells and can be well used in green buildings [1, 2]. According to research studies, the bending
toughness of reed fibers is crucial for construction applications, which can withstand horizontal
stresses such as seismic shocks or wind. A significant advantage of composite reed fiber as a
reinforced brittle material is the bending resistance after cracking.

Moreover, using natural fibers has a fundamental role in improving the mechanical prop-
erties of composites. Postcracking toughness induced by natural fibers in cement materials
may allow the large-scale construction of such composites. The reinforcement is distributed
into the composite leading to the adequate capacity for sealing and bridging cracks under
flexural or tensile stress [3].

A great deal of research work has been devoted to the range of proportions of reed
fibers to be used in concrete and the exact proportional amount of fibers to be added to
ensure that reed fibers are used in concrete as a rigid material to improve the cementitious
base, thus ensuring a flourishing of green building materials. The latest tests in this field have
proven the good mechanical and thermophysical properties of blocks made from reed fiber
blends. Its thermal conductivity of the composite material is between 0.245-0.191 W/m-K), and
mechanical properties (compressive strength between 0.848-1.509 MPa and flexural strength
between 0.483-0.829 MPa). Using the above physical properties of reed fiber, the blocks
made from a mixture of cement, lime, and reed fiber were tested and compared with conven-
tional building materials such as hollow clay or hemp blocks of the same thickness and found
to have mechanical and thermophysical properties. It can meet the requirements of non-load-
bearing secondary structure masonry and have a better effect of heat insulation [4]. Materials
such as hemp and straw fiber are widely used in modern construction. However, the reed is a
commonly infested plant found everywhere on Earth, and its potential use has yet to be thor-
oughly studied. The Republic of Belarus is located in the European Plain. It is known as the land
of 10,000 lakes, which produces a massive amount of reeds, but only 2 % of reed fibers are
currently used in construction materials. Few researchers have studied it, and there need to be
more construction resources in Belarus due to the lack of a wide geographical area. Therefore,
this paper aims to study the application of reed fiber in concrete materials and to analyze the
mechanical properties, water absorption, corrosion resistance, and durability of reed fiber in
concrete. This paper aims to develop new reed fiber construction materials for the energy-sav-
ing renovation of green buildings in the Republic of Belarus.

Research ideas based on the use of agricultural by-products as natural building mate-
rial additions seem promising in today’s green building materials, which not only improve the
environmental pollution from crops as well as natural plant wastes but also comply with the
concept of renewable environmental resources conservation, in line with the economic model
of the carbon cycle, and are a world focus for reducing the energy demand and the environ-
mental impact of the construction industry. An important issue regarding the application of
reed fibers in structural concrete is which gradient of the number of reed fibers to be added to
the concrete specimens is used to improve the mechanical properties of structural concrete
effectively. The primary materials used in the experimental activity were reed fiber, cement,
coarse aggregate (1/2 graded fine stone), fine aggregate (natural river sand), coconut fiber,
steel fiber, water-reducing agent, and fly ash used for the needed comparison. In this paper, a
large amount of domestic and international literature on this issue has been studied, and the
literature review shows that the gradient equal substitution method can be used to test the
fiber additions to concrete effectively and to obtain the optimum fiber additions by comparing
concrete specimens without fiber additions to a benchmark group.



LITERATURE REVIEW STUDY

The literature on the increase of mechanical properties of concrete by plant fibers is
supported by domestic and foreign scientists as follows: scientists Montafia Jiménez-Espada
and Daniel Herrero-Adan in their research surface reed fiber as a new sustainable building
energy source and an environmentally friendly ecological material for construction, which has
at least It has structural properties that are at least similar to those of the ecological materials
currently used. Among the common mechanical properties, such as ultimate stress, yield
stress, and modulus of elasticity, reed concrete meets the development concept of green
building and the requirements of structural stress. It is a sustainable and biodegradable lignin
fiber material with excellent mechanical properties, strength, and stiffness. The various aniso-
tropic properties of reeds have a good application in concrete. They can significantly improve
the strength and stiffness of concrete, making it a strong candidate for environmental engi-
neering in today’s construction [5]. French scientists A. Laborel-Préneron, J. E. Aubert,
C. Magniont, etc. made a comparative analysis of the physical properties, mechanical proper-
ties, hygrothermal properties, and durability properties of various plant fibers used in civil con-
struction materials, which showed that the addition of fibers in concrete could reduce shrink-
age cracking of the concrete, especially in the application of gypsum concrete The use of plant
particles in the form of fibers is beneficial to enhance the cracking resistance of the compo-
nents. Of course, the thermal conductivity of plant fibers is very low, between 35-38 mW-m™-K",
which is a good insulating and thermal insulation material. In the experiments, the fibers should
be selected with a length no greater than 5 mm, a diameter no greater than 0.8 mm, and an
admixture ratio no greater than 3 % [6].Meheddene Machaka, Jamal Khatib, Safaa Baydoun, et
al. conducted an in-depth study on the properties of concrete with reed fiber addition, they
prepared four concrete mixtures with reed fiber addition of O to 1.5 %, with a water-cement
ratio of 0.5 %, and treated reed fibers of 40 mm in length and 2 mm in width using a 4 % con-
centration of NaOH solution. Tests included compressive strength, density, total water absorp-
tion, and capillary water absorption. The study showed that adding concrete with reed fibers
reduced the total submerged and capillary action water absorption by up to 45 %. There is little
reduction in the density and strength of reed fiber concrete. The optimum fiber addition in reed
fiber concrete is 1.5 %, and it is a feasible way to produce an environmentally friendly material
that can be used to produce sustainable building materials with adequate mechanical and
durability properties [7]. Ali Hasson Nahhab in concrete with different gradients of reed fibers
from 1to 6 % were added to test reed fiber concrete’s compatibility, compressive strength, and
splitting strength. The results showed that the fiber volume fraction at 2 % showed a huge de-
crease in compressive strength and a 40 % decrease in splitting strength relative to the normal
specimen concrete. Therefore, the optimal amount of reed fiber addition should be within 2 %
[8]. Chang-Seon Shon, Jong R. Kim, Deuckhang Lee, et al. conducted an in-depth study on
reed fiber mortar mixtures, which focused on evaluating the physical, mechanical, and thermal
properties of density, porosity, compressive and flexural strengths, and thermal conductivity of
mortar mixtures containing reed fibers. A 0.5 % steel fiber was also added to the reed fiber. The
results showed that adding reed fibers with lower thermal conductivity to the mortar mixture
would proportionally reduce its unit weight and significantly increase its absorption capacity
and porosity. Using reed fibers alone in mortar mixtures can enhance the compressive and
flexural strength of mortar mixtures to a small extent. However, the combined use of mixed
fibers made of reed and steel fibers to increase the compressive and flexural strengths has a
synergistic effect, increasing the strength of mortar mixtures [9]. experiments by D. Badagliac-
co, B. Megna, and A. Valenza. The results showed that the use of reed fibers resulted in a
significant increase in post-fracture bending toughness (KULT). The effect of reed fibers on the
flexural properties of natural hydraulic lime mortars can be applied in green construction. Pre-
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paring more ductile eco-compatible prefabricated bricks or laying mortars is also architectural
research using reed fiber. It can be a solution in manufacturing green buildings [10]. Sara Ibn-El-
Haj, Soumia Mounir, et al. conducted a series of experimental studies by combining reeds with
white cement to measure the thermal conductivity of reeds in construction. The results showed
that adding reed helped enhance the thermal insulation of white cement. Its thermal conduc-
tivity and density decreased from A____ = 0.75 Wm. The thermal conductivity of white cement
containing reed fibers was reduced by 25 %, which indicates the improved thermal insulation
of white cement with reed. It is well demonstrated that cementitious materials rich in reed fib-
ers can be used in large quantities in construction, and it has excellent properties of thermal
insulation and heat preservation [11]. Zainab Z. Ismail and Ali J. Jaeel applied giant reed ash
(GRA) in concrete mixes at 2.5, 5.5, 5.5, and 5.5%. The main conclusion that can be drawn from
this study is that the use of 7.5 % of reed ash (GRA) as a replacement for sand in concrete mix-
es is the best ratio to produce maximum compressive and flexural strength values. ratio. The
partial substitution as fine aggregate had no significant effect on the concrete color. The slump
test values of GRA-modified concrete decreased as the percentage of giant reed ash (GRA)
increased to 12.5 %. Despite the decrease in slump values, the GRA concrete mix was consid-
ered viable. Thus, reeds can also replace some fine natural aggregates after crushing, thus
highlighting their renewable and environmental properties [12]. The technical feasibility of con-
cretes with partial replacement of sand by giant reed aggregates has been previously evaluat-
ed by [13, 14], thus obtaining good mechanical performances but poor thermal ones. A study on
the properties of cement composites with the addition of common reed fillers in two different
sizes (2—10 and 10-20 mm) was carried out [15]. It was found that the fillers allow for obtaining
ecological, durable, and lightweight cement composites when subjected to mineralization pro-
cesses. As the findings and SEM observations show, the mineralization of the organic fillers
with solutions of aluminum sulfate and calcium hydroxide (ratio 1: 2) significantly affected the
contact zones tightness and improved adhesion between the filler and the paste. Coconut
shell fiber has a certain tensile strength. It can be used as a plant fiber reinforcement for ce-
ment mortar matrix, which is expected to improve It is expected to improve the flexural strength
of the cement matrix and improve the brittle damage properties. Adding coconut shell fiber
can reduce the use of sand and gravel in concrete, reduce the density, and prepare lightweight
filler materials with good overall mechanical and physical properties [16]. Coconut coir fiber is
350 mm long, has a 0.12 diameter of 0.25 mm, and has a 1250 kg/m? density. Coconut fiber has
one of the highest amounts of lignin coating, making it stronger than most other natural fibers
[17]. Coconut fiber and sisal fiber as renewable natural fiber materials can enhance the growth
and sustainability of the construction industry. They can improve the performance of concrete.
Majid Ali et al. [18] discussed coconut fiber reinforced concrete and concluded that the perfor-
mance varies with fiber length, and the strength of CFRC can be higher or lower compared to
normal concrete. Tests also confirmed that coconut concrete fibers could improve their flexur-
al toughness. Xiaoxiao Zhang and Leo Pel [19] studied the effect of coconut fiber on the hydra-
tion and shrinkage of cementitious materials on concrete, where the dry shrinkage of LWAC
increased, and the self-shrinkage decreased after adding coconut fiber to concrete. The fibers
enhanced the strength and toughness of LWAC. Compared with other fibers, steel fibers have
the advantages of high stiffness, high modulus of elasticity, and tensile strength. Steel fiber
concrete (SFRC) has excellent tensile and flexural properties [20] and has been widely used as
a structural material. In order to improve the reinforcing effect of steel fibers, the reinforcing
mechanism of steel fibers on concrete has been extensively studied. The reinforcing effect of
steel fibers is mainly influenced by the fiber content, type, geometry, and strength of the con-
crete matrix [21]. When the volume fraction of steel fibers is greater than 1.0 %, the axial com-
pressive strength remains almost constant. Other studies have shown that for medium to high-

9



strength concrete, the compressive strength increases by 25 % as the volume fraction of steel
fibers increases from 0.5 to 1.5 % [22]. It has also been demonstrated in the literature that
adding steel fibers to concrete increases the compressive strength of concrete by about 4 to
19 %. So steel fibers in concrete significantly increase concrete’s splitting tensile strength and
flexural strength [23]. The research of the above scientists on reed fiber, coconut shell fiber,
and steel fiber shows that reed fiber, coconut shell fiber, and steel fiber as blended into the
concrete mixture can not only improve the mechanical properties, mechanical properties ther-
mal conductivity of concrete but also is an excellent new green building material, which can
solve the problems related to the shortage of construction resources and development of
green buildings in Belarus.

The focus of the work studied in this paper is to analyze the performance assessment of
reed fibers on structural concrete mixtures as base materials and to use the basic mechanical
properties as well as the physical properties of reed fibers in order to design a series of new
building materials that can be used in green buildings and building components of existing
buildings (e.g., reed fiber structural concrete and reed fiber derivatives such as bricks, blocks,
panels, and loose insulation partition panels) for energy-efficient retrofits.

We proposed the following experimental design based on the above analysis of the total
literature and the practical idea of reed fiber application in structural concrete. We conducted
a relevant experimental comparison study of reed, coconut shells, and steel fiber.

MATERIALS AND CONCRETE MIXING METHOD

In order to study the mechanical properties of reed fiber concrete under composite
shear, standard cubic specimens were designed for composite shear tests with the substi-
tution rate, everyday stress, and reed fiber admixture as variation parameters. The damage
morphology of reed fiber concrete under direct and compressive shear was observed, and its
full process shear stress-displacement curves under direct and compressive shear were ob-
tained. The effect of substitution rate, everyday stress, and reed fiber admixture on reed fiber
concrete’s shear strength and peak displacement was analyzed in depth. The experiments
aimed to determine the optimum admixture value of reed fiber and the shear strength of reed
fiber concrete. We also used steel fiber and coconut fiber as a comparison control group to
determine the effect of reed fiber on concrete to compare and analyze the mechanical proper-
ties and environmental and economic values of ordinary concrete with coconut fiber concrete,
steel fiber concrete, and reed fiber concrete. The reed fiber is shown in Fig. 1 and 2 below, the
coconut shell fiber in Fig. 3 below, and the steel fiber in Fig. 4 below.

Fig. 1. Uncrushed reed fiber Fig. 2. Crushed reed fiber
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Fig. 4. Steel fiber

Fig. 3. Coir fiber

Raw materials and mix proportion design. R42.5 ordinary silicate cement was used;
natural coarse aggregate was ordinary crushed stone (0/5 grain size 5-10 mm, 1/2 grain size
10—20 mm, 1/3 grain size 16—31.5 mm), the coarse aggregate grain size was 10—20 mm, contin-
uous gradation, the fine aggregate was natural river sand from Minsk Sea; mixing water was
laboratory tap water; coconut shells treated with 4% NaOH solution were used. Fibers (100—
450 um diameter, 100—250 mm long, 2-3 mm wide, 112 g/cm?® density) reed fibers (40 mm
long, 3-5 mm wide, 0.45 mm diameter, 1.7 g/cm?® density), steel fibers (37 mm long, 3 mm wide,
0.9 mm diameter, 7850 mm density) 0.9 mm, density 7 850 kg/m?3; tensile strength greater than
1150 MPa.) The ratio design is based on a O % replacement rate, a target design strength of
C35, and a standard design slump of 180-220 mm. The physical properties of the materials
are shown in Table 1, The mix ratio of fiber concrete is shown in Table 2, and High efficiency
water-reducing agent-related indicators are shown in Table 3.

Table 1
Physical properties of materials
Properties and materials | BONET s | BK Y | e | content % | absorption %
Natural Coarse Aggregate 2609 1450 18 0.07 0.43
Sand 2635 1640 - 0.45 -
Reed fiber - - - 110 4.85
Coconut fiber - - - 4.8 16.3

SEM electron microscopy scans of reed fiber, coconut fiber, and steel fiber are shown in

Fig. 5a, 5b, and 5c¢ below.
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Fig. 5: a — reed fiber, b — coconut fiber, ¢ — steel fiber
Table 2
Fiber concrete ratio
Concrete material dosage g/cm?
Fiber :/(\)/a;se; natural Coarse fiber K
dosage, % : cement, | water, | sand, Aggregate, kg » K9 water
ratio kg L kg Reducer
0/5 | 1/2 | 1/3 | coconut |reed| steel
0 0.45 400 180 | 730 | 110 | 550 | 440 0 0 0 4.0
0.5 0.45 400 180 | 730 | 10 | 550|440 25 25 | 3.875 4.0
1 0.45 400 180 | 730 | 10 | 550|440 50 50 775 4.0
1.5 0.45 400 180 | 730 | 110 | 550 | 440 75 75 | 11.625 4.0
2 0.45 400 180 | 730 | 110 | 550 | 440 100 100 | 15.5 4.0
2.5 0.45 400 180 | 730 | 110 | 550 | 440 125 125 [ 19.375 4.0
3 0.45 400 180 | 730 | 110 | 550 | 440 150 150 | 23.25 4.0
Table 3
High efficiency water reducing agent related index
Water reduction : o . Chlorine ion Cement net slurry
rate, % Solids content, % Density, g/mL content, % flow, mm
26 35 112 0] 230

Mixing procedures. This study designed standard cubic specimens with dimensions of
100x100%x100 mm using normal stress and fiber content substitution rate (reed fiber, coco-
nut shell fiber, steel fiber) as variation parameters. Under normal stress (o, = 0), Direct shear
and compressive shear tests were conducted on 6 groups of samples (24 specimens in each
group, totaling 144 specimens) with non-metallic fiber addition amounts (r) of O, 0.5, 1, 1.5, 2,
2.5 and 3 % at O; 3 and 6 MPa, respectively. In addition, the same number of prismatic samples
of 150x150x550 mm were used for Flexural strength and toughness tests. Refer to the exper-
imental method of concrete control samples in Belarus GOST 10180-2012. [24]. The detailed
parameters are shown in Table 4.
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Table 4

Specimen parameters table

Plain concrete Reed fiber concrete Coconut fiber Steel fiber concrete
Number concrete

o, MPa r,% o, MPa r,% o, MPa r, % o, MPa r,%
C1 0 0 0 0.5 0 0.5 0 0.5
C2 0 0 0 1 0 1 0 1
C3 0 0 0 1.5 0 1.5 0 1.5
C4 0 0 0 2 0 2 0 2
C5 0 0 0 2.5 0 25 0 2.5
C6 0 0 0 3 0 3 0 3
C1 3 0 3 0.5 3 0.5 3 0.5
C2 3 0 3 1 3 1 3 1
C3 3 0 3 1.5 3 1.5 3 1.5
C4 3 0 3 2 3 2 3 2
C5 3 0 3 2.5 3 25 3 25
6(S) 3 0 3 3 3 3 3 3
C1 6 0 6 0.5 6 0.5 6 0.5
C2 6 0 6 1 6 1 6 1
C3 6 0 6 1.5 6 1.5 6 1.5
C4 6 0 6 2 6 2 6 2
C5 6 0 6 25 6 2.5 6 2.5
C6 6 0 6 3 6 3 6 3

Test methods and setup. Experimental test method introduction: using DS2-1000N com-
pressive strength tester for the design size of 150x150x150 mm standard cubic specimen con-
crete specimens and fiber concrete specimens with different kinds and gradients added to the
axial compressive test, followed by the use of «hydraulic pressure tester — GB/T3722» tester
for the size of 150x150x600 mm standard prismatic concrete specimens and the addition of
different types, gradients of fiber concrete specimens for the flexural test, with a top 100 mm,
bottom 200 mm, 300 mm high trumpet-shaped slump bucket, filled with concrete in three fill-
ings, each filling with a pounding hammer along the wall of the bucket evenly from the outside
to the inside 25 blows, pounding, smoothing. Then pull up the bucket, the concrete collapse
phenomenon due to self-weight, and record the height of the highest point of concrete after
the collapsing with the height of the bucket (300 mm) minus collapse. After all the tests are
completed, the test data results are recorded in an EXCEL spreadsheet.

THE EXPERIMENTAL RESULTS ARE AS FOLLOWS

In order to determine the architectural utility and mechanical properties of reed fiber,
coconut fiber, and steel fiber concrete, we need to test the slump, tensile strength, and flexural
strength of specimens raised for 7 and 28 days to obtain relevant data and analyze its relevant
mechanical properties and the scope of architectural use. The fabrication of the specimen is
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shown in Fig 6a and 6b, the flexural tests are shown in Fig 7a and 7b, the compressive tests
are shown in Fig 8a and 8b, and the test results are shown in Tables 5 and 6. The slump meas-
urements of reed fiber, coconut fiber, and steel fiber are shown in Table 7.

Fig. 7: a — specimen bending resistance, b — specimen bending resistance

Table 5
Normal stress (o ) 0 MPa at reed fiber, coconut fiber, steel fiber 7,
28 days flexural strength
Substitution Plain concrete Reed fiber Coconut fiber Steel Fiber
parameters Mpa Mpa Mpa Mpa
Number
o,MPa| % 7d 28d 7d 28d 7d 28d 7d 28d

C1 0 0.5% 3.6 41 41 5.0 3.9 4.9 41 4.9
C2 0 1% 35 3.9 4.0 4.9 41 4.8 4.2 51
C3 0 1.5% 3.9 4.5 4.3 5.8 4.0 57 4.6 6.0
C4 0 2% 41 4.2 4.8 5.9 4.5 5.9 4.8 5.8
C5 0 2.5% 4.0 4.2 4.5 54 4.2 5.3 4.6 5.3
Co6 0 3% 3.8 4.0 4.4 4.9 4.4 47 4.5 4.8
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Fig. 8: a — specimen compressive, b — specimen compressive

Table 6
Normal stress (o ) O MPa at reed fiber, coconut fiber, steel fiber 7,
28 days compressive strength
Substitution Plain concrete Reed fiber Coconut fiber Steel Fiber
parameters Mpa Mpa Mpa Mpa
Number
o,MPa | r,% 7 28d 7d 28d 7d 28d 7d 28d
C1 0 05| 358 441 35.2 441 33.2 43.5 34.8 53.6
C2 0 1 35.1 423 37.6 45.6 351 46.7 36.6 521
C3 0 1.5 | 36.3 42.8 401 43.8 39.6 473 46.3 54.5
C4 0 2 38.6 415 43.8 50.7 43.2 49.2 445 52.8
C5 0 25| 390 40.2 415 48.3 421 46.5 452 501
C6 0 3 38.3 42.5 40.6 43.9 427 431 45.6 51.2
Table 7
Reed fiber, coconut shell fiber, steel fiber slump measurement
Slump measurement (mm)
Number
Plain concrete Reed fiber Coconut fiber Steel Fiber

1 195 190 196 190

C2 180 200 204 185

C3 185 205 198 200

C4 198 205 203 198

C5 200 195 210 200

(6(5) 205 210 216 210

In order to explore the different functions of using reed fiber concrete, steel fiber con-
crete, coconut fiber concrete, and ordinary concrete in green building materials as well as
the different mechanical properties (tensile and flexural), Analyzing our experimental data can
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be concluded that all three fibers can increase the mechanical and mechanical properties
of concrete at normal stress o, = 0 MPa and are correlated. The best admixture ratio of reed
fiber concrete and coconut fiber concrete is 2 %, which can effectively enhance the mechan-
ical properties of concrete both in 7-day flexural and compressive; and 28-day flexural and
compressive. The optimum admixture ratio of steel fiber is 1.5 %, and the steel fiber is much
higher than the plant fiber in increasing concrete’s flexural and flexural properties. This finding
(optimum admixture ratio of plant fibers) generally agrees with the results of Yashwanth M Ka,
Sushmitha G S in Evaluation of Compressive Strength of Coir Fibre Reinforced Concrete [25].
It shows that our scientific test data are rigorous and play a crucial role in the research work
of this paper. It provides new directions for scientific researchers in the Republic of Belarus on
new green building materials.

CONCLUSION

Therefore, this study aimed to show the relationship between the application of fiber
materials in concrete and the mechanical properties of fiber materials added to concrete. The
study results show that both metallic and non-metallic plant fibers enhance the mechanical
properties of concrete. Furthermore, the compressive and flexural strengths of the concrete
specimens were improved compared to those of ordinary concrete.

The research aims to solve the resource shortage and environmental protection prob-
lems of green building materials in the Republic of Belarus. In order to utilize existing resources,
develop new energy-saving and emission-reducing building materials, and achieve sustaina-
ble development. Therefore, there is a need for new materials that can ensure the develop-
ment of the economy, environmental protection, and durability.

In conclusion, our data show that coconut shell fiber, reed fiber, and steel fiber can all im-
prove the mechanical properties of concrete. Through our tests, we conclude that the optimum
admixture ratio of non-metallic plant fibers (reed fiber and coconut shell fiber) is 2 %. Under
the same ratio, the flexural strength of reed fiber concrete increased by 1.7 Mpa and compres-
sive strength increased by 9.2 Mpa, while the flexural strength of coconut shell fiber concrete
increased by 1.7 Mpa and compressive strength increased by 7.7 Mpa compared with normal
concrete. In contrast, the bending of non-metallic plant fibers can improve the flexural strength
of concrete, while steel fibers improve the compressive strength of concrete much greater
than non-metallic plant fibers. The results of the experimental comparison study show that the
flexural strength of non-metallic plant fiber is higher than steel fiber, and compressive strength
is lower than steel fiber, but the difference is not significant. There is a gradient replacement.
However, non-metallic plant fibers are inexpensive and primarily agricultural waste, which can
provide sustainable energy for buildings, while steel fibers are expensive and non-renewable.
Therefore, non-metallic plant fiber is an essential energy source for new building materials in
the future construction industry.
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B/IMAHUNE TMAPOCTATUYECKUX HAITPY30OK HA AMHAMUYECKUE
CBOWCTBA METAJ1J10B U CIMJIABOB NMPU MNJIACTUYECKOM
OEDPOPMNPOBAHNA

'N1. C. Bacunbes, 2W. J1. Jlomaes

'YamypTckuii chegepanbHblii nccriegoBaTenbCckuii LeHTp YpO PAH,
r. Mxesck, Poccuinckasa ®egepauns
2WHcTuTyT cbusnkm metannos YpO PAH,
r. EkatepnH6ypr, Poccuiickaa degepaums

B paborte npoBegeHO TEOPETUHECKOE UCCAEAOBAHNE BIINSTHUST CKUMAKOLLNX BHELLHUX
ruapoCTATUYECKMX HArPYy30K HA PEO/IOrMYEeCcKne U ANHAMUYECKUE CBOVCTBA MN/1ACTUYECKU
Aechopmupyembix MeTasi/10B M Cr/IGBOB PU KOHEYHbIX TeMNepaTypax. YCTaHOB/IEHO, HTO
Haubosiee YyBCTBUTE/IbHbIMU K TMAPOCTATUHYECKUM HArPYy3KaM rnapamMetTpamMm cpedbl siB/is-
OTCS MOAY/IN Yripyroctu U n30bITOYHbIN 0O0beM, BHOCUMbIN AUC/IOKAUMSIMU. [1o/1yYeHbl KO-
JIMHECTBEHHbIE COOTHOLLIEHMS], MO3BO/IIOLUMNE OLEHUTb B/IUSTHUE 3TUX MNAPAMETPOB HA MN04-
BUXKHOCTb [AUC/IOKALUMA W BSI3KOCTb [/1QCTUYECKMU feopmupyemon cpeael. [NpuseneHsl
YMUC/IEHHbIE [AQHHbIEe, MOKA3bIBAKOLYME CYLIECTBEHHOE [10BbILLIEHNE BS3KOCTU Cpedbl rpu
BHeLlHuX gasaeHusx p > 11Tla.

KnroueBble cnoBa: [11acTMYHOCTb METAN/OB, rmapocrtatmdyeckmne Harpysku, gncanokauumu, pe-
onornyeckmne COOTHoLLeHNA

INFLUENCE OF HYDROSTATIC LOADS ON THE DYNAMIC
PROPERTIES OF METALS AND ALLOYS UNDER PLASTIC
DEFORMATION

'L. S. Vasil’ev, ?I. L. Lomaev

"Udmurt Federal Research Center UB RAS,
Izhevsk, Russian Federation
2Institute of Physics of Metals, UB RAS,
Yekaterinburg, Russian Federation

A theoretical study of the effect of compressive external hydrostatic loads on the rheo-
logical and dynamical properties of plastically deformed metals and alloys at finite tempera-
tures has been carried out. It has been established that the most sensitive to hydrostatic loads
parameters of the medium are the elastic modules and the excess volume introduced by
dislocations. Quantitative relationships are obtained that allow one to estimate the influence
of these parameters on the mobility of dislocations and the viscosity of a plastically deformed
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medium. Numerical data that shows a significant increase in the viscosity of the medium at
external pressures p > 1 GPa, are presented.

Key words: Plasticity of metals, hydrostatic loads, dislocations, rheological relations

e-mail: VasilyevLS@yandex.ru

BBEAEHUE

BHewHee gaBneHMe MOXeT CyLLEeCTBEHHO U3MEHATbL MEXaHNYEeCKMe CBOMCTBA pasnny-
HbIX MaTepmanoB. DKCNepuMeHTbl N0 06paboTke MeTan/I0B AaBNEHNEM NOKa3bIBAOT, YTO MpU
CKuMatoLweM gasnenmn p > 1 1Ma 3HauYnTenbHO yBEANYMBAETCA NAAaCTUYHOCTb MHOMMX Me-
TaNMoOB 1 CM/JaBOB N OOHOBPEMEHHO BO3pPAacTaeT UX YCTOMYMBOCTb K paspyLlenuto [1, 2]. 31o
O3HAYaeT, YTO rMagpocTaTMyecKme Harpy3ku OkKasblBalOT 3aMETHOE B/INSHWE Ha gMHaMu4e-
CKOE€ noBefeHne gmcaokaunii. Ho nockonbky gaBreHne MOXET B3aMMOAENCTBOBATb TOMbKO
C 06beMHbIMKN gedopmaunamm, ana Toro, YTobbl ero BAUSHNUE Ha gUcnokKaumn 6bi/10 3aMeT-
HbIM, HeO6X0OMMO, YTOB6 Ancnokauum obnaganu onpegeneHHbiIM 06 beMOM.

Mopgo6Horo poga ahheKTbl MOXHO OOHapPYXUTb U B psage Opyrmx npoueccos husu-
KO-XMMUYEeCKOoI 06paboTKKn CniaBoB.

B wactHOCTM, B nmocnegHee BpeMSA LWMPOKO MPUMEHAKOTCS MPOLECChl NOAYyYEeHUA He-
paBHOBECHbIX CM/IaBOB METOAOM MEXaHOCM/IaBMEHNSA MOPOLLUKOBbLIX META/ITIUYECKUX CUCTEM
pPas3/IMYHOro xmMmyeckoro coctaBa. OCHOBHash OCOOEHHOCTb 3TUX TEXHO/IOMMA COCTOUT B
MOMYYEHNN HOBbIX MO XMMUYECKOMY COCTaBY CM/IaBOB C MOMOLLbIO CO34aHUSA B HUX BbICOKO
ANCNEPCHOW HAHOCTPYKTYpPbl, KOTOpPaa CMoCOOCTBYET aHOMA/IbHO BbICOKOW pPacTBOPMMOCTH
pas3/inyHbIX BELLECTB B MeTasnax. BaxHo, 4TO HaHOCTPYKTypa BO3HWKAET TOMbKO Mpu nna-
CTUYECKOM AehopMMpOBaHMN METANIOB B YCTOBUAX BbICOKUX MMAPOCTaTUYECKNX Harpy3Kax.
Mpn aTOM, B Npouecce co3gaHNs HAHOCTPYKTYPbl SKCMEPUMEHTaIbHO HabNK4aEeTCsa yBeNu-
yeHne obbema matepmana. [ogobHble yCOBMA AOCTATOYHO MPOCTO OCYLLECTBAATCA Mpu
aedopmaumMoHHON 06paboTKe YacTul MOPOLUKOB B LLIAPOBbLIX MaHeTapHbIX MenbHuuax [3]
M NPV paBHOKAHa/IbHOM Yr/IOBOM MpeccoBaHun metannos [4]. Teopua o6pa3oBaHUS HaAHO-
CTPYKTYp MogpobHO paccmaTpuBanacb B paboTtax pas/iMyHbix aBTOpoB (Hanpumep, [5, 6]). B
nTore ObI/I0 MOKA3aHO, YTO OCHOBHAA PO/ib B 06pPa30BaHNM HAHOCTPYKTYPbl OTBOAUTCS NPO-
Leccam AMHaAMN4YeCKOM pekpucTanimsaumm n ABOMHNKOBaHUA C 06a3aTelbHOM NoaaepPXXKOM
3TUX MPOLLECCOB AMNCIOKALMOHHBIMK NoTokaMn. CnegoBatenbHO, AMHAMUYECKOe NoBeAeHME
ANCNOKaUMIA B YC/IOBUSAX TMOAPOCTAaTUHECKOrO CXAaTUSA SBNSETCS ONpeaenaolmm He TOMbKO
ANS NOBbIWEHNS MACTUYHBIX CBOMCTB MaTepuasioB, HO U 4719 NPOLECCOB CO34aHMA HaHo-
CTPYKTYPMPOBAHHbIX CM/1aBOB C OCOObLIMW CBONCTBaMM.

Llenb paboTbl COCTOUT B MOMYHYEHUN KOMMYECTBEHHbIX OLIEHOK BMAHUA AaB/EHUSA Ha
NOABWMXXHOCTb ANCIOKALMIA 1 AMHAMUYECKME CBONCTBA NacTM4eckn aehopMmupyembix MeTan-
/10B 1 CNM1IaBOB MNPU KOHEYHbIX TeMNepaTypax.

MOCTAHOBKA 3A0AYU

Peonorua n gnHamnyeckmne cBomncTea 000N MatepuranibHOW cpebl onpeaensgeTcd ge-
hopMaLMOHHbIM OTK/IMKOM Cpefbl Ha BHELLHEE TEPMOMEXaHN4YeCcKoe BO3eCTBME.

B ctatMyeckoM COCTOSIHMM MPU HaMOXEHUM Ha YNPYrylo cpedy rmapoctatM4yeckon Ha-
rPY3KM MEHAETCS CBA3b MEXAY YNPYrMMn Hanps>XeHnsaMu u geopMmaunsamm n3-3a nsmeHe-
HUIA Modynewn ynpyroctn cpedbl. 9TM U3MEHEHUSA MOryT OKa3aTbCs 3HAYMMbIMU TOMbLKO MpPWU
AOCTAaTOYHO 60/1bLUMX 3HAYEHUAX BETMUYNHBI BHELIHEro AaBNEHUS.

Mpu nnactnyeckoM gethopMUpOBaHUN Cpedbl €e OTK/IMK Ha BHeELUHee BO3JenCTBue
B MEepPBYIO o4epedb 3aBUCUT OT NOBEAEHUA OCHOBHbIX HOCUTE/er nnactmyeckon gedopma-
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UMK Nofd AeCTBUEM BHELUHUX TEPMOMEXaHNYECKNX Harpy3okK. [pu KOHeuHbIX TeMnepartypax
300K <T<1000 K OCHOBHbIMW HOCUTENSIMW NNACTUYECKOM AehopmaL My B MeTa/lIMYECKNX CU-
cTemMax aBnsatoTCa ancnokaunn. CnegoBaTtesbHO, MPY 3a4aHHbIX YCNOBUAX ONMpeaenstowmmm
hakTopamu 6yayT AMHAMMYECKME CBONCTBA ANC/IOKALMIA B rMApPOCTaTMYeCKM CKaTon cpeae.

lNoBegeHne gncnokKaumi Npu BHELHUX TEPMOANHAMUYECKMX BO3AENCTBUAX onpeaens-
€TCHA OCHOBHbIMW XapaKTepPUCTMKaMM Nonsa gedopmanmii, KOTopble UCNOKaUMa reHepupyeT
B cnnaBe. VI3 Teopun NMHENHOM AMCMOKaLMN U3BECTHO, YTO 3TO Mosie 3aBUCUT OT MoAynd
yMpyroctn matepuana n BeninmuunHbel Bektopa bioprepca [7]. CnegoBatensHoO, Npu paccMoTpe-
HUM ONHAMUKU ANCNOKALUMIA yYeT 3aBMCUMOCTI YNPYrnx Moaynen cpefbl OT AaBNEHNSA TakxXe
CTaHOBUTCS aKTyaslbHbIM.

C opyrovi CTOpOHbI, AaB/eHne ABAFeTCS TEPMOANHAMMNYECKON NEPEMEHHOM, COMPSXEH-
HOM K 06beMmy. [NoaTomMy ntobble 06beEMHbIE U3SMEHEHUS, BHOCKMMbIE ANCIOKALMSAMN B N1aCTU-
yeckn gedopmmpyemyto cpeay, OyayT 3HaUYMMbl MPU HANTOXKEHUM K MaTepuany rugpocratmye-
CKoOW Harpy3ku. B paboTe [8] 4OKa3aHO, YTO U3ObITOYHbIA O6BEM Y AUCMOKALUMA CyLLecTByeT
BCerga un aBngeTca c/iefiCTBMEM HENMMHENHOW CBA3KW AedopMauum ¢ Hanps>XeHnamm. Heoo-
XOAUMOCTb y4eTa HeMMHERHbIX 3P EKTOB B TEOPUN B3aUMOAENCTBUA ANC/IOKALMM C MONEM
rMopoOCTaTMYECKOWN Harpy3KM CBA3aHa TakXXe C TEM, YTO NPW AOCTAaTOYHO BbICOKMX 3HAYEHUSX
OaBNEeHNAX HENVMHENHbIE 3hheKTbl NpU 4ehoOpPMUPOBAHNM CTAHOBSATCS CYLLECTBEHHbBIMMU.

Taknm o6pa3om, Hanbosee BaxXHbIMU haKTOpamu, BANSIOWNMM HA PEOIOTUI0 N ANHA-
MUUYECKOe MnoBefeHne cpeabl Npu naacTM4eckoM AeOpMUPOBaHUM B FMAPOCTaTUYECKOM
cXatum cnegyeT cumTaTbh 3aBUCMMOCTb MOAY/IEN YyNPYroCcTn crniaBa OT BE/IMUYNHbI JaBIEHUS U
B3aMMoAenCcTBme faB/eHuns C U36bITOYHbIM OO bEMOM ANC/IOKALMIA.

HEMMHEWHBbIA XAPAKTEP 3ABUCUMOCTU
MOAY/NEW YMNPYIOCTU CPEQbI OT AABJ/IEHUA

3aBUCUMOCTb YMNPYrnx XapakTeEpPUCTUK cpefbl 0T 06beMHOM aedopMaunnm € MOXHO
onpeaennTb, NCNoMb3ysa MeToA, NPeanoXeHHbln B paboTe [9]. PaccMOoTpum 3Ty 3aBUCUMOCTb
B paMKax mogenun [debaa u ogHomnapameTpuieckoro npubnmxeHus IptoHanseHa [10]. B atom
NPMOGIMXEHNM NOCTOAHHANA ['ploHaM3eHa Y hnkcrMpoBaHa ans Bcex BeTBel POHOHHbIX Kone-
GaHN KPUCTaNIMYECKOM peLleTKn 1 onpeaeneHa BblpaXXeHnem
:ﬁln(oj(k)' 0
olnV

3pecb V — o6bem pelleTkn Wj(k) (f =1, 2, 3) — yacToTa j-oii BeTBM (pOHOHA C BO/IHOBbIM

BEKTOPOM K:

o, (k)=ck, (2)
rAe C, — CKOPOCTb PAaCNPOCTPaHEHNs j-Oi BETBU (hOHOHa MO KPUCTaN/IMYECKOW peLleTke, k —
MOy b BO/THOBOIO BEKTOpPaA.

B pamkax mogenu [le6aqa paccMaTpmBatoTCA TONIbKO NPoAo/bHbIE (/) M ABe nonepeyHble
(t) BeTBM KONeBaHuin. Mix CKOPOCTKN CBSA3aHbl C MoAayem cxatma cpeabl K n KoadhhuumeHTom
[MyaccoHa n COOTHOLLEHNAMM

c - 3K(1-v) 3
h p(1+v) ’ 3)

(4)

rae p — NIOTHOCTb CrjaBa.
BoipaxeHus (1)—(4) no3BOAAOT HANTN 3aBUCUMOCTb BENYMH K 1 n OT 06 beMHON gedop-

MaLuumn €: L Vie)-V, » -
T V(g) '
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3necb V(g) n V, — o6bembl cpeabl A0 1 nocne aethopmaLmnm COOTBETCTBEHHO.
[na storo nponHterpupyem BoipaxeHue (1) no o6bemy. B pesynbTtate nonyunm:

wj(V,k)_ ﬁ Y_ Ry
co,(vo,kf[vj =(1=e) ©

[NprMeHsas 3TO BblpaXkeHne 419 Kaxaonm u3 Betseint (hOHOHHbIX KoieGaHnn 1 UCnosb3ys
COOTHOLLEHME (2), MONYyUUM:
c;(e)=c,(0)1-¢)", (j=1,2,3). (7)
OTMeTUM JOMOMHUTENBHO, YTO MIOTHOCTb CPeAbl TaKXKe 3aBUCUT OT 0ObeMHOI aedop-
Mauum € no popmyne:

p(e) = p(0)(1-e). (8)

Ortctoga v ns BoipaxeHui (3), (4) Haxogum
K(e) =K, (1—¢)*"", (9)
v(e) = v(0). (10)

Mcnonb3ysa 3T BblpaXKeHWs, MOXHO HaWTU HENWMHENHYO CBA3b MeXAY AaBNEHNEM P U
o6beMHoOM gedopmaumeit €. [1n19 3TOro NPONHTErPUPYEM COOTHOLLIEHME

1 _lia_‘/j ' ()
K V{adp ),
Monarasa specb V=V /(1 - €), ucnonbsys popmyny (9), Haxoanm:
dp = —K,(1—¢)”'de. (12)
[Nocne MHTerpMpoBaHUs NOTYYNM:
ple) = %{(1 —g)"" —1}. (13)

Pelasa 370 ypaBHEHNE OTHOCUTESIBHO € UMEEM:
1

(271
PRY+T) 1B (14)

0

e=1-

N3 dopmyn (9), (13) BuaHo, yto npm ptl NMa HeNnMHENHbIE NOMPaBKXM MOryT BHOCUTb
3aMeTHbI BKNaA B BENYUHY YNPYrMx Moadynei CrniaBoB U B PeO/IOrMyYeckme COOTHOLLEHMS
Mexay Hanps>XXeHUAMU 1 ynpyruMm gecopMaumsMm cpeasbi.

MN3BbITOYHbIA OB BEM ANC/TIOKALIMIA

B pa6ote [8] ObI/I0O NOKA3aHO, YTO M3-3a TOro, YTO MOTEHUMANbl MEXATOMHbIX B3au-
MOOENCTBUI B CrnflaBax He CUMMETPUYHbI OTHOCUTE/IbHO CMELLEHNUS aTOMOB U3 MOMTOXEHWN
paBHOBECUKSA, AMCOKALMN AOMKHbI UMETb U30bITOYHbLI 06beM. OgHaKO He BCce Modenu amc-
noKauuii gonyckatoT ero cylectsoBaHue. Heo6xoanMbiM yCNnoBMEM A1 TOro, 4ToObl auc-
NOKaUMOHHaA MoAenb MO3BO/SAa Yy4YMTbiBaTb U30bITOYHbIA OO6bEM AMCNOKAUMWU SBNAETCS
NMPUHATME NPEeanoNIoXEHUs, YTO NMOWaAb NONEPEeYHOro CeYeHnsa aapa aMcnokaumm nmeet
KOHeYHoe (HeHyneBoe) 3HavyeHne. Matematnyeckoe onmcaHne 3Toro NpeanosioXeHnsa CBo-
ANTCS K TOMY, 4TO pasMepbl Agpa AMCIOKaLUN B 3TOM CeYEHUN ONpeaenatoTcs ABYMS napa-
MeTpaMu: § — NOMYLUMPUHON B MTOCKOCTU CKOMTbXEHUA 1 &, — NOMYLUIMPUHOK B HampasieHuu,
OPTOroHasIbHOM M/IOCKOCTU CKOMbXeHUA (puc. 1).

KpynHbIMM TOUYKaMn 0603Ha4YeHbl aTOMbl KPUCTANNIMYECKOM PELLETKU, IMHUN 0OO03Ha-
YaloT KpUCTanIM4eckme NIoCKoCTy; 28 1 2 §, — pasmepsbl A4pa (3alWTpnxoBaHHas 06/1acTb)
BOOMb ocei X 1 Y COOTBETCTBEHHO; F 1 F 00603Ha4aloT CKMMalolme 1 pactarnsatlolime
Harpy3sku BAO/b MNOCKOCTEN aa@’ W bb’, orpaHMYMBalOWLMX AP0 AMCOKALMN B MNOCKOCTU
ckonbxeHus (X, 0, 2).
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Puc. 1. CTpykTypa a4apa NnpsMOMHERHON KpaeBOW ANCIOKALUN NPOCTON KyOMYEeCKOM peLleTku B
nnockoctu (Y, 0, X), opToroHasbHOM NMHUM ANCIOKaLMK, nexallei Ha ocn Z

Mo ananoruu c Teopuen lNMariepnca — Habappo [7] B paboTe [8 [npuHATO, 4TO hopma
A[pa KpaeBoi AUCIoKauMuM B ee MOoMepeyHoOM CedyeHun onpepensieTca pacnpeneneHmem
3N1EMEHTapHbIX ANCAOKaLNi B BUAe

p(x,y) = bp,(x)p,(¥), (15)
pA(XA)=L i=1,2 16
J\T n(xf+gi)’ (/_ ’ ) ( )

roe X, = X — 0Cb KOOPAMHAT B M/IOCKOCTH CKOJIbXEHUA AnCIokaumn, X, = Y — 0Cb KOOPAK-
HaT B HanpaB/IeHMW, OPTOroOHasIbHOM M/IOCKOCTN CKOMbXeHud. [10ockocTb koopanHat (X, O,
Y) aBNAeTCs OpTOroHasibHbIM CEYEHNEM NIMHUM AUCMIOKaLNKN, KacaTe/lbHbI BEKTOP K KOTOPOM
napanneneH NpoCcTpaHCTBEHHOW KoopauHaTte Z cucteMbl koopauHart (X, Y, 2).

PacnpegeneHune gunataumm B NpoCTPaHCTBE BOKPYr NPSAMOIMHENHOM BAOMb OCK Z Kpa-
€BOW AMc/1oKaumu, B 3TOM cnydae onpegengeTca PyHKUmen

0

ev(x,y)= f gy (X =Xy —y)p(x",y )dx"dy’, (17)
roe

b

e (X, Y) =P (1)
X +y
— mone gunatauuu gucnokauum Bonbteppa, b — BekTop Broprepca ancnokauuu,
1+

B= M, (19)

3nK(1-v)

H—MOOyNnb CcABUra martepuana.
Ona aTon mogenu n3bblTOYHbIN 06BbEM KpaeBOW AMCNOKALUMKM OnpeaenseTca Bblipaxe-
HneMm
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(20)

roe

9(&.&) = [ &) € y)ay. (21

KonuyectBeHHbIN aHanns BbipaxeHui (20), (21) BO3MOXEH TO/IbKO YMCIEHHbIMU METO-
AaMW, OAHAKO A1 HEro MOXHO MOJTy4YUTb MPOCTOE aHa/IMTUYECKOE BbipaXeHne B 4OCTAaTOYHO
xopoiem npubnmxkeHun. [ns storo sameHnm B popmyne (21) Bbipaxenue g (€, y) Ha € (€, y).
B atoM cniyyae uHTerpan (21) BeipaxaeTcs Yepes afieMeHTapHble YHKLUMK 1 BMECTO hopMy-
nbl (20) 6ygem nmeTsb:

AV = 27[2&1&2 1—
Y
OueHnM BennumHy n3obITOYHOro o6bema gMcrokaumin ¢ Bektopom broprepca b B a-xe-
nese. ina storo metanna Y, = 80 Ma, K, =160 Ma, a = 2,5-10™ m (a —napameTp Kpuctaniv-
ueckom pewertku), v=0,29,y=17,3> 0,096, § =§, > 0,35b.
B OLIK MeTtannax ckonbsqawme Aucnokauum oOblMHO uMMetloT BekTop broprepca

(22)

b= %(111>, c mogynem b= */%a. B onpeneneHHbIX yCNOBUAX 3TV ANC/IOKALMM MOTYT

aBuratbcsa B nnockoctax {110}, {123} nnbo {112}, [7, 14]. OgHako, Npu OCTaTOYHO BbICOKOW N0T-
HOCTM AMCNOKaLUMA Ha Npouecc naacTMYeckoro AeopMMpoBaHUS CyLLLECTBEHHOE BIUSHUE

MOryT OKa3bIBaTb ANC/TOKALUMOHHbIE peakLunm Tuna %[ﬁﬂ + %[11T] - [’IOO] C pe3ynbTu-

pyroLWMM MO MOAYNIO 3Ha4YeHneM BekTopa bioprepca b = a. B 3aBUCMMOCTM OT yCc1oBuin npoTe-
KaHUWA TakMX peakumin 3T gncnokaunm MoryTt agsuratbcs B nnockoctax {110}, {123}, {112} nnn {100}
[14]. YKa3aHHblE peakunmn npuBoaAT K 3HAUUTEIbHOMY MOHMXXEHUIO SHEPT NN e OPMUPYEMOTO
mMaTepuana, coctaBnsaoLemy 1/3 oT BbIMrpbllLa 3HEPTrUM NPY MOTHOM aHHUTMAALMM OMCNOKaLMIA

MPOTUBOMOJ/TOXHOIO 3HakKa C b=\ 3 2 a. CnepoBaTesbHO, ydyeT BK/aga aTux peakumii B npo-

LlecChbl nmacTnyeckoro gedopmmnpoBaHnsa u paspywenmna OLIK meTtannoB cnegyet cuutatbh
aKTyaslbHbIM.

MoacTaBMB NpUBEAEHHbIE Bbille 3HaYeHus B hopmyny (22), nonyunm AV > 0,08b2 gns
KpaeBbIxX ANCoKauui nobblX TUNOB B a-Xxenese. [NofyyYeHHbIn pe3ynbTaT O3Ha4vaeT, uTo B
sApe Aucnokaunm obbemHas aedopmaumns gocturaeTt 6onblunx 3HadveHui €. > 0,1. Moacra-
HOBKa 3TOWM BENNUMHbI B hopmyny (9) nokasbiBaeT, YTO ynpyrme CBOMCTBa Matepuana B6/1m3n
AA4pa ANCAoKaLMM MOTyT U3BMEHATLCA NpuMepHO Ha 60 %.

O6paTtiM BHMMaHMe, 4TO BCE NPOAENAHHbIE BbILE BbIYNCIEHNS NMPOBOANINCH B paMKax
CTaHAAPTHOW, ANS CyLLeCTBYOLWEN Teopun AeeKToB, KOHTUHYaIbHOW MOAENM YyNpyron cpe-
Abl B U3OTPOMHOM NPUOAMXEHUN. B aTON Moaenu ynpyrmue CBOMCTBa CpeAbl XapaKTepusyoTcH
TO/IbKO €€ yrnpyrumMm Moayngamu, a CBOMCTBa OMCIOKaLUMN — BEKTOPOM broprepca n opmoi
ANCIOKALNOHHOM NIMHUKN. DTO O3HA4YaeT, UTO MOAE b MPUMEHNMA He TO/IbKO K MO/THbIM ANC/0-
KauusaM peLueTkn, HO 1 K AUCIoKaLUnaM C Npom3BOSbHbIM (ApO6HbIM) BEKTOPOM Broprepca, B
YACTHOCTWU, K 3€PHOMPaHNYHbIM U pacLLen/ieHHbIM gucriokaumam. NocKobKy B 3Ty MOAENb He
BK/TIOYEHbI MapaMeTpbl, XapaKTepu3yloLme CUMMETPUIO PELLETKN, BCE pe3y/ibTaTbl, MO/TyYeH-
Hbl€ B PaMKaX 3TOro NPUONXEHUS, MOrYT ObITb B OANHaKOBOW CTEMEHU MPUMEHEHbI K /TI00bIM
KPUCTaN/IMYECKUM peLleTKam.
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BIMAHUE OABJTIEHNA HA MOABUXXHOCTb ANC/TOKALIA

Mpwn NPUNOXEHUM AOCTAaTOYHO GO/bLUMX CABUIOBbLIX HAMPSXEHWUA G ANCMIOKALMM B Me-
Tannax Moryt npeogosieBatb 6apbep Maepca npy NOMOLLN ABUXEHMS NapHbIX Nepernéos
[7]. Pe3ynbTupytoLllas CKOPOCTb ABUXEHWUSA OANCMOKALUWIA Noa AeACTBMEM COBUIOBbIX Hanps-
>XEHW G B HaNpaB/ieHUW, OPTOrOHA/IbHOM NIMHUM AMCNOKALUUN, onpeaensaeTcs BblpaXKeHneM:

2
b= 2P pexpd— L (23)
Lk,T kT

3necb h — BbicoTa nepernba, T — aGcontoTHas Temneparypa, k, — NocToaHHas bonbu-
MaHa, D — koadhdmumeHT anddysnmn nepernda Baonb 6apbepa Nanepnca, L — paBHOBeCHOE
paccTosiHMe mexay neperméamm ogHOro 3Haka BAO/ b ANCNOKAUMOHHOM NMHUK, 2F — cBO6OA-
Hada sHeprmus napHoro neperunoba.

TouyHOe 3HauyeHne BeNMUMHbI F B pamMkax TeOpUM YNpyrocTn paccumtaTb He yaaeTcs,
OIHaAKO B XOpoLUeM NPUBAMXKXEHMN MOXHO nosaratb, 4Yto npu p = 0 [7]

F =F, ~ u,b’ha, (24)
roe YncneHHbln koahguuymeHT a: (0,05-0,2) He 3aBUCUT OT CUNOBbLIX MOCTOAHHBLIX. ICTUHHOE
3Ha4YeHne napameTpa a CyLLEeCTBEHHO 3aBUCUT OT CTPYKTYPbI sapa nepernoa.

Baskoe TeueHune, onmcbiBaeMOE BbipaXeHneM (23) He NPOTUBOPEUNT TOMY, UTO MaTe-
puan npegnonaraetcs naacTMYHbIM U MOXET HeoBpaTUMo AedopMMPOBaTLCS TO/IbKO Toraa,
KOrga CABUroBble HaMPsXKEHUS MPEBLICAT Npeaen Tekydectn. B peanbHoOM matepuane auc-
nokKauum Bcerga ABMXYyTCS Mexay NpenaTtCTBUAMM, ANS NPeofoeHnsa KOTOpPbIX HE06X0aMMO,
4YTOObI CABUIOBbIE HANPSAXEHWS 4OCTUM N ONMPeaeNeHHOro YPOBHSA, 6/IM3KOro K SKCNEPUMEH-
TasbHbIM 3HaYeHUAM npegena TekydecTn [7]. Bo Bcex Takmx cny4vasnx BblipaxeHue (23) onucel-
BaeT AMHaMMKY OMCNOKaLMA B MPOMEXYTKE Mexay NpenaTcTBUSMm

Ansa rugpocratnyeckn oxaton cpebl COOTHOLEHME (24) USMEHUT CBOV BUA. Y4nTbiBas
3aBMCUMOCTb OT AaBMEHUA MOAY/1eN yNpyrocTy, napaMeTpoB KPUCTAISIMYECKON PELLUETKN U
3HEpPruo B3anMMoaenCcTBUS BHELLIHEro AaB1eHUs € M30bITOYHbIM 06 beMOM nepernba, Ang Be-
NNYUHbI F(p) NONyYnM BblpaxeHue:

o (1= 8)2Y
F(p)=F" ————+ pAVh. (25)
(1-¢/3)
30ecb 3aBMCUMOCTb BE/IMYMHBI € OT AaBfeHua onpegensetca cdopmynotii (14). MNMoacta-
BUWB 3TO BblpaxeHune B hopmyny (23), Ana CKOPOCTM ABUMXXEHNSA AUCIOKaLNA B rmgpocTaTtnye-

CKW cxaTou cpene OyaeM UMeThb:

. F[(1—)*(1—¢/3)° — 1]+ pAVh
o(p) = v, (1= /3) ? exp el =&V (1= /3) 7 =1+ pAVR | (26)
k,T
B aTnx ycnoBumusax NnogBMXXHOCTb AUCOKaUnK onpegengdeTca opmynamum (23), (25):
- Fo[(1—€)*"(1—¢/3)° =1+ pAVh
x(p)=xo(1—8/3)2exp{— ol(1-ey{ )" +p } (27)
k,T
roe
2R F,
Yo = —2—Dexpi——2% (28)
LokgT kT

— NOABMXHOCTb AMCNOKALUN B HOPMasbHbIX YCTOBUSIX.
[Ona npvMepa OUEHUM W3MEHEHWEe CKOPOCTU ABWMXEHUS AMC/IOKaLMWM C BEKTOPOM
Bioprepca b = a B a-xenesze npu p = 1,6 IMa, a = 0,05 (MMHUMaNbHOE 3HAYEHME) N TEM-
nepatype 300 K. B atom cnyuae € = -0,01, kT > 42102 Ox, h = b, pAVh > 1,810 [Ox,
FO[(1—€)? / (1—e / 3)*-1] > 1,9-102' . MNoacTaBMB 3TN 3HaUYEHUS B BblpaXkeHne (27), HaxoanMm:
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< X0)
up) == (29)

AHanoruyHble pesynbTaTtbl MOryT ObiTb NOAYYEHbl U ANS N0ObIX APYrMX TUNOB AUCIO-
Kauuii B a-xenese.

TakuMm 06pa30B rMapocTaTMyeckoe CXaTne MOXET CYLEeCTBEHHO CHMXaTb MOLBUX-
HOCTb AMCAOKaUWiA B npoueccax naactuyeckoro geopmmpoBaHua MeTassioB U CrnjiaBoOB.
Mpn yBenmnyeHnn 3HaveHns napametpa a B nHtepeane (0,05-0,2) BnuaHne gaBneHua Ha noa-
BMXKHOCTb AMC/I0KALMN SKCNOHEHLNabHO pacTerT.

OTMeTVM, 4TO CKOPOCTb MNacTMYeckoi Aeopmaumn €, CBA3aHa CO CKOPOCTbIO ABMXE-
HUA gucnokaumm v cooTHoweHnem [1]:

€, = bp,v. (30)
3aecb p, — NIOTHOCTb NMOABWXKHbBIX AVCOKALINIA.

NoactaBuB ctoga BblpaxeHusa (23), (26), (27), Haxoanm

o =2n(p),, (31
roe
1

—
2b7pyx(P)
BblpaxeHune (31) npeacraBnsgeT co60i TMNNYHOE PEOIOrMYECKOe COOTHOLLEHME NS Te-

YeHWA BA3KOW cpeabl NoA AeNCTBUEM CABUIOBbIX HaNpPsXXeHnn [12]. 970 o3HavaerT, 4Yto Benu-
4YmHa n(p) MMeeT hU3NYECKNI CMbICN BA3KOCTN NaacTnyeckon gedopmaumn. CnegoBaTtesbHO,
NPMBEAEHHbIE BbllLE OLLeHKN MOKa3bIBaOT, YTO rMApPOCTaTMYeCKMe Harpyskm npu nnactuye-
CKOM AedhOopMMpPOBaHMN MeTasi/IoB M CNIaBOB MOMYT CYLLECTBEHHO YBE/IMUYMBaTb BA3KOCTb
pecopmupyemorii cpeabl. Ho yBennyeHne BA3KOCTU Cpeabl, B CBOKO o4epeab, BCerga npueo-
ANT K MOHMXKEHWNIO rpaaneHToB AedOpMaLMOHHbIX NOMEN U, CnegoBaTeflbHO, K YMEHbBLUEHNIO
KOHLIeHTpaLMK HanpsXXeHu npu gedopmmpoBaHun. MNpun 3Tom, 419 NoAaep>)KaHNA CKOPOCTH
AeopMMpoOBaHMA Ha TOM Xe YPOBHE BO3HMKAET HEOOXOANMMOCTb B YBE/IMYEHUN MEXaHNYe-
CKOW Harpysku Ha obpasey Ans NpeodosIEHNS MOBbLILEHHOrO BA3KOrO CONPOTUBEHUS Ae-
dhopMMpPOBaAHMIO.

n(p) = (32)

OBCYXAEHUE PE3YJIbTATOB

CornacHo cdopmynam (30)—(32) BA3KOCTb cpefbl cnegyeTt paccMaTpmMBaTb Kak MaKpo-
CKOMMYECKOE CBOWCTBO, XapaKTepuaytoLlee CONPOTUBNEHNE MaTepmnana cpeabl K o6pa3oBa-
HUIO AehOopMaLMOHHbIX HEOAHOPOAHOCTEN NPU NEPEMELLEHUSX 3NEMEHTOB 0ObeMa nop Aeii-
CTBMEM BHELLHEro HanpsiXxeHnsa o. Ha 1o ykasbiBaeT TO 06CTOATE/IbCTBO, UTO B ONpeaeneHne
BE/IMYMHbI N(P) BXOAUT MIOTHOCTb MOABMXKHbBIX AUCNOKALUMIA P, — MAKPOCKOMNUYECKas Xapak-
TepUCTUKa cpedbl B Le/loM. DTO CBOMCTBO Cpefbl NPOABASETCA Npu NtoOblX HEOQHOPOAHbIX
ABMXeHnax matepmnana. Pnsmndeckas NpruyMHa BO3HUKHOBEHUA BA3KOCTU Y NIAaCTUYECKU Ae-
hopMMpPyEMBIX MaTepManoB COCTOUT B TOM, YTO Nt0o60e ABMXEHNE OMCNOKaUMA BCerga cos-
AaeT HeEOAHOPOAHOCTN CKOPOCTHOrO MOTOKA, MOCKO/bKY MPU UX OBMXKEHUU MaTepuan Huxe
NIOCKOCTU CKOMbXEHMA OANCIOKALNN NMOKOUTCA, @ MaTepman Bbille 3TOM NIOCKOCTU ABUXET-
cqa. CnepoBartesibHO, AMCNOKaUMN NMpu CBOGOAHOM ABMXEHUN MexXAay NpPensaTCcTBUSMU BCer-
Aa UCNbITbIBAIOT BA3KOE TPEHME, HE3ABUCUMO OT HamnpaB/eHUs ABUXEHUSA OMCMOKaLMN 3TO
ABUXEHNE MOXET MPOUCXOANTb Kak B /Il0O0M MIOCKOCTN CKOMBbXEHUS, Tak U MOonepek 3ToM
MIOCKOCTW.

OueHnM TakXe BIMAHNE B3aUMOAENCTBUA ANCIOKALNIA Ha BETMUNHY BS3KOCTU rMOpo-
cTaTM4eckun cxaTolr cpeapbl. O4eBNOHO, YTO 3TO BNUSHUE TEM CUMTbHEE, YEM BbILLE MIOTHOCTb
ancnokaumnii. B cBA3M € 3TUM yKaxeMm, UYTO CpefHdaAsa BendMHa MMIOTHOCTU AUCMOKaunin B
CTPYKTYpax Haknena umeeT 3HayeHus p = (1-100)-10™ m2 [11]. B pe3ynbTaTte cpegHee paccTo-

AHVE MeXAay ANCNOKaLUMAMK CTaHoBKTCA pasHbiM | =1/ ,/p, ~ (1-10)1077 M. OHo Gonee yem
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B 100 pas3 npeBbllWaeT 3Ha4YeHMA NapaMeTpPoB KPUCTaNIMYECKMNX PELLETOK B 60/bLUMHCTBE Me-
TannoB 1 cniaBoB. [MOCKOMbKY NOMA HANPS>XEHUA ANCNOKaLNIA YMeHbLUAoTCa oOpaTHO Npo-
MOPLMOHANbHO PACCTOAHMIO MeXAY HUMW, NOJie HanpsXeHus G, OT CoOCefHel ANCNOoKaUnmn Ha
nepervée ABMXYLLENCS ANCNOKALNM HE MOXET NPeBbLILLATbL MO MOAY/IO 3HaYEHUN Iodl: 0,1Ma
[7]. Ctonb cnabble NOAS HaMPSXXEHUA He MOTYT OKa3blBaTb TAKOr0 Xe BANSHUS Ha SHepruto
aKTMBaLKUK nepernmboB, Kakoe OKasblBaeT MPUIOXKEHHOE K MaTepuany BHeLIHee daBreHue,
nMeloLLee NpakTnyeckne 3Hadymmble 3Hadenma p > 1 MMa. na toro, 4tobbl BANUSHME AUCNO-
KaUMOHHbIX B3aUMOAENCTBUIA Ha SHEPIrunio o6pa3oBaHUs neperndtoB 6bi10 CPaBHUMO C BfK-
fHMEM Takoro no Be/IMYnMHe BHeLWHero AaBeHns Heo6Xo0AMMO YTo6bI p, >> 10" m2. OpgHako,
CTO/b BbICOKME 3HAYEHNS NNOTHOCTM ANCOKALUMA NpK 0O6bIYHOM NnacTuyeckom gedopmMmpo-
BaHWUM MeTasnnoB NPakTUYECKN HEeAOCTMXUMBbI: paspyLleHne MeTansioB MOXeET MPOUCXoauTb
HaMHOro paHblle. TakuM o6pa3oM, NpuU aHanmse 60/bLUMHCTBA NPOLLEeCCOB MAacTUYeCcKoro
aedopMrpoBaHUAa METANMIOB C rMAPOCTaTUYECKUMN Harpyskammn p > 11 Tla, BansaHuem gucno-
KaUMOHHbIX B3aMMOAENCTBUNIA Ha BA3KOE TEYEHME MaTEPUANOB MOXHO NMpeHebpeYb.

JononHnTenbHO OTMETUM, UTO Ha NPOABMXKEHME ANCOKALMA MexXay NpensaTCTBUAMN B
BA3KOM cpefe, BHELLUHMM HanpsaXeHUaM He0OX0ANMO COBEPLLNTL paboTy, Be/IMYnHa KOTOPOW
nponopuMoHasnbHa KO3 hULNEHTY BA3KOCTM cpefbl [12]. 3To 03Ha4aeT, 4To aHepreTuyeckmne
3aTpaTbl Ha nNf1acTMyeckoe getopMmnpoBaHme BCerga noBbILAaoTCs C yBETIMYEHMEM BA3KOCTHU
mMaTtepuana.

PaccMmoTpuM cBA3K NnpegnaraemMoi Teopum € M3BECTHbIMU MUKPOCKOMUYECKUMU Moae-
NSIMU paspyLleHna MaTepmanoB N C SKCNEPUMEHTOM.

Hanbonee n3BeCTHblE MaTeEMaTUYECKME TEOPUN 3aPOXKOEHUSA N PacipPOCTPaHEHUSA MU-
KPOTpEeLLMH B MeTannax OCHOBaHbl HA MUKPOCKOMUYECKUX MOAENAX, UCMONb3YIOWMX ANCNO-
KaUMOHHble NpeacTaBieHnsa O CTPYKTYpe ANCNOKALMOHHbBIX CKOMMIEHWUIT, NogroTaBnBaoLWmMX
YCMOBUS ANa 3apOXAEHUS TPELUNHbI, @ TakXXe CKOMNEHUN AUCNoKaLni, UMUTUPYIOLWMX NOoMa
HaMps>KeHUn N POoPMUPYHOLLMX NPOodKIb MONEPEYHOro cevyeHmna TpelwmHbl [15, 16]. B nocnea-
HEM cnlyyae Takue AucrokauuMm NPUHATO HasblBaTb MHUMbIMU UK pacKasbiBatoWMMK OUC-
nokauunamum [15]. HesaBMcrMMO OT Tumna paspyLUeHuns (XpynKoro, KBasnxpyrnkoro nnm BA3Koro)

npouecc paspyLLleHns YCI0BHO NPUHATO AeNNTb Ha NSATb OCHOBHbIX CTaguu: | — HakonneHue
NaTEHTHOW 3HEPruKn 3a cHeT NpeaBapuUTENbHON NnacTuyeckon gedopmauum, Il — 3apoxageHue
MUKPOTPELLNHbI MO O4HOMN U3 AUCAOKALMOHHBIX cXeM, Il — poCT MUKPOTPELLMHBLI 3@ CYET Mpo-

LLeCCOB NMacTMYeCKOM aehopmanm 1 BO3MOXHbIX NpoLeccoB AN dy3MOHHOro Macconepe-
HOCa A0 MaKPOCKOMUYECKMX pa3mMepoB, |V — pasButne MakpoCKOMMYECKON TpeLnHbl 3@ cYeT
MEXaHU3MOB pefiakcaunn BHYTPEHHMX HAMPSXeHU Npu naactM4eckoM AedopMUpoBaHmnn
mMaTepuana B6N3N OCTPUSA MakpoTpeLmHbl, V — MarnctpasibHoe pacnpocTpaHeHne (4opbIB)
[15]. B 3aBMCUMOCTM OT TUMNa pa3pyLUleHns BKIa4 TOM UM MHOM CTaamn B 0OLLMIA NpoLecc pas-
PYLLUEHNS MOXET OKa3aTbCs pas/iM4yHbIM, HO B IIOO6OM MpoLecce pa3pyLleHnsa BCe NATb ero
CcTaguii B onpegeneHHon mepe Bcerga npucytcteytoT [15, 16].

PaccMoTpuM BAMAHWE BHELIHEro AaB/eHMa Ha SHepreTMyeckme 3aTpaTthbl Npu peanu3a-
UMM KaXO0oW U3 nepeyncneHHblx CTagmin npouecca pa3pyLUeHus.

lNepBaga ctagma obycnoBneHa npoueccammn reHepaunmn, ABMXKEHUS U HaKOMNNEHUA AncC-
noKaumnii B COOTBETCTBYIOLLMX CKOMIEHNAX HA MECTax 3apOXXAEeHNA MUKPOTPELUUH. [oCKOobKy
Ha 3TOl CTaaMm BCerga NponCXoanT NepeMeLLeHme ANCnoKaLumii B BA3KON cpede, TO 04eBUa-
HO, YTO MOBBbILLEHME BA3KOCTU MeTasiia Npu rmgpoctatM4eckoM CXXaTtum MaTepmana npuesegeT
K YBEIMYEHUIO paboTbl BHELUHUX HANPSXKEHU Ha NOArOTOBKY MPOLLECCOB 3apOXAEHUS MU-
KPOTPELLMH NO CPaBHEHUIO C AehOpMUPOBAHMEM METANIa B HOPMasibHbIX YCNOBUSX.

Ha BTOpon ctaguu, cornacHo oOLLen Teopun, 3apoXAeHUe MUKPOTPELLMHbl Npounc-
XOANUT NyTeM CNUSHUA TOMTIOBHbIX OMCNOKaLMA B CKOMMIEHUSAX, KOTOPOe obecrneynBaeTca no
MexaHn3Mmy obpa3oBaHMe NapHbIx nepernéos [15]. NpeacraBneHHbie B paboTe pacyeTbl Mo-
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Ka3bIBalOT, UTO B YC/IOBUAX MMOPOCTATUUECKOrO CXAaTUA 3HEPrnsa aktmBauum o6pa3oBaHus
nepernba yBenmunBaeTca. 9T0 O3Ha4aEeT, YTO Ha peanm3aumnio BTOPOK CTagumm npoLlecca pas-
pyLlweHuns paboTa BHELIHWX HAaNpPsaXXeHW AomKHa 6biTb 60/1bLUe, YEM B HOPMaslbHbIX YC/10BU-
Ax AethopMMpoBaHmUA.

TpeTba cTagus pocTa MUKPOTPELLUMHBbI HEMOCPEACTBEHHO CBS3aHa C reHepauunen u
nepeMeLLeHeM AMcnokaumn B o6beMe Tena An9 BOCMOHEHNA NEPBUYHbBIX OANCIOKALNOH-
HbIX CKOM/IEHWUI, C MpoLleccamun NpeBpaLLeHNs NePBUYHbBIX AMCIOKaLUNA B pacKasbiBaloLme
ANCAoKauMm 1 ¢ npoueccaMm reHepaumm n nepeaBmxeHnsa anciokaunim B6m3m ocTpus mu-
KPOTPELLUMHBI NPY €e YAANMHEHUN N paclumpeHnn. J1iobol 13 aTuX Tpex npoueccos TpebyeT
nepeMeLLeHns AncaoKauni U, cnegoBaTesibHO, YBENMYEHNSA SHEPreTUYeCcKnX 3aTpaT npu no-
BbILLEHMWN BA3KOCTM MaTepmana B yCNOBUAX MMAPOCTaTUHECKOrO CKaTus.

OuyeBMAHO, UYTO IHEPreTUYECKMe 3aTpaTbl Ha peanmsaumo YeTBEPTON N NATON CTagunia
npouecca paspyLleHns MaTepuranoB B rmapocTaTtMyeckn oxaTol cpege 6yayT yBemunBaTb-
CH, MOCKO/IbKY M Ha 3TMX CTagusax BCe NPOLECChI TakXe OCYLLECTBASIOTCS 3a CHeT nepenBu-
XXEeHUa AMCnoKaumni.

Taknm o6pa3om, Npu NPUNOXKEHUM K MeTan/ly CKMMatOLLEen rMapoCcTaTMyeCcKol Harpys-
KW, Ha BCEX CTagusax npouecca paspyLleHns TpebyeTca yBEINUYNTb SIHEPreTUYeckKmne 3atparhl
Ha paboTy Mo 06pas30BaHMIO U PACMPOCTPAHEHUIO TPELLMHbI.

B cBA3K C 3TuM, o6paTM BHMMaHMe Ha TO, YTO CyMMapHas padoTa No paspyLUeHUto
MeTanna, yumtbiBaloLasa obLme 3atpaTthl 3HEPIrUN Ha CO34aHNE N PacnpoCTpaHeHne TpeLm-
Hbl, @ TAKXXe Ha COMyTCTBYIOLLEE 3TOMY NpoLeccy nnactuiyeckoe aedopMmpoBaHne matepma-
na, N3MepsaeTCcs aKCNepMMeHTanbHO, N MPU ANHAMUYECKUX UCTbITAHUAX Ha pa3pyLleHne o6-
pa3uoB 0603HaYaeTCcs TEPMMHOM — yaapHas BA3KoCTb [16, 17]. [Npn 3TOM cuMTaeTcs, 4To YeM
BblLle yAapHas BA3KOCTb, TEM MEHEE CK/IOHEH MaTepuasn K XpPyrnkomy pa3pyLUeHUo B YCO-
BMAX ncnbiTaHua [16, 17]. CnegoBaTenibHO, YBENMYEHME 3HEPreTUMYeCKnX 3aTpaT Ha paspyLue-
HMUE MeTas/l/IoB B YC/IOBUAX MMAPOCTaTUYECKOro CKaTUA AO/KHO aBTOMaTUUYECKN NOBbILWATbL U
yOapHYO BA3KOCTb MaTepuana, U Kak cefcTBMe — noBbllaTbh YCTOMYMBOCTb MaTepuUarnoB K
XPYNKOMY pa3pyLLUEHUIO.

B cBA3M CO cka3aHHbIM 06paTUM BHMMAHWE Ha TO, YTO NPW CO34aHMN HAHOCTPYKTYPU-
POBaHHbIX CM/1aBOB B MpoLeccax naacTtmyeckoro AeopMmpoBaHns noa aBleHNEM MHOrme
MeTanMyeckme matepuvanbl HakanMBaloT CyMMapHyto cTeneHb gedopmaunm Boiwe 100 %
[3, 4]. XoTa npu HopMasbHbIX YC10BUAX AehOpMUPOBaHMA NpW BHELHeM gaBneHmn p = 0 nx
MaKCcuMasnbHasa cTeneHb gedopmaumm He npesbliwaeT 10—-20 %. DTa oueHKa TakXe XOpPOoLUo
cornacyetca ¢ HabnoaeHnamMm, PUKCUPYIOLWLMMM NOBbILLEHNE YCTONYMBOCTM METAN/IOB K pas-
PYLUEHMIO NpU NacTUM4eCckoM 4ehopMnpPOBaHNM B YCIOBUAX TMAPOCTATUUECKOro ckaTma [16].

BbiBOAbI

Cxunmatowpme rmgpocraTtmyeckmne Harpysku npun sHadyeHundax gasneHuna pTl Ma cyule-
CTBEHHO OrpaHMYMBalOT NOABUXHOCTb ANCIOKALNIA, MPUBOAA K 3HAUNTE/IbHOMY YBENUYEHUIO
BA3KOCTM METa//IOB 1 CN/1aBOB NpKU Nnactnyeckom getopMmnpoBaHuu.

3aBUCMMOCTb BA3KOCTM METaN/I0B OT AAaBMIEHUS HOCUT SKCMOHEHLUMANbHbIN XapakTep.
OTO NpUBOAUT K ee Pe3KoMYy pPOCTy npwn yBennydeHnn CKMMakoLLmMX Harpysok.

[NoBbIWEHME BA3KOCTU MaTeEpPManoB 3a CYeT 0COOEHHOCTEe B3anMOAencTBua OBUXY-
LMXCH AMCIoKaLMn C NPUIOXKEHHOW K MaTepuanaM BHeLLHen Harpy3skom rugpocrtaTmyeckoro
oKatna aBnaeTca ogHUM U3 3 PEKTUBHbIX MEXAHM3MOB TOPMOXEHUS MPOLIECCOB 3apoXae-
HUA U pacnpocCcTpaHeHnda MUKPOTPEeLWNnH, a TakXe noBblleHNA MI1acTM4YHOCTU MeTasl/ioB U
CriaBOB.

MccnenoBaHus BbIMOMHEHbI B paMKax rocyjapCTBEHHOro 3afanmna MuHmncrepcrsa O6pasoBaHuns
n Haykn PO (N° BB_2021_1210301000037).
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N3BbITOYHbI OB BEM ANC/TOKALIUNA
B r’MAPOCTATUYECKU CXXATON CPEE

'N1. C. Bacunbes, 2W. J1. lomaes, 'C. /1. [lomaes

'YamypTckuii chegepanbHblii nccriegoBaTenbckuii LeHTp YpO PAH,
r. Mxesck, Poccuinckasa ®egepauns
2HcTuTyT cbusnkm metannos YpO PAH,
r. EkatepnH6ypr, Poccuiickaa degepaums

lMpensioxeH MeToq TEOPETUHECKOro NCC/I€A0BAHMS CTRYKTYPbI S4PA KPAEBbIX AUC/TO-
Kauui BO BHELLUHUX YIPYrux nosisax, He nc4ye3aroLmx Ha 6eCKoHeYHoCcTH. Ha ocHoBe 3Toro
mMeTofa npoBeAeH PACYET reoOMETPUYECKUX MNAPAMETPOB F4PA U U30bITOYHbIA 00bEM AUC-
JIOKAUMIA B MAPOCTATUYECKU CXATOM cpene. [ToKa3aHO, YTO BHELIHEE AAB/IEHNE MOXET
OKQ3bIBATb 3AMETHOE B/IMSHUE HA AP0 M M30bITOYHbLIA 00bEeM ANC/IOKALMU MPU 3HAYEHMSIX,
npessbiwarowmx 1 Ma. OgHOBPEMEHHO C 3TUM YBE/INYNBAETCH CXMMAEMOCTb MATEPUA/IOB,
coAepXXalymx gUCIoKaumu. MI3yyeHo BIMsHWE B3AMMOAEACTBYIOLMX ANC/TOKALMI HA CTPYK-
TYPY UX COOCTBEHHbIX aaAep. HangeHo Kputndyeckoe ro Be/IM4YnHe PACCTOSHUE MEXAY HUMMU,
HO KOTOPOM 3THUM B/IMSTHUEM MOXHO rpeHeopeysb. [1/15 ANC/TIOKALMOHHOM CTEHKM, UMUTUPYIO-
e s MQ/IOYr/I0BYHO MEXKPUCTA/I/TUTHYIO FPAHULIY HAK/TOHA, 3TO PACCTOSIHME o6ecrneynBaeTcs
Yr/1oM HAK/10HA MeHee 4-x rpagycos. [Npu MoaeMpoBaHNN MEXKPUCTA/I/TATHBIX MTPAHUL C
Yr/10M HaK/10HA 6071ee 4-x rpaAyCcoB CIeAYeT yHNTbIBATh CyLLECTBEHHbIE N3MEHEHMWS B CTPYK-
TYPEe ANC/TOKALMOHHBIX SAep. AHA/IOMMYHbIA y4eT cedyeT npoBoAnNTb A/1S ANC/TOKALMOHHbBIX
CKOIM/IEHUH, YYACTBYIOLMX B MEXAHU3MAX 3APOXAEHUS MUKPOTPELLMH.

KnioueBble cnoBa: oMcnoKaunu, NsbbITOYHbIA OOBbEM, rmapoctaTnyeckoe cxaTtne, MexKpu-
CTa/IJIMTHbIE IPaHNLbl HAK/TOHA

EXCESSIVE VOLUME OF DISLOCATIONS
IN A HYDROSTATICALLY COMPRESSED MEDIUM

'L. S. Vasil’ev, 2I. L. Lomayey, 'S. L. Lomayev

"Udmurt Federal Research Center UB RAS,
Izhevsk, Russian Federation
2Institute of Metal Physics of UB RAS,
Yekaterinburg, Russian Federation

A method is proposed for the theoretical study of the structure of the core of edge
dislocations in external elastic fields that do not vanish at infinity. Based on this method, the
geometric parameters of the core and the excess volume of dislocations in a hydrostatical-
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ly compressed medium were calculated. It is shown that the external pressure can have a
noticeable effect on the core and the excess volume of the dislocation at values exceeding
1 GPa. At the same time, the compressibility of materials containing dislocations increases.
The influence of interacting dislocations on the structure of their own nuclei has been studied.
A critical distance between them, at which this influence can be neglected is found. For a dis-
location wall simulating a low-angle intercrystalline tilt boundary, this distance is provided by a
tilt angle of less than 4 degrees. When modeling intercrystallite boundaries with an inclination
angle of more than 4 degrees should be taken into account, significant changes in the struc-
ture of dislocation cores. A similar account should be taken for dislocation pileups involved in
the mechanisms of microcrack nucleation.

Keywords: dislocations, excess volume, hydrostatic compression, tilt intercrystallite boundaries

e-mail: VasilyevLS@yandex.ru

BBEAEHUE

MN36bITOYHBIM 0O0beM ANCIOKAUUA ABAAETCH BaXHbIM TePMOAMHAMUYECKUM Mapame-
TPOM, onpegensowmm MHOrMe CBOMCTBaA AMC/IoKaUMii B MpoLeccax naactunyeckoro gedop-
MWPOBaHMA MeTas/I0B M CNNaBoB. B yaCcTHOCTK, NpakTUYeCckn BCe AUCTOKALMOHHbIE MEXaHWN3-
Mbl 3aPOXXAEHNS U PACNpPOCTPaHEHUA MUKPOTPELLMH CBA3aHbl C U3MeHeHeM o6bema cpefpbl
npun NnpeobpasoBaHnUK CTPYKTYPbl AUNCAIOKALMOHHBLIX ckonneHui [1]. UsBeCTHbI npouecchl ge-
hopMaLMOHHOro pacTBOpeHUs has U XMMUYECKUX COeANHEHUA, OCHOBHAas POJib B KOTOPbIX
oTBOAMTCA 06pa30BaHUIO cerperaumim Ha gucnokaumax [2]. B aTux npoueccax n3obITOUHbIN
o6beM onpegenser CTPYKTypy cerperaunii Ha ANCNOKaUMOHHbIX NMHUAX. V3 akcnepumMen-
TOB No A hy3MOHHOMY MacconepeHoCy NoKa3aHo, YTo npouecchl Auddy3mm 3HaUMTENLHO
YCKOPSOTCA BAOAb ANCNOKAUMOHHbIX NHWUIA [3]. B paboTte [4] QOKa3aHo, YTO 3TO yCKOpeHue
obecrneumBaeTca HaNMuUMeM y ANCrokauum n3bbiITO4HOro oobema.

AdncnokauynoHHble MexaHM3Mbl CTAHOBSATCA OnpeaensaiowmnMm Bo BCexX nNpoLueccax cos-
AaHVA HAHOCTPYKTYPUPOBAaHHbLIX CM/1aBOB MNyTEM M/1acTM4eckoro AeopMnpoBaHnug MeTanim-
yeckux cuctem nopg gasnexHunem [1, 5. M3BeCTHO, YTO HAHOCTPYKTYPbl MMEIT 3HAUYNTE TbHbI
N30bITOYHbIN 0O6BEM, KOTOPbIA MOXHO MCMOMb30BaTh 4719 HAKOMNEHUS U XPaHeHUsa pa3iny-
HOro poga npumMeceii. Becb aToT 06beM B HAHOCTPYKTYPbl BHOCUTCA ANCIOKALUMOHHbLIMWU CKO-
NJIeHMAMM, Ha OCHOBE KOTOPbIX CO3al0TCs BCE 3/1IEMEHTbI HAHOCTPYKTYPbI.

MN36bITOYHBIN 06BEM ANCAOKALNM KOMMMYECTBEHHO CBA3aH C MapamMeTpamMu CTPYKTypbl
ee agpa. NoatomMy noboe nsmeHeHmne N3bbLITOYHOro 06bEMBI MPU FTMAPOCTAaTUYECKUX HArpy3-
KaxX MPMBOAMUT K USMEHEHMIO CTRYKTYPbI gapa agucnokaumn. NockonbKy gucnokaummn obnagatoTt
COBCTBEHHbIM M’MAPOCTaTUYECKMM MOMIEM, 3TO O3HAYAET, YTO B ANC/TIOKALMOHHbIX CKOMIEHUAX
ANCNOKaLUMM MOTYT BMIMATb Ha U3ObITOYHbIN OO6BEM U CTPYKTYPY A4pa 6/1M3KO pPacnoioXeH-
HbIX OpPYyrMx AMcnokaunii. 9ta npobriema SBNSETCS OQHOW M3 OCHOBHbLIX NPV MOAEMPOBaHNN
CTPYKTYPbl MEXKPUCTAN/IUTHBIX FPaHUL AUCAIOKALUMOHHLIMW CKOMMIEHUSMW OnMpeaeneHHOro
Buaa [6]. CnepoBaTenibHO, pelleHne 3agaym 06 onpefesieHnn 3aBUCUMOCTU N3ObITOYHOIO
o6bema OT AaB/IEHMA MMEET BaXKHOe MpaKTUYeckoe 3Ha4YeHne gaa TeEOpUn MeXKpPUCTanmT-
HbIX FpaHuL. Y4eT BAUAHUSA ANC/IOKALNOHHbIX B3aUMOAENCTBUIA Ha CTPYKTYpYy MX sgep Mno-
3BOJIUT CTPOUTL 60/1ee TOYHbIe MOAENMN MEXKPUCTAN/IUTHLIX FPaHnL, COCTaBAAOLNX OCHOBY
CTPYKTYPbI NOIMKPUCTANINYECKMX MaTepUanos.

C TepMoaNHaMNYECKOV TOUYKN 3PEHUA N3OBITOYHbLIA 0OBbEM ABMAETCA NEPEMEHHON, CO-
nps>keHHoW ¢ gaBneHuem [7]. MNMoaToMy peanuzauns noodbix NMpoueccoB AedOpMUPOBaHNS
MeTaslNioB, B KOTOPbIX MPUCYTCTBYET rmgpocratmyeckas CoOCTaBAsoWas MeXaHNYeCKOW Ha-
rpy3Ku, OydeT 3aBMCeTb OT 3TOro o6bema. O4YeBMAHO TakXke, YTO MPU HaNOXEHUW faBNeHUs
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00beM ToxXe ByaeT U3MeHATLCA. MOCKOIbKY AMCAOKALMN NMPUHMMAIOT yYacTMe BO BCEX Mpo-
Leccax nnacTM4yeckoro AeopMMpoBaHMA MeTanioB, 3aaadvy UCCnedoBaHUsa N3GbITOYHOMO
o6beMa Ancnokauuii oT 4aB/IeHUs cnedyeT CYUTaTb akTyaslbHOM.

Llenb paboTbl COCTOUT B NOMTyYEHUM aHANMUTUYECKUX COOTHOLLIEHWIA, MO3BONAIOLLMNX Pac-
CYMTaTb 3aBUCUMOCTb BE/IMYMH M3BLITOYHOro 06bemMa 1 napaMeTpoB Aapa AMC/IOKALUWUA OT
MNPUNOXEHHOW K AeopMUpyeMoMy Tely FrMaPOCTaTMUECKON HAarpysKku 1 napaMeTpoB, Xapak-
TePU3YIOLLNX MHTEHCUBHOCTb B3aNUMOAENCTBUA ANCNOKALIMIA B AUC/TOKALIMOHHBIX CKOMIEHUAX.

HEJTMHENHAS TEOPUSA CTPYKTYPbI 14PA KPAEBO ANC/TOKALIMN

McTopunyeckn nepBoe U camoe NpocToe onucaHue nonen gedopmaumn, cosgaBaeMbix
ancnokaumen, 661710 NPeanoXeHo B paMkax IMHENHOM Teopun yrnpyroctn [6]. OHO umeno psag
HeaocTaTkoB. Bo-nepBbIx, 3TO Nofe MMeNo CUHIYMSPHOCTU Ha NMHUKN gucnokaumn. B yacTHo-
CTW, Nofe gunartaumm NpAaMosIMHERHOM BAOb OCU Z KPaeBOM AMCNOKaLUMN B IMHENHOW Teopun
nmMetoT BUA;

by _ w1+ v) 1)
x> +y? 3nK(1-v)’ (

30echb X, y — AEKaPTOBbl KOOPANHATbLI B MIOCKOCTM, OPTOFOHANbHOM NIMHUW ANCNOKaLMN,

PacrnonoOXeHHOW BAOAb OCK Z NPAMOYronbHON [lekapToBON CUCTEMbI KOOPANUHAT (Z, Y, Z), U U
K — mogynb caBura n Mody/ib BCECTOPOHHErO CXaTus cpefbl, Vv — koadduuneHt NyaccoHa.

JTInHna gucnokaumm nexuT Ha ocu z ¢ koopauHatamu (x = 0, y = 0). Hanunuune cunrynsp-
HOCTM Ha NWUHMM OUCNOKAaLMW NPUBOANIO K PAacXoAMMOCTM 3Heprun gmcrnokauun. Ee ycrtpa-
HeHne TpeboBano BBeOEHUA B TEOPUID PAAa UCKYCCTBEHHbIX MapaMeTpoB, OTHOCALLUMXCA K
pasmepam agpa AncaokKaumu.

BTopoli cywecTBeHHbI HegocTaTtok nons (1) cBoAUTCS K TOMY, YTO MHTErpasa oT 3Toro
nons No o6beMy Kpuctasana paBeH Hy/o. DTO O3HAYAET, YTO ANCIOKALMA HE U3MEHSEeT 00b-
eM Kpuctanna.

OpgHako B paboTe [4] Obl/10 NOKa3aHo, YTO aHTUCUMMETPUYHOE OTHOCUTEIbHO M/I0CKO-
CTW CKONMbXEHMA annaTaunmoHHOE Nnone AO/MKHO co3haBaTh M3ObITOYHbIN 0O6beM N3-3a TOro,
4YTO MOTeHUManbl MEXaTOMHOIrO B3aUMOAENCTBUA HECUMMETPUYHbI OTHOCUTENIbHO BEKTOpPA
CMELLEHNS aTOMOB M3 MOMNOXEHUSA paBHOBECKA. Tam Xe OblNI0 NoKa3aHo, YTo pacyeT n3bbi-
TOYHOro o6beMa ANCIOKALMM BO3MOXEH TOMbKO B paMKax HENMHEWHON Teopun gedopma-
LA

ew(X.y) =P

NepBas HeNnHeNHaa Teopua sapa agucaokaummn oblna npegnoxexa lManepncom n Ha-
6appo [6]. B aTolh Teopun none gmnaTtaunm KpaeBon gMcnokaumm nmeeT BuA;:

b(y +Esign(y)) 2)
x* +(y +¢gsign(y))’’

Epy(X,y) =P
roe BenmmymHa:

- d

2(1—v) (3)
Ha3blBaeTCS NOMYLUIMPUHONM Aapa ANCIOKALNN B MIOCKOCTU CKOMbXEHUS, d — MEXMNOCKOCT-
HO€ pacCTOsiHME B 3TOM MNIOCKOCTH.

BblpaxeHue (2) y)Xe He MMEeEeT CUHIYNAPHOCTM Ha NIMHUW OUCMIOKaLnKn, OAHAKO MMeeT
pa3pbIB B M/I0CKOCTU CKOMbXeHusa y = 0. O4eBMAHO, YTO HaNn4me paspbiBa y nons (2) npmeo-
ONT K pa3pbIBY MO HANPSXKEHWUI, YTO hU3NYECKN HEBO3MOXXHO MPU PaBHOBECHOM KOHMUIY-
pauum agpa gucaokauunu.

Lpyroii aBHbIn HegoCcTaToK Mons (2) CBOANTCA K TOMY, YTO OHO TakXe, kak u none (1),
AaeT HOMb MPU UHTErpMpoBaHUKM Mo 0ObeMy KpucTanaa. ITO CBA3aHO C TeEM, UYTO Teopus
MNanepnca — HaGappo, no cywecTsy, Mano oTnvaeTcs OT IMHENHON Teopun. HennHenHbln
XapaKTep MeXaTOMHbIX B3aMMOLENCTBUI B HEW YyYUTbIBAKOTCS TO/IbKO B M/IOCKOCTU CKOSb-
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XeHua gucnokaumn. Bo Bcem e octanbHOM o6beMe Kpuctanna Teopusa MNariepnca — Habap-
PO ocCTaeTcs SIMHENHON N HE MOXET CMY>XUTb OCHOBOM AN pacyeTta M36bITOYHOro o6bema
ancnokaumm. MHOroUMCc/eHHbIE MOMbITKW YYYLLUTb 3Ty TEOPUIO HE NMPUBESU K KOHKPETHbIM
pesynbtatam [6].

lNepBasa nocnepoBaTenibHas HEMMMHENHARA TEOPUA CTPYKTYPbI 94pa AMCoKaumn, onupa-
IOLLAACA Ha HENMMHENHble CBOMCTBa BCEro oobema Kpuctanna, obi1a npensoxeHa B padorte
[4]. B ee ocHOBe nexuT pasgeneHne obbema KpucTtania, cogepallero gMcnokaumio, Ha ase
NPUHUMANANBHO pa3/nMyHble o61actm aedopMmMpoBaHns: 06aacTb ynpyrux (o6patMmblx ae-
hopmaumin) n 06nacTb Heynpyrmx (Heo6paTuMbIx) AeopMaLmii.

B o6nactn ynpyrux gedopmaumin npegnonaraeTca crnpaBeninebiM cooTHowweHun (1).
Ho nockonbKy ynpyrue gecgopmauunm B6M3nN sapa ANCI0KaUUM CTAHOBATCA 60/bLUNMMM, CO-
OTHOLLEHNE Mexay 06beMHOM aedopmaumn | n gaBreHNEM p CTAaHOBATCSA HEIMHEHbIMK [4]:

K, 2y+1
€)= 1-¢ —1. 4
ple) =5 2 {(1-)"" -1} @)
MO,CI,y}'II/I ynpyroct cpenbl Npu BbICOKUX 3HAYEHNAX BE/TUHNHDbI € USMEHAKOTCH MO 3aKOHY!
K(e) =K, (1—g)"", (5)
V(€)= v, (6)

3(1-2v)

=K, == 7
H="o 2(1+v) )

3pecb |, Knv —mMoaynb caBuUra, Moay/b BCECTOPOHHENO CXatua n kKoadduumeHT MNyac-
COHa cpefpl NoA AaBneHnem, W, K, ¥ v j — aHallormyHble XapakTepucTMkn Cpefbl B HOpMarib-

HbIX YC/TOBUAX, Y — NOCTOAHHAA ["ptoHan3eHa. BennumHa € 3aBUCUT OT AaB/1eHUS NO 3aKOHY:
1

2y+1
py+1 |@ @)
0
B o6nactn HeobpaTumbix gedopmaumin BoipaxeHus (5)—(8) octatoTca cnpaBeanvebiMu.
OpHako napamMeTp € 30eCb UMEET APYyron BuA. ITO CBA3aHO C TEM, YTO B 3TOM 06/1aCTn Haps-
Ay C ynpyrumu gedopmaumammn CyLLeCcTBEHHOE 3HaYeHMe UMEDT Heynpyrine gedopmaumm,
onpegensatowme n3bbITOYHbI 06beM gncnokauun. [na obnactm sgpa gucnokaumm B paboTe
[4] ©6bIN0 NPUHATO CriegytoLlee BbipaXeHne:
&(x,y) = AVp(X,y) +&,(X,y). (9)
3pech r(x, y) — yHKUMSA pacnpegeneHmsa n3bbiTOYHOro o6bema No SApy AMCoKaumu,
AV — NonoXutenbHO onpeaesnieHHblii NapameTp, XapakTePU3YHOLLNA BENNYMHY M3ObITOYHOIO
o6beMa Ha eaVHWLYy ANWHbI AWCNIOKaumMK, € (X, ¥) — pacnpeaeneHne ynpyron aguiaraumu B
obbeMe maTepumana:

e=1-

©

£, (%.y) = [ &, (x=x"y =y Ip(x",y )x"dy". (10)

DOYHKLUNIO P(X, YY) MOXHO MHTEPNPETMPOBATL KaK pacnpeneneHne snemMeHTapHbIX AUCo-
Kaummn ¢ 6eCKOHEYHO MasbiM BEKTOPOM Bioprepca db = bp(x, y)dzdy B Touke (X, y). OHO npega-
nosaraert, YTO NonepeYHoe CeveHne sapa AMCNoKaUMn MMEET KOHEYHYIo naolab.

Onsa onpegeneHnsa napaMeTpos, Bxoaswmx B oopmynesl (9), (10) B paboTe [4] BBOAUTCS
AOMNO/THUTEIbHOE YC/1I0BME PaABHOBECUS Cpefdbl Ha rpaHuue obnactm HeobpaTuMbiX gedop-
Maumii:

[ P&, y)ay =o0. (1)

3pech & — NonylwmnprHa 061acTi AMCIOKaUMK B NTOCKOCTN CKoMbxXeHusa (x, 0, z). Mpu-
HMMAaeTCs, YTO YC/I0BHAaA rpaHuua o6/1actn HeobpaTUMbIX AedopmaLnii B NIOCKOCTN CKOSb-
KEHMNS NIEXUT MEXAY MIOCKOCTAMU i = +E .
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B pamkax Mmogenu, npeactaBneHHol B padoTe [4], ona M36bITOYHOro o6bema ANCIoKa-
LMK GbINIO MOMYyYEHO BbipaXKeHue:

1-2 g, e b (12)
néz

3aech &, — nonywmpuHa AUCI0KaLMOHHOIO A4pa B Harnpas/ieHWK, OPTOrOHaIbHOM MJ10-
CKOCTW CKOJMIbXXEHUA gmucaokaumm (puc. 1):

2
AV — 27[ §1E.>2 1_

©

9(&.&) = [ &5 € y)ay. (13)
Y, b
1
1
I
||~
1
I L
—_— C
52
0 X
a— T a
F, F,

a' A & b
Puc. 1. CTpykTypa a4apa NnpsMOMHERHON KpaeBOW ANCIOKALMN NPOCTON KyOMYeCKOM peLleTku B
nnockoctu (Y, 0, X), OpTOroHanbHOW NMHUM ANCIOKALNN, NeXaLled Ha OCK Z: KPYMNHbIMK TOUYKaMun
0603Hay€eHbl aTOMbl KPUCTANNIMYECKONM PeLLEeTKN, TMHUN 0603HAYaloT KpUCTaninyeckme nnocKocCTy;
2E, 1 2§, — pasmepbl AApa (3aWTpUXoBaHHaa 06/1acTb) BAOb ocen X 1 Y COOTBETCTBEHHO; F v F,

0603HavaloT CKMMaloLMe N pacTarvBaloLme Harpyski BOOb N10CKOCTER aa’vt bb’ orpaHnuYnBatoLLmnx
SAPO AMCNOKaLUUKM B NNOCKOCTN ckonbxerus (Y, 0, X)

Mogenb (9)—(13) faeT oueHKM N306bITOYHOrO 06bEMA OOMHOYHbBIX ANCAIOKALNK, XOPOLLO
Ccorslacyroumnecs ¢ aKcrnepmMMeHTanbHbiMK gaHHbIMW. OgHaKo, ee HEBO3MOXHO pacnpocTpa-
HWTb Ha B3aMMOAEWNCTBME AUCOKALUMM C BHELUHMMW MNOMSMU, HE 0B6paLlaloLIMMNCA B HY/b
Ha 6eCKOHeYyHOCTU. B yacTHOCTKN, OHa He JonyckaeT pacCMOTPEeHUs B3auMMOAENCTBUA sapa
ANCNoKaumMm C OQHOPOLHOM rnapocTaTtMYeckom Harpyskom. B atom cnydae unHterpan (11) pac-
XOANTCS, MOCKO/IbKY OAHOPOAHOE Nosie AaB/eHNsa OCTaeTCa KOHeYHbIM B /1t0601 TOUKe Heo-
rpPaHM4YEeHHOro NPOCTPaHCTBA.

lNpuyMHa 3TOro 3ak/yaeTcsa B TOM, UTO NMPUHUMaEMble B KOHTMHYasIbHOW Teopun pas-
Mepbl Aapa gucnokaumm (o6nacte onpegeneHns PyHkumm r(x, y)) hopmanbHO HE OrpaHNYEHbI
KOHEYHbIMM pa3mepamMmu (CM. HMXe, a Takxe [4]). Noatomy 1 o6nactb HeobpaTUMbIX gedop-
MauMii OUCMOKaLMKM TakXe OKa3blBaeTCsl HEeOrpaHMYeHHOW. DTOT HeLOCTaTOK TEOPUM MOX-
HO YCTPaHUTb, YCTAHOBMB COOTBETCTBYIOLLMM CNOCOO0OM KOHEYHbIE 3HAYEHNS ANA Ppa3MepoB
30Hbl HEOOpaTUMbIX Aedopmaumi.
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B3AMMOAENCTBUE A4PA ANC/IOKALIMN
C oAHOPOAHBbIM BHELWHWUM MOJIEM AABJIEHUA

BBepgeHue 30HbI HeobpaTUMbIX AedopMaumin B TEOPUIO ANCIOKaLUM hnsnyeckn Bros-
He o60CcHOBaHO. [1eNncTBUTENBHO, NPU PacTIXEeHUW naeanbHOro Kpucranna npegen npoyvHo-
CTM Ha pa3pbIB MEXATOMHbIX CBA3el OueHMBaeTCs BeNnumHoi [6, 8]

G~ (14)
2n
Mpu 3TOM MaKcumanbHaa aedopmaLma KpucTania paBHa:
e ~2 (15)
m E ’

roe E— mopynb KOHra.

K npumepy, ans a-xenesa £ =1,710"MNa, u = 0,8-10" MNa [8]. Otcrona Haxoanm € _> 0,34.
CnepoBaTefnibHO, 30HY HeoOpaTuMmbIX Aedopmaunen BOAN3N NUHUM OUCAOKALUM MOXHO
onpenenntb C MOMOLLBIO KPpUTEPUS:

€E2€ . (16)

Takum o6pa3om, PrsnvecKnin CMbIC/T 30HbI HEOOPATUMbIX Ae(OopMaLMi COCTOUT B TOM,
YTO B Hel NpeaesnibHO ocnabneHbl BCe MEXAaTOMHbIE CBA3M 3@ CHET YBETMYEHHbIX PACCTOSHN
mMexay aToMmamu. Takoe ocriabneHne NpuBOANT K TOMY, YTO B 3TOW 30HE yXXE€ HEBO3MOXHO
COXpPaHeHne aTOMHOW CTPYKTYPbl KPUCTA/IIIMYECKOM peLLleTKU, UMetoLLEen BNOSTHe onpeaeneHx-
HbI OOBbEM, NPUXOAALLMNCA Ha oamH atom. OTcroga cnegyert, YTO OCHOBHAS 4YacTb U30bITOY-
HOro o6bemMa AnCoKauMm SO/MKHA HaXOANTbCA B 30HE HeoOpaTuMbix gedopmauumn, T. €. B
A4pe anucnokaumu.

Ha puc. 1 nokazaHa aTOMHas CTPYKTypa KpaeBoOW ANCAOKaLNM B MPOCTON KyONYEeCKOWn
peweTke. Ha Hem aTa 30Ha YC/I0BHO NMpeAcTaB/ieHa B BMAE MPAMOYrO/IbHUKA CO CTOPOHaMMU
2&, 1 2&,. MNapameTpbl 2§ 1 2§, cUMTAIOTCA YCNIOBHBIMM pa3Mepamu aapa avcnokauny. na nx
OLEHKWN NCMOMb3yeM BbIPaXXeHUA A1 KOMMOHEHT Moia ANCNOKauMmM COBMECTHO C YC/TOBUAMM
(14)-(16).

K npumepy, nonoxwue B BoipaxeHuu (1) y =&, n x = 0, ns ycnosui (14)—(16) Haxogum:

&, =bp/g, >0. (17)

Ona a-xenesa koadpdumuneHt > 0,1. Otctoga Haxoaum &, > 0,5b.

BenuuvHy & onpenenvm 13 sHauyeHvs CABWUIOBbIX HAaNPSXXEHW ANa Anciokaummn B nio-
CKOCTU CKOMbXeHuaA npu x =§ 1 y = 0 (puc. 1). na moaenu Bonbteppa [6]:

ub
o ,0)=——M. 18
xy(E.M ) 27'5(1—V)E_,1 ( )
[MonoxuB 3peck:
c,,(&,0)=G, (19)
Haxoaum:
b
& ~—. (20)
1-v

Orciopa ans a-xenesav > 0,3, otcioaa Haxoaum §, > 1,5b.

lNonyyeHHble pe3ynbTaTbl O3Ha4aloT, YTO 30Ha HeobpaTUMbIX Aedopmauunii BONU3U
AVHUM OUCNOKaLMN AOCTAaTOYHO BE/NKA, N MOXET MMETb pa3mMepbl, CyLIECTBEHHO MpeBbiLla-
IOLLNE 3HAYEHMA NMapamMeTpoB, BBOOMMBIX B /IMHENHYIO TEOPUIO YMPYrOCTU A1A YCTPAHEHNUS
pPacxoanMOCTV AUCMTOKALMOHHbBIX Noe B6/IN3U IMHUM SUCTTOKALUN.

K coxxaneHuto, B MaTteMaTuke HeT yA0OHbIX 3/ieMeHTapHbIX PyHKUWIA 418 OnMcaHns pes-
KO OYEepPYEHHbIX rpaHuL, o6nactn HeobpaTuMbIx aedopmMaunii. NMosToMy AN ydeTa KOHEeYHbIX
pasMepoB s4pa, ciegys metody, paspabotaHHOMy B pabote [4], o6beMHylo MHopMaumio
MaTepuana B 30He HeoOpaTuMbIx gedopmaummn 6yaeM onncbiBaTb C NOMOLLLIO hopmynbi (9),
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B KOTOPOI pacnpeaeneHune p(x, y) 3agaeTca cneayoumm o6pasom:

p(X, ¥) = pi(X)p,(¥), (21)
roe
_ 5 _
pj(Xj)_ﬁ! (=12). (22)
X; +¢&;

3nechb X, = X, x, = y. BolGop hyHKUMI (22) ABNSETCA CTAaHAAPTHBIM MPU ONUCaHUK pas-
MEepPOB ANCNIOKALMOHHbIX agep B mogenu MNManepnca — Habappo [6]. CyweCcTBEeHHbIM OTINYK-
em mogenm (21)—(22) ot mogenwn Manepnca — Habappo aBndeTca BBeAeHWe pacrnpegeneHmsa
P,(¥), y4MTbIBAIOLLErO KOHEYHOE 3HaYeHVe pasmepa aapa AMCIoKaUMY B HanpasieHnm, opTo-
FOHasIbHOM MI0CKOCTU CKOMbXeHus: &, > 0.

B yCcnoBu1sSIX NPUIOXKEHHOI0 BHELHErO AaBEHNA cpeabl rmapocTaTnyeckas YacTb Noss
ANCMIOKAaLMM AOMKHA OCTaBaTbCA aHTUCUMMETPUYHO OTHOCUTENIBHO M/TOCKOCTU CKOMTBXXEHUS.
MosToMy ycrioBme paBHOBECHA Ha rPaHuLe X = X, 30Hbl HEOOPaTUMbIX Aed)opMaLnii MOXHO
ObI/10 6bl NpPeaCcTaBUTb B BUAE:!

1 &
— | P(&,,y)dy =p. 23
2, 1 (&,y)dy =p (23)

3pecb P(x, y) — cymMapHoe gaBrieHme B TouUKe (X, ¥) cpeabl C y4eTOM NOAS HaNpPsXXeHUN
ANCNoKauMm 1 BHeLWHero gasnenus p. MNpun HopmanbHbix ycnosuax (p = 0) ycnosue (23) npu-

H1UMano 6bl BUA;
&

[ PE.y)ay =0, (24)
7&2
KOTOpoOe OT/IM4yaeTcs OT ycnoBus paBHoBecus (11), npuHaToro B padote [4] TeM, YTO B HEM
ABHO YUMUTLIBAIOTCS KOHEYHbIE pa3Mepbl 30HblI HeoBpaTMMbIX AecdopMaLunii.

OpgHako ycnoBus (23), (24) HaxoOAaTCcs B NPOTMBOPEYNM C MPUHATLIMU pacnpepene-
HUaAMKM (21), (22) oNa aneMeHTapHbIX OAUC/I0KAUWKA, MOCKOMbKY NMOCNeAHNe He OorpaHu4YeHbl B
NMPOCTPaHCTBE, a B BblpaxeHusax (23), (24) npegnonaraeTca MHTErpMpoBaHMe No BCEN, HO KO-
HeYHol, 30He HeobpaTUMbIX AedopMaLmii. Takoe NPOTUBOPEYME XapaKTEPHO 1 AN1A Teopumn
Maliepnca — Habappo, rae NpMHUMaeTCa KOHEYHbI pasmep aapa AMCNoKaumm B NIOCKOCTH
CKO/bXEHUS, PaBHOro 2§, 1 0AHOBPEMEHHO UCMO/b3yeTCA HeorpaHn4YeHHoe No ocK X pac-
npegenexuve p,(x) [4].

[ns ycTpaHeHus 3TOro NpoTUBOpeYns Besae B AafibHelwem Oyaem cumtaTb O6LLYyO
WMPUHY 30HbI AAPa B HAMpaB/€HUM y KOHEYHOW W PaBHOM 2&,, Kak 3TO MPUHATO B TeOpuK
ANCNIOKaLUMA, HO 3HAYEHUS 3/1IEMEHTOB nowaan ds 3To 30HbI BAOMb OCK Y 3a4afMM B COOT-
BETCTBUW C pacnpeaeneHnem p,(y):

ds =28,p,(y). (25)
MHTerpan ot BblpaxeHua (25) gaer:

]O ds =2¢,, (26)

T. €. KOHEYHYIO LUMPUHY 30Hbl B HaNpaB/fiEHUW y, CTaHAAPTHO NMPUHMMAaEMYIO B TeOpUM ANCIO-
Kauni 3a COOTBETCTBYIOLLMIA pasMep aapa.
B aTom cnyyae ycnosue (23) MOXHO nepenncaTtb B 60/1ee KOPPEKTHOM BUAE, CHUMALO-
LLleM YKa3aHHble NPOTMBOPEUNS:
L [Pt&.y)ds =p. @7
25, %,
Torga B HopManbHbIX ycroBusax (p = 0) paBHoBecue agpa Ancnokaumm dyget obecne-
YMBaTbLCH PABEHCTBOM:
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[ P,y)ds =0, 28)

opmManbHO coBnagaroLwmm ¢ BelpaxeHnem (11) ¢ TO4HOCTbIO 4O Mepeobo3HaAUYEHNA.

BoipaxeHus (27), (28) npenctaBnsatoT COO60M CyLeCTBEHHOE YTOYHEHME YC/I0BUIN PaBHO-
BECUS Ha FpaHnLLEe 30HbI HeoOpaTUMbIX gedopmaLmii, NPUHATOro B padoTe [4]. [l oAMHOYHOM
OMCNOKaLMU OTINYMS yCroBuii (11) n (28) HesHauMTe IbHbI, MOCKONbKY BbipaxeHue &2 (&,,y)
MMeeT CyLeCTBEHHbIE 3HAYEHUA TObKO BOAM3W aapa AMCIOKaUMM 1 ObICTPO YyObIBaET Ha
6eckoHeyHocTn. OgHaKo Npu pacCMOTPEHMM B3aUMOLENCTBNI AUCTIOKALMOHHbIX NOMeNn C 04-
HOPOAHBIMU BHELLUHUMW YNPYrMMN NOMSMU, HE YObIBaOWMMU HA BECKOHEYHOCTHU, UCNOb30-
BaHMe yCNoBUA paBHOBeCUS (27) CTaHOBUTCS 60/1ee KOPPEKTHbIM.

[Ona pacyeta nHTerpana (27) onpegenvm aBHbI BUA hyHKUMK P(X, ) B paMKax Henu-
HelrHol Teopuun gedopmaumii. s popmynbl (4) Haxogmm:

P(e) = —K, (e —¢&°). (29)

3pech e — gunataums, cosgaBaeMasd COBMECTHbIM OENCTBUAM Ancnokaunm € (cm. dop-

mMyny (9)) 1 BHELUHEroO JaBNEHUS € :

e(x,y)=g(x,y)+e,. (30)
Bennunny €, ONpeaenm B TOM Xe NPUGAMXKXEHUU U3 hopmynbl (8):
2
P P
g, r—+y|— | . 31).
P~ Y{KO] (31)

MNoactaBunB BbipaxeHus (29)—(31) B ycnosus paBHoBecus (27), NOCNE MHTErPMpPOBaHUS
nONy4YnM ypaBHEHME 0719 onpefeneHns BENUYMUHbI M30bITOHHOro ob6bema AV Ha eamHuLy
ANWHbI gncnokaunn. Ero pewenne yoobHo npenctaBmTb B C/1eAyOLLEM BUAE:

2 2

AV(p):Ld(p)f(p) 1- 1_% . (32)
3y f(p)

3pecb V — o6beM Aapa eAnHMLbI A/IMHBI AMCNIOKaUMKU B TMAPOCTATUHECKU CKAaTOM Cpee:

2

p
V., (p)=V. -——, 33
4(P) d,o[ 3K0J (33)
roe Vd’O =48, &,, — 00beM sapa B HOpMasibHbIX YC/TOBUSAX, ]

P 2| P
f(p)=1+2y—-=2y"| — | , 34
(P) Y K Y [ Koj (34)
N(EnE,) = [ &5 (&P (y)ay. (35)

—00
B BbipaxeHusx (32)—(35) cnegyeT yuunTtbiBaTh, YTO BCE MapaMeTpbl, MMELmMe pasMep-
HOCTb A/INHbI, TAKXE 3aBUCAT OT JaBNEHUS P.

OBCY>XAEHUE MONTYYEHHbIX PE3Y/IbTATOB

dopmynbl (32)—(35) no3BoNAOT oUeHNTb 06/1aCTb 3HAYEHUIN P, B KOTOPOW BANSHUE TU-
APOCTaTUYECKUX HAarpy30K Ha napameTpbl aapa ANC/I0KaUnii MOryT OKa3aTbCs CYLLLECTBEHHbI-
Mu. [Ins 3T0ro Heo6xoAMMO OMNpeae T ABHbIN BUA PyHKUMKM N(E,, ).

Bua aton hyHKLMN MOXHO YCTaHOBUTb, MCMOMNb3Ys NPUOANXKEHNE:

gv(gwy) =gy (§1,}/) (36)
[ln9 ynpoLLeHns pacyeToB NMOMOXNM:

b
S=6 = (37)

B pesynbTrate, nocne B3atusa nHterpana (35) nonyymm:
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BZ
n(§1’§2) = 5 (38)
nsa 3Tnx 3HaveHun oopmyna (32) gaert:

Av<p>="2§+;“”f<m - 3B 39)

f*(p)

Ansa a-xenesa K, =1,710"Ma,v=0,28, u=0,810", > 0,1, y > 2 [8]. [ina ManbIx 3Ha4eHW/i
(32 << 1 hopmyny (39) MOXHO NpeacTaBUTb B Gosee NpocTom Buae:
*yB*V,(p)

2f(p)

Onsa 3HaveHua p = 0 otcroga nonyynm AV(0) > 0,08Vdvo, npu p =10 IMa n36bITOYHbIN
o6beMm paBeH AV(p) > 0,78AV(0), a npu 3HaveHuu p =11 Tla AV(p) > 0,97AV(0).

Ortctoga BMAHO, YTO BHELLHEe AaB/eHne oKa3bliBaeT 3aMeTHOoe AeliCTBUE Ha NapameTpbl
aapa Aucnokauuy B nHTepBasne 3HadeHun p > 11 1a.

BaxHo, 4TO 06beM A4pa Ha eAnHULY A/IMHBI Auciokauum V (p) Npu NpuioXxeHun AaB-
NEeHNST U3MEHAETCH B HECKO/IbKO pa3 MeHbLUE, YeM N30bITOYHbIN 06beM ancnokauun AV(p).
Ortctoga cnefgyerT, UTO CKMMAeMOCTb MaTepmanioB C AUCNOKALUMAMU Bbille, YeM Yy naeanbHbIX
KPUCTanoB. DTO Xe YTBEPXAEHNE OKa3blBAETCS CnpaBen/IMBbIM A9 HAHOCTPYKTYPUPOBaH-
HbIX MeTasl/10B, MOCKO/IbKY BCE 3/1€MEHTbl HAHOCTPYKTYPbl MOXHO MOCTPOUTb U3 AMCNOKaLUiA
COOTBETCTBYIOLLErO BNAa.

Opyrnm 3ameTHbIM 3hhEKTOM, BOSHUKAIOLWMM MPU NPUIOXEHNN BHELLIHErO AaBMEHUS,
SBNAETCS MOBbILEHME 0OLEN SHEPrUN ANCNOKALMN, MOCKO/bKY OaB/IEHNE YBEINUMBAET MO-
OYyNW yrnpyroctn kpuctanna [4] u coBepluaeT OMNOMHUTEbHYO paboTy Ha yMeHbLUeHne 13-
ObITOYHOro o6bemMa agpa. B pesynbtate B rmapoctatMyecKn CXaTon cpefe 3aTtpyaHseTcd
paboTa NCTOYHMKOB Ancnokauumu [6] u, Kak crnegcreBmue, MoOHMXKaeTCsa NNOTHOCTb AMC/IOKaLNIA
npv NnacTMyeckomM aeopmMmpoBaHUmM MeTasanos.

CyLuecTBEHHOE 3HAYEHME MMELIOT MOMTyYEHHbIE pe3y/bTaThbl AN OLEHKU BANAHUA OBYX
6/IN3KO PACMONOXEHHbIX AUCNIOKALMN Ha CTPYKTYPY COOCTBEHHbLIX aaep. [leno B TOM, UTo Kpa-
€eBble gncnokaumm cosfatoT COOCTBEHHOE nose gasneHus. NostoMy ABe cocegHue ANCoKa-
UMK MOTyT AEeNCTBOBATb APYr Ha Apyra TakXe, Kak Ha HUX MOr/10 Obl 4ENCTBOBATbL BHELLUHEE
AaBreHune.

3 chopmynebl (1) Haxoamm, 4TO Ha Aape ANCIoKaUMM aB/1eHMe MOXET AOCTUraTb 3Have-
HUI 16 [Tla. None gucnokaumm ybbiBaeT C pacCcTosHneM r Kak 1/r. Nonaras, 4To CyuwecTBeH-
Hble UBMEHEHUA B 94pe ANCNOKaUMM HauYMHAIOTCS Npy 3HavYeHun gaenenuda B 11 Ta v Bbiwe,
Haxo4uM, UYTO AMcoKaumn 6yayT HE3HAUYNTENbHO BIMATbL Ha CTPYKTYPY A4pa COCeaHuX Anc-
NoKaLnn Npu paccToaHnax r > 16b mexagy HUMU.

DTOT BbIBOA MMEET CYLLLECTBEHHOE 3HAYEHNE NMPU NMOCTPOEHNN AUCNIOKALUMOHHbBIX MOAe-
nen MeXKpPUCTaNNUTHbIX rpaHuy [6]. B yacTHOCTUY, B HacTosILee BpeMa CUMTaeTCs, YTO Manoy-
rNOBble FPaHuLbl C yriiom pasopueHTtaumm ¢ < 15° MOXHO paccmaTpuBaTh Kak BEPTUKaIbHYO
CTEHKY He3aBUCUMbIX ApYr OT Apyra KpaeBbiX AUCoKaunin ¢ Bektopom broprepca b [6]. Mo-
narasi, YTo B ManiOyr/ioBOM rpaHmLe pacCcTosiHMe Mexay CTPYKTYPHbIMU ANCOKALMSAMN PaBHO
16b, M3 MONYYEHHbIX OLLEHOK HaXOAMM FPaHUYHbIA Yron (p Pa3BOpOTa COCEAHUX KPUCTaNm-
TOB, MPU YBEIMYEHMM KOTOPOTO CNeayeT yunThiBaTb BINMAHME OMCIOKALMN Ha CTPYKTYPY S4pa
cocegHux gucnokaunn. PacyeTbl nokasbiBaloT, UTo ¢ > 4°. Takum o6pa3om, BO BCeX, husn-
YECKM 3HaUYUMbIX MOLENSX ANCTOKALMOHHOM CTPYKTYPbl MEXKPUCTANNIUTHBIX FPaHnL, cnegyet
Yy4YMTbIBaTb B3aMMHOE BIMAHME OUC/I0KALNK Ha CTPYKTYPY ANC/IOKaLNOHHBIX SAep.

BaxHoe 3HaueHne MMEIT MONYyYEeHHbIE pe3ynbTaTthl U AR TEOPUM pa3pyLleHnsa maTe-
puanos. [9]. BOAbLUMHCTBO MEXaHN3MOB 3aPOXAEHNA MUKPOTPELLMH, UCNO/b3YyEMbIX B TEO-

AV(p) = (40)
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pun pa3pyLleHnin, OCHOBaHbl Ha PACCMOTPEHUM 3aCTOMOPEHHbLIX OKO/O MPEensaTCcTBUIA AUCNO-
KaLMOHHbIX CKOMMEHW, KaK MOLLHbIX KOHLEHTPaTOPOB HaNpPSAXXeH W, Bbi3bIBaOLLMX Pa3pbIBbI
MEeXaTOMHbIX CBA3el B MaTepuanax. PacctosHme mexay ronoBHbIMU ANCIOKAUNSMU B TaKUX
CKOMNIEHNAX coCTaBNAOT (1-2) MexaToMHbIX paccToaHuns [9]. I3 npuBeaeHHbIX Bbllle OLEHOK
BMAHO, YTO Ha TaKMX PacCTOSHUAX ynpyrne nonsa AMcrokauuin 6yayT 3HauyUTEIbHO BNUATH
Apyr Ha apyra.

BbiBOAbI

1. BHelwHee faBneHve, HaumMHaa co 3HadeHwit p_ > 1 Tla cywectBeHHO B/MSeT Ha
CTPYKTYPY S4pa KpaeBbIX ANCNIOKAUMA U MPUBOANT K 3aMETHOMY YMEHbBLUEHWNIO UX N3ObITOY-
HOro o6bLema.

2. CkMMaeMoCTb MaTepmanoB C ANCNOKAUMAMM M HAHOKPUCTANNIMYECKNUX MaTepmnanos
BbllLEe CXXMMAeMOCTU naeasnbHbIX KPUCTA/I/IOB TAKOIO XXe XMMMUYECKOro CocTaBa 13-3a NoBblI-
LUEHHOW CKMMAEMOCTN N3ObITOYHOro 06 beMa ANCIOKALNK U MEXKPUCTANTUTHLIX FpaHuL, No-
CTPOEHHbIX U3 ANCMOKaLMA.

3. B ANCNoKauMOoHHbIX MOAENSX MEXKPUCTAIIUTHBIX FPAHUL, HAK/T0Ha C YI/IOM pa3opu-
€HTaLMN COCEOHUX KPUCTaNNTOB ¢ > 4° HEOOXOAMMO YUMTbIBaTb BAUAHME OMCNOKALMA Ha
CTPYKTYpPY a4pa CocefHUX AUCMOKaunin. AHANOrMYHbIN y4eT cnegyeT NPOBOANTL NMPU UCMOSb-
30BaHUM ANCTOKALMOHHbBIX MOAEEeN 3apOXAEHNA MUKPOTPELLNH B TEOPUN pa3pyLUEHUA.

MCCﬂe,CI,OBaHVIﬂ BbIMOJ/IHEHbI B paMKaxX rocyapCTtBeHHOro 3agaHund MVIHVICTepCTBa 06p83OBaHVIF|
u Hayku PO (N° BB_2021_121030100003-7).
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YK 621.921.34

AJIMA3HbIE CUHTETUYECKUE NOPOLLUKWU, BJIMAHUE
MOP®OJ10I'MN SEPHA HA KAHECTBO OBPABOTKU KAHATIA
TBEPAOOCIJIABHbIX BOJIOK

E. C. EnbuoBa, W. . JlasebHnKoBa

OAO «BM3 — ynpasnstoLwwasa komnaHus xonguHra «bMK»,
r. Kno6uH, Pecny6nvka benapycb

Ab6pa3mBHASI CNOCOOHOCTb Q/IMA3HbIX MOPOLLIKOB OKA3bIBAET O0/IbLLIOE B/INSTHUE HA KQA-
yecTBoO 06pabarteiBaemMoro nsgenns. lNpoyecc narotos/1eHUs TBePAOC/IABHbIX BO/IOK BK/IHO-
yaet B cebs1 4OBOAKY M MO/MPOBKY paboyero KaHas1a C UCro/1b30BAHNEM Q/IMA3HbIX CUHTE-
TUYECKNX MUKPOIMOPOLLKOB PA3/IMYHOM 3epHucToCcTU. OT Ka4yecTBa 06pabOTKU MOBEPXHOCTU
KQHQ/1a BO/TOK HAMPSIMYKO 3ABUCUT KQYECTBO U3roTAB/IMBAEMOM POBO/IOKN M KAK C/IeACTBUE
CaMoro MeTas1/1IoKkopAa.

B cratbe paccmoTpeHo BansiHne hpakUMOHHOro COCTaBA M MOPGOIOrum a/IMA3HbIX
CUHTETUYECKUX MUKPOMopoLwkoB Mapku ACM 3epHNCTOCTbIO 7/3 HQ Ka4ecTBO 0OpabOTKu
MMOBEPXHOCTU KAHA/1a TBEePAOCI/IABHbIX BO/IOK. ¥ CTAHOB/IEHA B3AMMOCBSA3b MEXAY hopMOri
YacTuL a/IMA3HbIX CUHTETUHYECKUX MUKPOMOPOLLKOB U MX AOPA3MBHOM CrIOCOOHOCTHIO.

KnroueBble cnoBa: asiMasHbIn MOPOLLOK, abpa3nBHaa CMNOCOO6HOCTb, 3€PHUCTOCTb a/IMa3Ho-
ro NOpoLLUKa, aiMa3Hoe 3epHO, KO3 hULNEHT hOPMbI, KpUCTanandeckaa hopma aamasa,
MOpPOOrnyeckne XxapakTepucTuKu.

DIAMOND SYNTHETIC POWDERS, INFLUENCE OF GRAIN
MORPHOLOGY ON THE QUALITY OF CHANNEL PROCESSING OF
CARBIDE DIES

E. S. Eltsova, I. P. Lazebnikova

0OJSC «BSW — management company of «BMC» holding»,
Zhlobin, Republic of Belarus

The abrasive ability of diamond powders has a great influence on the quality of the
workpiece. The manufacturing process of carbide dies includes finishing and polishing of the
working channel using diamond synthetic micropowders of various grain sizes. The quality
of the surface of the wire channel directly affects the quality of the produced wire and, as a
result, the steel cord itself.

The article considers the influence of the fractional composition and morphology of di-
amond synthetic micropowders of the ASM brand with a grain size of 7/3 on the quality of the
surface treatment of the channel of carbide dies. The relationship between the shape of the
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particles of diamond synthetic micropowders and their abrasive ability has been established.

Key words: diamond powder, abrasive ability, grain size of diamond powder, diamond grain,
form factor, crystal form of diamond, morphological characteristics.

e-mail: Imp.icm@bmz.gomel.by, nlt.plus@bmz.gomel.by

BBEAEHUE

Anmasbl B MPOMBILLZIEHHOCTU Yallle UCMO/b3YIOT Kak abpa3unBHbIA MaTepuan (abpasme-
Hble MOPOLLKW, NAaCTbl, LWAMGOBabHbIE KPYrY, anMasHble Nubl, cTeknopessbl 1 T. 4.). Cornac-
HO CTATUCTUYECKUM AaHHbIM, TOobkO 20 % AoObiBaeMbIX a/iMa30B MPUMEHATCA Kak toBe-
AMpHbIe, OCTanbHOM 06beM (ao 80 %) ncnonblyercs B NMPOMbILLAEHHOCTU. AiMas o6nagaet
BbICOKOI TBEPAOCTbIO, HO B TOXE BpeMs o4eHb Xpynok. [Npegen npoYHoCT! Ha M3rnb n Ha
cXKaTue y animasa HUXe, YeM y Apyrux abpasvBHbIX MaTepuanoB, NMO3TOMY a/iMa3 JOCTAaTOYHO
XPYMNOK 1 Npu yaape packanbiBaetcs. Mpu gpobneHnn oH CpaBHUTEIbHO NIEerko npeBpalla-
€TCsl B MOPOLUOK, HA YeM OCHOBaHO M3rOTOB/IEHWE U3 a/IMa30B TOHKUX abpasnBHbLIX MaTe-
puanos [1]. NpumepHo 75-80 % BCeX TEXHUYECKMX a/IMA30B PacxoayeTcsa Ha U3roToB/eHue
a/IMasHbIX MOPOLLKOB, MOTPEOHOCTL MPOMBILL/IEHHOCTU B KOTOPbLIX O4EHb BE/IMKA.

MNocne gpob6neHnsa anmMasHbIli MOPOLLOK NOABEPraeTCa OUMCTKE OT MPUMECEN, pacceBy
Ha y3Kue Knaccbl. [NaBHOM TPYAHOCTLIO MOlyYEeHMUS a/IMa3HOro MOpoLLKa C PaBHOMEPHbLIM
hpaKLMOHHBLIM COCTAaBOM, COAEPXalluM NPenMyLLLEeCTBEHHO M30OMETPUYHbIE 3epHa, ABNsAeT-
CcA HeopgHopoaHas hopma MOMyYEeHHbIX YacTuL, ariMasa, KoTopble MOryT ObiTb MPOAO/IrOBa-
TbIMW, N1aCTUHYaTbIMK, OBasibHbIMUW, OCTPOYrOfIbHBIMU 1 Ap. PacceB CTo/lb MHOrO0O6pa3HbIX
no chopme yacTuL, aiMa3oB npeacrtaBigeT BeCbMa TPYAHYIO TeEXHUYECKYo 3agady. OgHako,
yeM ogHopoaHee no pa3mepy OyaeT aiMa3HbIA NOPOLLOK, TEM 60/MblLUe KPUCTaI/IMKOB aniMa-
30B ByayT yyacTBoBaTh B paboTe, a c/iegoBaTenbHo, npouecc abpasmBHOM o6paboTku yaet
6onee npousBoguTesnibHbIM [1]. 3€pHUCTOCTb aniMa3HbIX MOPOLLKOB 0603HavaeTcs Apoobblo, y
KOTOPOW B YMC/INTENe yKa3aH caMblii HAMOO/bLUMN pa3Mep 3epeH OCHOBHOW hpakumn, a B
3HaMeHaTtene — HaUMEHbLUUNA.

AbpasnBHasa cCnoco6HOCTb a/IMa@3HOro NOPOLLKA 3aBUCUT HE TOMIbKO OT MPOYHOCTU Ca-
MUX 3epPeH, HO 1 OT ux hopmbl. MNpumeHseMbie MeToAbl pa3feneHnsa u Knaccudmkaumm no-
POLUKOB MMEKT HefoCTaTKu, KOTopble 00YCNOB/IEHbI HECUMMETPUYHOM hopMoli 3epeH an-
Ma30B Mpu paBHOM 3aHMMaeMOM OObeMe U KoebaHUsMU MacChl KPUCTaI/IOB afiMasoB, YTo
MOXET NPMBECTM K HEYETKOCTW pasaesieHns yactuy, no pakumam. Mopdonorus kpuctanioB
a/IMa3HoOro NopoLlKa BANSET Ha MX abpa3nBHYKO CNOCOOHOCTb M Ha KauyecTBO MO/yYyaeMo
paboyeil NOBEPXHOCTU MHCTPYMEHTOB NOC/1E LWAUGOBKU U NMOSIMPOBKM.

AnmasHble MMKPOMOPOLLKM MPUMEHSIIOTCA NPU AOBOAKE M NOMMPOBAHUN paboyero Ka-
Hana TBepaOCMnaBHbIX BO/IOK, KOTOPbIE ABMSIOTCA OAHUM U3 OCHOBHbIX TEXHOMOMMYECKUX UH-
CTPYMEHTOB, NPMMEHSAEMbIX NPU NMPOU3BOACTBE TaKoli BbICOKOTEXHOIOMMYECKO NPOoayKLMM
KaK BbICOKOYrniepoauctasa npoBo/ioka nog Metansokopa. Bonokn npuMeHsaoTCs Ha CcTagusx
rpy6o-cpefHero 1 TOHKOro BosiodeHns. OT KayecTBa NOBEPXHOCTM KaHana BO/IOK Hanpsamyto
3aBMCUT Ka4YeCTBO NMPOBOJIOKU U, KaK CAeACcTBMe, caMoro Mmetannokopaa. O4ueBuaHo, UTO Ka-
YeCTBO BOTIOYM/IBHOIO MHCTPYMeHTa ByaeT onpeaenatbCs Ka4eCTBOM TBEPAOro Cr/aBa, Ka-
YecTBOM paboyeli NOBEPXHOCTM KaHana 1 reoMeTpuyecknmmn napameTpamm ovara gedopma-
LMK (KaHana BOIOKM).

Ha OAO «bM3 — ynpaBnatouwaa komnaHus xongmira «<bMK» (nanee — BM3) o6paboTky
KaHasa BOJ/IOK OCYLLECTBNAT a/iMa3HbIMU CUHTETUYECKMMU MUKPOMOPOLLKAMUN 3€PHUCTOCTH
10/7, 7/3, 5/2 v 2/1. Tlpn 3TOM HEOQHOKPATHO OTMEYanucChb Crlydaun, Korga nopoLKu MAEeHTUY-
HO MapKW N 3€PHUCTOCTM OT Pa3HbIX MOCTABLLMKOB, NMpoLUeaLMe BXOAHON KOHTPO b, UMen
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CyLLLeCTBEHHbIE Pa3In4yma B KadecTBe 06paboTKM NOBEPXHOCTN KaHana TBepaoCn/iaBHbIX BO-
nok. [na onpegeneHnsa npuynH pasnuunii o6paboTkn B paMkax gaHHOW paboTbl Oblf10 onpe-
AeneHo BnnsHne Moponormm afiMasHbiX CUHTETUYECKMX MUKPOMOPOLLKOB pa3HbIX MOCTaB-
wnkoB mapku ACM (HopMasibHOM abpa3vBHOM CNOCOOHOCTU) 3€PHUCTOCTLIO 7/3 (LWMPOKKIA
AnanasoH 3epHUCTOCTKN) Ha X abpas3mnBHYIO CNOCOOHOCTb M Ka4eCTBO 00paboTKM MOBEPXHO-
CTW KaHana TBEPAOCMN/IaBHbIX BOMOK.

NMOCTAHOBKA 3KCMNEPUMEHTA

Llenb paboTtbl — onpeaennTtb BAMAHME MOPGONOrMYECKMX XapaKTepPUCTUK asiMasHbIX
CUHTETUYECKMX MOPOLLKOB Ha MX abpa3nBHYK CNOCOOHOCTb M KauecTBO 06paboTKM NoBepX-
HOCTM KaHana TBepAoCn/IaBHbIX BOMOK.

KoHTponb cooTBeTCTBUA a/fiMa3HbIX MUKPOMOPOLLUKOB

[na npoBegeHnsa uccnegoBaHMs OblM MCNOAb30BaHbl MUKPOMOPOLLKN Mapku ACM
3E€PHUCTOCTBIO 7/3 OT ABYX pasfiM4yHbIX NOCTaBLUMKOB. [Nepen npoBefeHUeM aKcnyaTaun-
OHHbIX WCMbITAHWA MNPOW3BENIM KOHTPO/Ib 3€PHOBOr0 COCTaBa AaHHbIX MUKPOMOPOLLKOB.
Ha npegMeTHoOe CTEKNO HAHOCWUICA TOHKWUIA CMOW MCCegyemMoro rnopolka ¢ go6aBieHnem
HECKO/MbKUX Kanesb ChMpTa 3TUIOBOr0 PEKTUUKOBAHHOIO TexHuyeckoro. Coaepxunmoe
pa3paBHUBANOCbL B OAMH C/OM Tak, 4ToObl 3epHa He MNpukpbiBann apyr gpyra. Npun nomo-
WM MeTaniorpauyeckoro MMKpockona rnpoBOANMIUCE NSMEPEHUs pa3Mepa 3epeH. [anee
onpeaensancs (GpakuMOHHbIA COCTaB WUCCNeAyEMbIX MUKPOMOPOLWKOB. [laHHble KOHTPONS
npuBeaeHbl B Tadn. 1.

Tab6n. 1

[aHHble KOHTPONS afIMasHbIX CUHTETUYECKNX MUKpPOMNopoLiKoB Mapku ACM 7/3

Mapka Pa3mep 3epeH ans TpeGosanms
o :U.IKa MocTaBLMK ® ai mmp MK'S‘A Hona 3epeH, % FOCT 9206-80,
P pakLmn, [ons 3epeH, %[2]
KpynHasa — cB. 7 go 10 0,25 He 6onee 2 %
1 OcHoBHasgs —oT7 0o 3 95,75 He meHee 85 %
Menkaa —o12 no 1 0,25 He 6onee 5 %

ACM -7/3

KpynHas — ¢B.7 oo 10 0,25 He 6onee 2 %
2 OcHoBHasgs —oT7 0o 3 95,5 He meHee 85 %
Menkaa —oT12 no 1 - He 6onee 5 %

M3 tabn. 1 BUAHO, YTO (hpaKLMOHHbIN cOoCTaB MOopoLLKoB Mapkn ACM sepHuUcTocTbto 7/3
OT 060MX NocCTaBLNKOB cooTBeTcTBYET TpeboBaHnam TOCT 9206-80. Hannume KpynHbIx 3e-
PEeH HaxoauTCca Ha ogHOM ypoBHe 1 coctasnsaeTt 0,25 %.

dkcnnyaTtauMOHHbIe UCTbITAaHUA aZIMa3HbIX MUKPOMOPOLUKOB

AniMasHble MUKPOMOPOLLKK OblSIM MCNO/b30BaHbI 414 WANKGOBKM paboyvero KOHyca Ka-
Hana TBepaoCcnnaBHbIX BO/IOK MO gelcTBytollei Ha BM3 texHonorum. B pa6oTte ncnonbsosanu
aniMa3Hble CYCMNeH3nn 0aNHaKOBOW BA3KOCTU, M3rOTOBMIEHHbIE C MPUMEHEHNEM TNIMLEPUHA U
MUKPOMOPOLLKOB OT KaXXAoro npomsBoautend. AniMasHble MUKPOMOPOLLKMW, MO NPUYNHE CBO-
€l BbICOKOM «MPbIry4eCTn», He MOTYT NMPUMEHATCA NMpU WNMGOBKE B CYXOM BUAE, CYCMEH3NN
CnocobCTBYIOT 60/1€e paBHOMEPHOMY 3ano/sIHEHUIO OOpabaTbiBaeEMOro KaHana, TeM CambiM
ob6ecneymBas 60nee paBHOMEPHYO 06paboTKy NOBEPXHOCTM KaHana. Pe3ynbTaTtbl aKCnya-
TALMOHHbIX UCMbITaHWI NpeacTaBneHbl B Tabn. 2.
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Tabn. 2

Pe3ynbTaThl 3KCM/lyaTaLMOHHbIX UCMbITAaHUA MUKpPONOpoLIKOB Mapku ACM 7/3

Konnuectso o6paboTaHHbix | KonmyecTtBo oTOpakoBaHHbIX
Mapka nopoluka MocTaBWwmK o
BOJ/IOK B CMEHY, LUT. BOJOK, %
1 420 5,5
ACM 7/3
2 653 30,0

I'IpumeanMe: 0T6paKOBKe noaBeprnancCb BO/TOKU C Hann4dmnem pr6bIX LapannH Ha NoBepXHOCTU Ka-
Hana n HeygoBneTBOpUTE/IbHbIM Ka4eCTBOM MOJIMPOBKU (HanM‘-WIeM NOBbILLIEHHON mepoxosaTocm)
NMOBEPXHOCTMN KaHana

Kak B1AHO 13 Tabn. 2, Npon3BOANTENBHOCTb 060PYAOBaHUA NPU MCMONb30BaHUN MNO-
polika oT nocTtaBwmka 2 Ha 50 % Bblle B CpaBHEHUM C MOPOLLUKOM OT nocTaBwmka 1. Mpu
3TOM KO/IMYECTBO HECOOTBETCTBYIOLLMX BOMOK Yy npousBoantens 2 coctasuno 30,0 %, uto
HUBENUPYET pa3HuLy B MPOM3BOANTENNBHOCTH.

Ha puc. 1, npeacraBneHsbl hoTorpadmm NOBEPXHOCTU KaHana BOSIOKM Nocie WiangoBKK
rnopowkoM mapkm ACM 3epHUCTOCTbLIO 7/3 OT pasfiMyHbIX MOCTaBLUMKOB.

SEM HV: 10.00 WD: 24.9490 mm L1001 VEGAWTESCAN
View field: 93.10 pm Det: SE 7
Date(m/d/y): 12/06/16 Kargopolova

SEMHV: 10.00 kV  WD: 24.9220 mm T VEGAW TESCAN
View field: 93.20 pm Det: SE 20 pm 7
Performance in nanospace n Date{m/d/y): 12/06/16 Kargopolova Performance in nanospace n
12 12

a 6
Puc.1. NMoBepxHOCTb KaHana BOMOKM Nocne WANoBKN NOPOLLIKOM Mapkn ACM 7/3:
a — nocTtaBwuk 1, x600; 6 — nocTaBLWMK 2, X600

Kak BngHoO 13 puc. 1, kauectBo 06paboTkm MOBEPXHOCTM KaHana npu WangoBKe MUKPO-
nopolukamm Mapkn ACM 7/3 pasHbIx NOCTaBLUMKOB OT/IMYaeTCs Apyr oT Apyra. NoBepXxHOCTb
KaHana (puc. 16), o6paboTaHHass MMKPOMOPOLLKOM MOCTaBLUMKa 2, NPy BU3yasibHOW OLEHKe,
nMeet 6osee LepoxXoBaTyto NOBEPXHOCTb. LLlepoxoBaTtocTb MOBEPXHOCTM OOYCNOBIEHA Ha-
AnymeM 60/bLIOro KOMMYeCcTBa HaHECEHHbIX LlapannH U HEPOBHOCTEN Pa3HOM MHTEHCUBHO-
CTW, MPUCYTCTBMEM BbIKpallMBaHUi B Buge nop. Ha nosBepxHoctn kaHana (puc. 1a), o6pabo-
TAHHOrO0 MMKPOMOPOLLIKOM MocTaBLumMKa 1 uapanuHbl, HEPOBHOCTX M MOPbl UMEKOT MEHbLUEe
KO/IMYECTBO N MHTEHCUBHOCTb HAHECEHMA, YEM Y NMOCTaBLUMKA 2.

OueHka mopdonormyecknx oCo6eHHoOCTen asfiMasHbIX MUKPOMOPOLLUKOB

[na onpegenerHns NpuymH pasnmuns B Ka4ecTae WANGOBKN BOTOK a/IMa3HbIMU CUHTE-
TUYECKMMM MUKPOMOPOLLKAMWN, UMEOLMMU NOEHTUYHBIN (hPaKLMOHHbIA COCTaB, NPOU3BENn
OLEHKY MX MOP(ONOrNYEeCKUX OCOBEHHOCTEN.

AbGpa3uBHbie 3epHa ObIBalOT pa3zHooOpa3HoOn hopMbl. 3epHa MOrYT UMETb HEMNPaBU/b-
HYIO MHOFOrpaHHyto hOpPMy C OCTPbIMU PEXYLLMMU SIEMEHTAMMU UIN OKPYT /Y0 (DOpMY; BCTpe-
4aloTCA TaKXe 3epHa yaA/IMHEHHON (hOPMbl — MeYeBuaHbIe, UrnoobpasHele n ap. NsomeTtpuy-
Hble 3epHa MMetoT 6onee okpyrayo gopmy [3].

45



[Ona oueHkn hopMbl 3epeH Gbin caenaHbl goTorpacgmm anMasHbIX MUKPOMOPOLLKOB
npyu NOMOLLM MeTannorpauyeckoro MMKpockona. Ha puc. 2 npeacraBneHbl BUAbl MPOeKLMii
3epeH a/IMasHbIX MUKPOMOPOLLKOB ABYX NMOCTaBLUMKOB.

S wor S TR A

$py o™
&’ 33‘ ° ’“

Puc. 2. Bugbl npoekunii 3epeH aniMa3HbIX CUHTETUYECKUX MUKPOMOPOLLIKOB Mapkn ACM 7/3:
a — nocTaBLWKK 1; 6 — NOoCTaBLLKK 2

Kak BMAHO M3 puUC. 2, MMKPOMOPOLUOK OT nocTaBlmka 1 umeeT 6051ee OKPYrneHHyo
hopMy 3epeH — N30OMETPUYHYIO. 3epHaA MMKPOMOPOLLKa OT MOCTaBLUMK 2 UMetoT 6onee Bbl-
TAHYTYIO POPMY N OCTPble 3a3yOpeHHbIE KPOMKW. 3€PHO C OCTPbIMW YyrlaMu 1 MEHbLUNM pa-
ANYCOM OKPYI/1EHUS 3HAYMTENBbHO /lerye NpoHMKaeT B o6pabaTtbiBaeMbll matepuarsn, obecne-
YMBaET XOPOLLYIO abpasnBHYIO CNOCOBHOCTb, HO MOXET OKa3aTb OTPULATENIbHOE BINSHME Ha
KaueCTBO MOBEPXHOCTN — HAHECEHME PUCOK M LapanuH. PesynbTaTthl OLEHKN OCOBEHHOCTEN
(hOpMbl 3epHa arIMasHbIX CUHTETUYECKUX MMKPOMOPOLLUKOB COr/1acytoTcs C pes3y/bTaTamu
3KCM/yaTaUMOHHbIX UCMbITaHWKA (Tabn. 2, puc. 1).

OueHka abpasuBHON CNOCOBGHOCTU arMa3HbIX MUKPOMOPOLLKOB

Ona noatBepXaeHUsa NoNyyYeHHbIX pe3y/1bTaToB NPOU3BENM OLLEeHKY abpa3nBHO cro-
COOHOCTM asiIMa3HbIX CUHTETUYECKUX MUKPOMOPOLLKOB Mapkn ACM 7/3 ¢ pa3HbiMn Mopchosio-
rMYEeCKNMM 0COBEHHOCTSMU ((DOPMbI 3€PHA) OT Pa3HbIX MOCTABLLNKOB.

A6pa3rBHasa CMOCOBGHOCTb afiMa3HbIX CUHTETUYECKMX MUKPOMOPOLLKOB onpeaensaeTcs
B cootBeTcTBUM ¢ TOCT 9206-80. B cBA3MK ¢ oTcyTCcTBMEM Ha BM3 cneunanbHbIX YCTPOUCTB U
MaTepuanoB, KoTopble NnpuMeHstoTca B cooTBeTctBUM ¢ TOCT 9206-80, onpegeneHune abpa-
3MBHOW CNOCOOHOCTWN OCYLLECTBASAIN Ha AencTByoweM Ha BM3 o6opygoBaHun, NpyMeHse-
MOM Ansa o6paboTKN KaHana TBepAoCnaBHbIX BOMOK. JIMHENHbIA M3HOC TBEPAOro crjaea
npu wWnmngoBaHMM KaHana BOMOK onpeaensann Ha yctaHoBke Conoptica, koTopas npumeHs-
eTca N9 aBTOMaTUYECKOro M3MepeHUs BHYTPEHHEro AMaMeTpa KaHana BOoMokK. MaccoBbli
N3HOC (BefMYMHa CbeMa TBEPAOro CrnjaBa B rpaMmax) TBepAoro crnaasa npu wimgoBaHmm
KaHana BOMOK onpeaensncsa Ha nadopaTopHbix Becax BJITS-T. 3MmepeHne NMHENHOro U
MacCOBOIro M3HOCa TBEPAOro crnnaea ocywectsnsaam Ha 10 Bonokax kaxaple 100 cek ¢ 3a-
MEHOW Urbl AN WAngoBaHMA KaHana s KaXXaoro nocraBLyMKa asiMa3HbIX CUHTETUYECKUX
MUKPOMoOpoLKoB Mapkn ACM 7/3. Pe3ynbTaTbl 3KCNepMMEHTa NPMBEAEHbI Ha puc. 3, 4.

46



_ 06
g 05 | | | | | | | | |
g >
jE y—/
£
3
E
S
<
g
5
o 0.2
| &7
<]
T
oy
£ 01
%
=
| ©]

0

0 100 200 300 400 500 600 700

Bpemsa opaboTial. ¢

=4=[Ipoussoguiens 1  ==[lponzsoguTens 2

Puc. 3. M'padhmk 3aBUCMMOCTN BE/TMUYNHBI CbeMa TBEPAOro CrnaBa (MMHEeNHbI M3HOC) OT BPEMEHU
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Puc. 4. Mpadrk 3aBUCMMOCTN BE/IMYMNHBI CbeMa TBEPAOro crnjiaBa (MacCoBbIV M3HOC) OT BPEMEHM
06paboTku

Kak BuaHo ns puc. 3, 4, MUKPOMOPOLLOK OT MOCTaBLUMKA 2, KOTOPbIA MMEeT 3epHa C
OCTPbIMU KPOMKAaMM, CYLLECTBEHHO NPEBOCXOAMT MO abpa3nBHO CMOCOBGHOCTU MUKPOMOpPO-
LLOK OT NocTaBLwumKa 1 ¢ 3epHamMmn 6onee okpyrnon hopmbl. MonyyeHHble pesynbTaTbl Corna-
CYIOTCA C TEOPEeTUYECKMMIN BbiK/IagKaMu U pe3yibTaTaMu SKCMlyaTaLuMOHHbIX UCTbITaHWUA.

SAKJ/TIONMEHUE

KauecTBO nsrotaBmMBaemMom naTyHMpOBaHHOW NPOBOOKM Ha BM3 HanpsaMyto cBA3aHO
C Ka4yeCTBOM MCMOMb3YyEMbIX B NMPOM3BOACTBE TBEPAOCMN/IABHbIX BOMOK. BbiGOp anmasHoro
CUHTETUYECKOr0 MUKPOMOPOLLKA, MCNO/b3yEMOro Ana 06paboTkm paboyero KaHana BO/IOKM,
BaXHbIN 3Tamn B NMpoLecce N3roToBMEHUSA BOMTOYUIBHOIO MHCTPyMeHTa. OT KayecTBa npume-
HAEeMOro asiMasHOro MMKPOMOPOLLKA 3aBUCUT MPOM3BOAUTE/IBHOCTb MPOoLecca U3rotoBrie-
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HWS BO/TOKM N KA4yeCTBO BOSTOYUNBLHOIO MHCTPYMEHTA. NpuUMeHeHne HeKayeCTBEHHOrO Mo-
pPOLUKa MOXET NPUBECTN K 3HAUMTENIbHbLIM 3aTpaTtam Ha NPOU3BOACTBE.

Ha ocHoBaHWM NPOBEOEHHbIX UCCedoBaHU MOXHO cAenaTtb BbiIBOA O TOM, UTO Ha
KayecTBO obpabaTbiBaeMON MOBEPXHOCTU U abpa3mBHYIO CNOCOOHOCTb afiMa3HbIX CUHTETU-
YECKNX MUKPOMOPOLLKOB CYLLECTBEHHOE B/MAHME OKa3biBaeT ux opma 3epHa. Mukpono-
POLUKN C 3epHaMu OKpYyrnom hopMbl MO3BONSAIOT CHU3UTbL KONMMYECTBO Bpaka npu Wiandos-
Ke KaHana TBepAaocn/siaBHbIX BOMOK, NOMYYUTb MOBEPXHOCTb C HE3HAUUTEelIbHbIMU cnegamu
WNUOBKK, HO MPU 3TOM UMEIOT O0Iee HN3KYD abpasmnBHYIO CMOCOOHOCTbL U, Kak crieacTeue,
CHMXXAIOT MPOU3BOAUTENBHOCTL 060pPYyAOBaHUA. MUKPOMNOPOLLKM, UMEIOLLME B CBOEM COCTa-
Be 60/IbLLOE KOIMYECTBO 3epeH C OCTPbIMU KPOMKaMU, MO3BOMAOT CYLLECTBEHHO MNOBbLICUTb
MPON3BOAUTENBHOCTL WANGOBaNbLHOro 060pyAOBaHUS, HO MPU 3TOM CHUXAETCA KayecTBO
M3roTaBNMBaEMbIX BOSIOK, TEM CaMbIM MOBbILLAA NPOLEHT OTOPaAKOBKM MOAHbIX BONOK. [Mpwu
MPOMbILUEHHOM MPUMEHEHUN afIMa3HbIX CUHTETUYECKNX MUKPOMOPOLLUKOB BaXXHO YYUTbIBATb
nx Moponornyeckmne ocoO6eHHOCTN AN 0 gHOBPEMEHHOIo obecnevyeHns BbICOKON NPOU3BO-
AVTENBHOCTM 060PYAOBaHNUSA M KayecTBa M3roTaBNMBaEMbIX TBEPAOCM/IABHbLIX BOOK.
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NMPOrHO3NPOBAHUME KPUBbBIX YCTATOCTU METAJ1/10B
" CrniABOB HA MUKPO-, ME3O- U MAKPOMACLUTABHDbIX
YPOBHAX PA3SBUTUA PASPYLUEHNA NMPU NMEPNOANYECKUX
NMPOrPAMMHDbBIX HAIPY>XXEHUAX

2. b. 3aBoiumnHckas, W. 0. MNaHapuH

MocCKOBCKNI rocyaapCTBEHHbIN YHUBEepcuTeT uM. M B. JTomoHocoBa,
r. Mockea, Poccuiickaa ®egepauns

3anncbIBaeTCs CUCTEMA PEKYPPEHTHbIX ONMPEAE/IAIOLMX COOTHOLLEHMI /15 BEPOSATHO-
CTU XPYNKOro paspyLueHnss Ha MUKPO-, ME30- U MAKPOMACLLUTAOHbIX YPOBHSIX U CTPOSTCS Kpu-
Bbl€ YCTA/IOCTHM 10 YPOBHAM A€HEKTHOCTH Py OAHOYACTOTHOM CUMMETPUYHOM HAMPYXXEHUM,
COCTOSALEM N3 KOHEYHOIro Yucsid 6/10KOB PA3HbLIX AMIINTYA M 4YUCesl LUMK/I0B. Pe3ynbTaTsi
PACYETOB PU PA3/TNYHBIX PEXUMAX HArPYXXeHWs 13 AByx 6710koB A71s 0,25 % yrriepoancroli
CTQ/1M YAOB/1I€TBOPUTE/IbHO COOTBETCTBYIOT M3BECTHbBIM OrbITHBLIM AAHHbIM.

KnroueBble cnoBa: Xxpynkoe yCTajsioCTHOE pa3pyLLeHme, NporpammMHoe (6/104HOE) Harpyxe-
HWe, BEPOSIHOCTb pa3pyLleHuns, KpMBasa yCcTanocTu

PREDICTION OF FATIGUE CURVES OF METALS AND ALLOYS AT
MICRO-, MESO- AND MACRO SCALE FAILURE LEVELS
AT PERIODIC PROGRAM LOADS

E. B. Zavoychinskaya, I. Y. Panarin
Lomonosov Moscow State University,
Moscow, Russian Federation

A system of recurrent constitutive relations is written for the brittle fracture probability
at micro-, meso- and macroscale levels, and fatigue curves on defect levels are plotted at the
one frequency symmetric loading, consisting of a finite number of blocks with different ampli-
tudes and number of cycles. The results of calculations at different regimes of two block load-
ing for 0.25 9% carbon steel are in satisfactory agreement with the known experimental data.

Keywords: brittle fatigue failure, program (block) loading, failure probability, fatigue curve
e-mail: elen@velesgroup.com

Mpwn oueHKe AONTOBEYHOCTUN 3/IEMEHTOB SHEPreTMYeckoro o6opyaoBaHus, NPOAYKTO-
NpPOBOAOB, /1OMNATOK N ANCKOB TYPOOHACOCHbIX arperatoB aBMaLMOHHbBIX M PakKeTHbIX ABUra-
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Tenen BO3HMKAET 3afadya OnMcaHus NPoLEeccoB pa3pyLUeHNs Npu PasiMyHbIX NPOrpaMMHbIX
NMoNMrapMoOHMYECKMX MpoLeccax HarpyxxeHus. B aaHHoi paGoTe paccMaTpMBalOTCS YacTHble
cnydaun — nepuogmnyeckmne oaHoOYacTOTHbIE CUMMETPUYHbBIE HarpyXXeHus, coctosalme us 61o-
KOB pasHbIX aMMANTYA U YnCes LMKIOB ceaytowero Buaa:

o 2nn 9 . .
o(1) = o, smTrZ1 Oug [h(r —ty4)—h(z —tq)],
s
R PO 2nn
0<o,,<1 te[0t], f,=0 i -1 ,=—7, (1)
(O]

roe fq, g=1..0 — BpeMeHa AeNCTBUS aMMAUTyAbl HanpsxeHwii. [Janee paccMaTpyBaloTCs
6e3pa3mMepHble 3HaYeHUs BpemeH t, = fq /t N BPEMEHHbIX MepeMeHHbix T=1/t, z=2z/t.

SKcnepuMeHTanbHOMY UCCNeAoBaHWIO MPOrpaMMHbIX HarpyeHuin Buga (1) noceseH
psa pabort, Hanpumep [1-13].

[ns onpepenenns 4onroBe4YHOCTM Npu Harpy>XeHusx (1) MCnonb3yTCs aMnmMpuyeckmne
KpuTepuanbHble COOTHOLLIEHUSA, annpoKCUMMUPYLOLLME 3KCNepuMeHTa bHble AaHHble, Knaccu-
yeckre Teopun MPOYHOCTU (MaKCMMasbHbIX HOPMarbHbIX UM MaKCUMasibHbIX KacaTeslbHbIX
Hanps>XeHun). TM COOTHOLIEHUS!, KaK NpaBuio, cCnpaBea/MBbl B Y3KOM AMana3oHe amrin-
TYOHbIX N YACTOTHbLIX OTHOLLUEHW, XapaKTePHbIX A1 MaTepunasnioB, MPUMEHUTENTbHO K KOTOPbIM
BbIMOMHANINCb UCCIEQ0BAHNS.

LLInpoko Mcnonb3ytoTcs Moaenn KOHTUHYyasIbHbIX TEOPUIA MOBPEXAEHHOCTU, B OCHOB-
HOM N3BECTHbIE M’MNOTE3bl IMHENHOIO N HEJTMHENHOIrO CyMMMPOBaHMA NoBpeXxaeHuii. Bmecte
C TeM 06paboTKka MHOIMOUYMC/IEHHbIX PE3Y/IbTaTOB UCMbITAHWI MaTepmManoB CBUAETENbCTBYET
06 OrpaHN4YeHHO’ NPUMEHNUMOCTM 3TUX rMNoTe3. AHaNM3 aKCNepuMeHTabHbIX AaHHbIX U K-
3MYECKNX 3aKOHOMEPHOCTEN Pa3BUTUA YCTaNIOCTHONO pas3pyLUeHUs NPUBOANUT K HEOOXOAN-
MOCTM paccMmaTpuBaTh paspyLUeHME KaK pasHoMacLUTaOHbIA Cy4YanHbld npouecc nocneno-
BaTe/IbHOrO MPOXOXAEHUA ornpeaeseHHbIX CTPYKTYPHbIX YPOBHEN C pasHbIMU MexaHM3Mamu
pPa3BUTUS XPYMNKOIro M BASKOIO paspyLUEeHNA, USMEHEHNS CTPYKTYpPbl MaTepuana, n He aBnsaeT-
CS MPOLEeCCOM HaKonneHns noBpexaeHuii [14-18].

CyLlecTBytoLme noagxoabl He NO3BO/AIOT OLLEHMBaTb 4O/ITOBEYHOCTb NMPU Harpy>XeHnax
Bmaa (1) c yyetom 0CcoOeHHOCTel pa3BUTUA MePapXMYecKoro cnyvarnHoro npouecca paspy-
LWEeHNS Mo pasnnyHbIM PU3NYECKMM MEXaHN3MaM Ha MUKPO-, ME30- U MaKpPOYPOBHSIX.

YCTanocTtHoe pa3pyLUeHne TBEPAbIX TN He ABNAETCA KPUTUHYECKUM COObITUEM — 3TO NPO-
Lecc, npoTeKalLlmin BO BPEMEHM Ha MHOIMMX MacLUTabHO-CTPYKTYPHbIX YPOBHAX. Npobneme
OMNCaHNSA Nepapxmn ypoBHeNR paspyLlleHMsa NOCBALWEHO MHOMo nccriegoBanuii [17, 18]. O6we-
NMPUHATLIX NpeacTaBneHnin 06 ypoBHSX HeT. B aTon paboTe Ans onvcaHus pasBUTUS XPYMNKOro
YCTaNIOCTHOrO paspyLleHns npegnaraetca BblAeNATb LWeCTb MAaCLUTabHO-CTPYKTYPHbIX YPOB-
Heln paspyLueHus, cnegysa noaxoay [14—18], c onpegeneHnem NoHATUS aedekTa j-oro macLuTab-
HOrO YPOBH4, j =1, ... 6, B HEKOTOPOM NpeacTaBuTe/ibHoM obbeme V_(V_= L3— o6beM TBEepOoro
Tena, B KOTOPOM BO3MOXHO 3apoXXAeHue HavaslbHOM TpeLlyHbl pa3pyLleHnsa annHbl L), Ij= lj(r)
— XapaKTepHbIA NUHENVHbI pa3smMep gedekTa j-oro ypoBHS, q; ('c) = lim qu('c) / AV —nnort-

AV — Vc
HOCTb B 0Obeme V. (qu = qu(T) — cpefgHee KonnyectBo aedekToB B 0O6béme AV) B MOMEHT
BpemeHn T € [0, t]. NpegenbHoe cocTosHMe gedekTa j-0ro ypoBHA 3a4aeTcsa pasMepoMm l n
NNOTHOCTLIO G, B o6beMe V. PaCCManMBaeTCﬂ HenpepbIBHagd BO3pacTalLwas ycpeuHmou.l,aﬂ
hYHKLNSA j-Or0 YPOBHA | ( )=1(x )(qj (r)v) Tel[0, t] Y = const, B npeAeibHOM COCTOSIHUM
OHa JOoCTUraeT CBOero rlpep,eanoro 3Ha4YeHns /f,J .J =1, ... 6. [MonaraeTtcs, 4TO 06pa3oBaHNe
pedekTa j-0ro ypoBHS HAUMHAETCA C AOCTMXKEHUS ycpeaHsatoweln yHKUmne (j - 1)-oro ypoBHS
NPeAenbHOro 3Ha4eHUs B MOMEHT BpeMeHu t, j = 1, ... 6. BcneacTteune cnyvaliHoro pacnpege-
neHns fegekToB no o6bemy V_npouecc ycTanoCcTHOro paspyLleHns sBAsSeTca ctoxactuye-
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CKMM, @ 3HaYeHnS l; 019 KaXKAoro MOMeHTa BpeMeHu T — C/ly4aiHbIM1 BennymHamu. Beogumt-
ca PYHKUMA pacrnpegeneHnsa BEPOATHOCTN Hepa3pyLlueHna (DYyHKUNS HageXHOCTH) RJ = Rj(r)
Ha j-OM YpOBHE (T. . BEPOATHOCTU, C KOTOPOI CllyYaliHOe 3HaYeHMe ycpeaHsatowen yHKLMn
/;. B MOMEHT BpPeMeHM T MpUHUMaeT 3Ha4YeHUA MeHblle COOTBETCTBYIOLLEro npeaesbHoro
3HaYeHns. OYHKLNA HAOEeXHOCTHU Rj = Rj(r) onpeagendeTtcd Kak BEePOATHOCTb, C KOTOPOW Cly-
yaliHoe 3HaYeHMe HeKOTOPOW hyHKLUMM npoLecca Harpy>XeHus O = O(T) B MOMEHT BPEMEHM

T, MeHblle CBOero onpeae/ieHHoOro saHa4yeHn4d Q. )t 0<Q. i th <1, B cne,qyrou.LeM Bunae:

RﬂﬂzP«%h%d%m)jztma 2)
BepoaTHOCTb XpYNKOro paspyLUeHns no agedekram j-oro ypoBHSA onpegensercsa hyHK-
umen smpa:
5«n=1—P(o ()<ij)h/=1m6 3)
B BbipaxeHusax (2) n (3) TpebyeTtcsa 3agatb BUA DYHKLNN OJ,: OJ.(T),jZ 1,...6,T. e.nocrtpo-
NTb CUCTEMY LLECTU ONPEeaEenaoLLMX COOTHOLLEHNA MOAESN.
Mo pesynbrataM uUccnefoBaHuin (hU3nYecknx 3aKOHOMEPHOCTEN pPa3BUTUMA Mpouece
Ha MUKPO- MU ME30YPOBHAX MOXHO MOMTOXUTb, YTO BEPOSATHOCTb paspyLLUeEHNs Mo AedekTam
NepBbIX YETbIPEX YPOBHEN ONpeaenseTca AOCTMXKEHNEM AedheKTaMn COOTBETCTBYIOLWMX Npe-
OeNbHbIX COCTOSIHUIA, MPU 3TOM AeeKTbl BCeEX NMpeablayLmnx YPOBHEN TakXe 3apoxXaatoTcs,
pa3BMBaOTCS U C/IMBAIOTCHA, HO BEPOATHOCTb pa3pyLleHnsa No HUM Mana. Ha natom mMakpoy-
POBHE BEPOSATHOCTb pa3pylleHnsa obycrioBneHa He3aBMCMMbIMU NpoueccaMm pas3pyLleHns
no gedekTam YeTBEPTOro 1 NATOro YPOBHEN, Ha LUECTOM YPOBHE — Mo AedhekTaM YeTBEPTOro,
NATOrO M WeCcToro ypoBHen. Takxe Boantcsa hyHkUna Q = Q(1), T € [0, t], 0 £ Q £ 1, onpege-
ngaLas MakpopaspyLLeHNe Kak CyMMY HE3aBUCUMbIX COObITUIA — pa3pyLUEHUSA j-Or0 YPOBHS
NPV OTCYTCTBUM paspyLLUEHNI ApYrMxX YpoBHeN, j=4, 5, 6, B BUge:

Q(1)
o) = % L 11 (-0,(%) @
Ecnu onpegensiowme cCOOTHOWEHNUSA ANgd Oj = QJ(T), =1, ... 6, NU3BECTHbI, TO CEPUS KPU-
BbIX YCTANIOCTX MO YPOBHAM AeheKTHOCTN onpeaenseTcs ypaBHEeHUAMMN:
Q,(t;))=Q,4.J=1.6. (5)

OyHKUMa Q = Q(T) onpeaenseTr KpUByo yCTasnocT No o6pa30BaHMIO OAHOW WUAWN He-
CKOMbKNX MaKpPOTPELLMH-TMAEPOB KOHEYHOW ANVHbI BUAA:

Qlt;) = Q. (6)
raoe t.— AO/IrOBEYHOCTb MO 06PAa30BaHUIO MAKPOTPELLUMHBI KOHEYHOV ANNHBI C HEKOTOPOK 3a-
AAHHOW BepOATHOCTbIO Q, . [lanbHelilee pa3BuTMe MakpOTPELLMHbI ONUCbIBAETCA MeToAaMu
1 NoaxoAamMn MexaHUKK pas3pyLLEHUS.

B o6uwem cnyvae Qj = Oj(r),j =1, ... 6, ABNAOTCHA onepaTopaMm Ha NPoLEeCcce Harpy>XeHus.
B npepnaraemom nogxode B KadecTBe onepatopa BblOMpaeTCcs MHTerpasbHbli onepaTtop
Mnbbepta — Lmmara [19]. Ons o4HOOCHOrO Harpy>XXeHns paccmaTpuBatoTCs BCnomorartesib-
Hble (yHKLMM P, = cpj(z) cnepytoulero Bmaa:

t ~ ~ ~
%uﬁzwﬂubmmj:Lﬁ, 7)
npm ycnoBum, 4to o = o(t) € L¥([O, t]), T. €. aBnsgeTca pyHKLUMENH C MHTErpupyemMbiM KBaapaTOM:

Ic T)dt < M , M = const, dyHKUNN K = K (z,t)— NONOXMUTENBHO OnpeaeneHHble CUMMETPU-
Jeckue aapa faHHoro I'Ipe,CI,CTaBI'IeHI/Iﬂ CDyHKLI,VIl/I Q = c1( ) — OyHKLMM BpEMEHM MNpoLecca
T € [0, t], onpegeneHne KOTopbIX MPUBOANTCS HUXKE. I'Io Teopeme M'mnbbepta — Wmunara [20]
Q= (pj(z, ) MOXXHO NpeacTaBuTb B BUAE PAAOB MO COOCTBEHHBIM DYHKUMAM aaep K; = Kj(z,f),
KOTOpbIE CXOAATCA K HUM abCOMOTHO U paBHOMepHO. N Oj = Qj(T)BbII'II/ICbIBaIOTCFl cnepyto-
LMEe BblpaxeHUs:
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» DQ,(2)
Q (1) = a,(t) max 9, (z)_a (t) max 2 ——

; J (8)
J ze[0,t] z€[0,t] k=0 ;LJ

rae k — COOCTBEHHbIE 3HAYEHMA OmepaTopa, COOTBETCTBYOLLME CO6CTBeHHbIM hyHKUMAM
Q= Qk(z), k=0, ..., Ha oTpe3Kke z € [0, t]. B HacToAwWwen paboTe paccMaTpmBatoTCa aapa UH-
TerpasnbHbIX ONepaTopoB, A1 KOTOPbIX CUCTeMa COOCTBEHHbIX diyHKuni Q, = Q) (z) aBnaeTcs
CUCTEMOW TPUITOHOMETPUYECKNX (DYHKLNIA CneaytoLlero Bmaa:

2nz 2nz 2nzk 2nzk
Qy=1 Q= sinT, Q, = cosT,..., Qo ZSi”T’sz = cos — keN. (9
B aTOM cnyyae ans HarpyxxeHusa o = o(z) Ha oTpeske z € [0, t] uMmeem cneaytowne Bbipa-

XEeHNA:

o) 1t 2t - e .

o(z)= X DQ,(2), Dy =—[o(t)df, D, =—[Q,(t)o(f)dt, k =0,..0. (10)
k=0 to to

[na cuMMeTprMyYHOro 0AHOYACTOTHOMO HarpyXXeHne ¢ aMnnTyaon G, U KpyroBoW YacTo-

TONM W, 21N / t = W BUAaA:

G =0ysiNOT, T€ [O,t] (M)
dyHKLUMN Qj = Oj.(r),j =1, ... 6, onpegenstoTca, cnegys [15, 17], Taknm ob6pasom:
a(1)o c lgt —Ig(t; 4(og))
Q== | o) -t (12)
A o (0.T,) \laT; ~lg(t; (o ;)

npu ycnoBnn 6,2 o, IgT = Ig(tﬂ(oa)) ,0,=0;te[0,t,j=1,..6.

[Onsa onpepeneHns 6a3oBbixX (yHKLUNA o= o(w T) j=1,...6,B (12) (KpnBbIX YCTaNoCT1 No
YPOBHSIM 1€hEKTHOCTH), MPU KOTOPbIX .D,eCIZ)eKTj Oro ypoBHsi aocmraeT npeaensHOro Cocros-
HUA, @ PyHKLUK / =1 ( ) CBOMX NMpefenbHbIX 3HaYEHUIA /fj j=1,...6, Heo6x04MMO NPOBO-
AVTb cepuun MaKpoaxcnepmmeHTOB NO yCTanoOCTHOW MPOYHOCTU npm OOCTUDXKEHUN COOTBET-
CTBYIOLUMX NpefenbHbIX COCTOSHWI Ha KaXAoOM ypoBHe € 06paboTkon WwnMdoB mMeTogamm
aHannsa MUKPOCTPYKTYpbl. B n3BeCTHbIX paboTax, CnpaBoOYHMKAxX U APYrMX UCTOYHMKAX CO-
AEPXNTCHA OrpaHNYEHHbI 06beM MHOPMaLMK. B HEKOTOPbLIX YAaCTHbIX CyYadax Ans maTepu-
anoB MOTyT 6bITb M3BECTHbI 3aBUCUMOCTUN M/1IOTHOCTM AehEKTOB U UX PA3MEPOB OT aMNAnTyAbl
Hanps>xeHuii. B uenom, B cuiy CNOXHOCTM NPOBEeAEHUS TaknX 3KCMEPUMEHTOB BO3HMKaET
3aa4va onpeaeneHmns ycTanoCTHbIX XapaKTePUCTUK Ha MUKPOYPOBHE MO AaHHbIM UCMbITaHWU
Ha MakpoypoBHe. B kayecTBe npeaensHoOn aMnantyapl Ana 4edekToB YHETBEPTOro YPOBHS
BbIGMpaeTca npefen ycranoct o, = o (w, N.), NoNyYeHHbIN B CTaHAAPTHBIX OMbITax Ha ycTa-
NOCTHYO MPOYHOCTb, MPY KOTOPOM Habto4aeTCs MakpopaspyLLUEHNE MO KOPOTKUM MaKpoTpe-
wuHam, o, =0, N, =N _, 21N, = =T, CyuiectBoBaHMe TaKoro npeaesa noATBEePXAaeTcs MHO-
FOUYNCIEHHBIMWN 3KCMEPUMEHTAMM.

3aMeTHOe U3MeHeHNe MUKPOCTPYKTYPbl MeTanna (CpeaHux pa3MepoB U MNAOTHOCTU MU-
KPOTPELLMH), @ TaKXE N3MEHEHME MEXAHU3MOB XPYNKOro paspyLleHns Habnogaetca npu ns-
MEHEHMW YNCa LUMKIIOB Harpy>XeHus, B CPeAHEM, Ha AeCATMYHbIe Nopsaku. basoBbie unicna
LIMKMNOB MNATOMO 1 LWECTOr0 YPOBHEW BbIOMPAIOTCA MO pe3yibTataM 3KCNEPUMEHTOB MO MakKpo-
paspyLleHunto. Taknm o6pasom, 3agatoTca cnegytowime 6asoBble yncna umknos [17, 18]

IgN; =1gNy +4=j, j=1234, IgNg =IgN, =2, lgNg =IgN, - 3. (13)

Mo Mogenu Npu BbINO/THEHUM COOTHOLLEHMN (11) 6a30Bble amnANTyAbl ANA AePEKTOB MU-
KPOYPOBHS OMpeAenaoTCa Yepes amnanTyay o, NpuMepHo cneayoumnm o6pasom: o, = 0,650,
o, = 0,730, 0, = 0,860,. OTMETUM, YTO MPU HAIMYNM OMbITHBIX AAHHbIX B KaYecTBe 6a30BbIX

amnanTyg M YMcen UMKIOB MOMyT paccMaTpuBaTbCa M Apyrue 3HadeHus. Hanpumep, ecnu
Mo AaHHbIM PU3NYECKUX UCC/IeaoBaHWIiA AN cnflaBa U3BECTHO 3HaJeHne npeaena YyBCTBU-
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TENMbHOCTU K LIMK/TUYECKUM HAMPSXKEHNAM 015, HMXXE KOTOPOro He HabMoAaloTCA CTPYKTYPHbIE
N3MEHEeHUS, YTO COOTBETCTBYET N0 MOAENN HANNYNIO AeeKTOB TO/IbKO NepBOro YpoOBHS, He
AOCTUraloLLMX NPeaenbHOro COCTOAHUSA, TO G = G1S.B KauyecTBe 6a30BOW aMNnTyabl ANS Ae-
(heKTOB LIECTOro YpoBHSA MOXHO BblIGpaTb COOTBETCTBYIOLINA Npeaen TeKydecTu. Takxke no
OaHHbIM CEPUN OMbITOB MO HArpy>eHWo NapTuu o6pasLoB Pas/IUYHbIMU aMiINTydaMn Ha-
NPsXXeHWii U3 AnanasoHa o, € [0, 0] M MCCNeaoBaHNAM MUKPOCTPYKTYPbI 3KCNEPUMEHTaNIbHO
onpeaensieTcs aMnAnNTyAa HanpsikeHi o, Npu KOTopoii Ha Gase Ny thyHKLMS I; = I; (N5) Ao-
CTUraeT CBOEro npeae/bHoOro 3HaYeHns /g
Onpepgensaiollne COOTHOLLIEHUA Modenu Ansa HarpyxeHua (1) uMetoT cneayowmni Bua:

1 1

o
Q;(t) =o,4lgT-lgt; , ;100 . _
@ o (ot Wity —10f, (0.t o (.t )lat, ~1af (o) (0.1,.,))

q

gt >Igt Oj(tj):1, Jj=1..6. (14)

Jr

OyHKUMKN O, = oj(w, tq), g=1..Qj=1,..6, onpeaensTcs N0 KPMBbIM YCTaNOCT COOT-
BETCTBYIOLLEro YPOBHSA Ae(PEKTHOCTM NPU OAHOOCHOM CUMMETPUYHOM Harpy>XeHun C¢ ogHoM
aMMNIUTYLOW, KOTOpble N3BECTHbI (HaX04ATCA MO a/IrOPUTMY, ONMMCaHHOMY BbILLIE).

MposoasaTca pacyeTbl ANS Harpy>xXeHusa suaa (1), COCToAWeEro n3 Asyx 6/10K0B, Q =2,
ans 0,25 % yrnepoawncroit ctanu (o, = 520 Mra, o, = 310 MlMa, 6, = 260 Mla npn N, =107 un-
KNoB, YacTtoTe Harpyxenua v = 50 'y [7]). Ha puc. 1 npu HarpyxeHnun (11) npegcraBneHsl 06-
nactu pasBuUTUS AeeKToB MO COOTHOLWEHUAM (12), KpUBble MHOTOLMKIOBOW YCTasiocTh no
YPOBHSAM Ae(EKTHOCTU (LLeCTb KPUBbLIX M306paXKeHbl TEMHbIMU NIMHUAMMK) U KPUBAK yCTano-
CTM NO 06pPa30BaHMIO MaKPOTPELLUMHbI-IMAEPa COrnacHoO ypaBHeHUIo (6) (CBeTnor nnuHuen),
KpecTnkaMm oTMeyeHbl 6a30Bble 3HAUYEHUS, KPY>XXOUYKaMM — OMbITHble 3HadYeHus. MonyyeHo
XOpoLlee COOTBETCTBME OMbITHbIM AaHHbIM.

6 ,.Mlla
FAN
o0
\ﬁ
X
E ™ »
300 RN l’:
™ \\
N
™ ——
\\\ S
200 4 NN TR
—
T ——
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100
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Puc. 1. O6nacTtn pa3Butus gedekToB, KpMBbIE YCTAaNOCTM Mo ypoBHAM aedekTHocTn 0,25 % ctanm
npy¥ CUMMETPUYHOM OAHOYACTOTHOM Harpy>XeHum

AHann3 onbITHLIX AaHHbIX MPOBOAUTCH MO ABYM Fpynnam TeCTOB Mpu Harpy>XeHun B1aa:
o(1) = 5, sin (M(GM ()= h(c—£)]+o,, [ A(—f) - hiz- fz)])

2nn,

te[0t], t, =0, t,—t, = (15)
o
Kak 1 paHee, B fasbHeWLLIEM paccMaTpmBaloTCa 6e3pa3MepHble 3HaUYEeHUd XapakTep-
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HbIX BpeMeH: t, =1, /t, t, =t, /t VN BPDEMEHHbIX MepeMeHHbIX T=T/t,z=2/1.
CooTHOLWeHNa Mogenu ansa HarpyxeHus (15) Bbirnaaar cnegyowmm o6pas3om:

= o — 0 (e}
Oj(’l?) =0g44lgT-1gt; 4 o f’z + a2 -
o (ot )lgt, ~1gf, (0, (@.1) o (@thlgt, ~1gf (o, (.t,)
lgt>1gt; 4, Q) =1 j=1.6 (16)

B BbIpaxeHuax (16) 4ONroBeYHOCTb MO j-My YPOBHIO Ae(EKTHOCTN 0603HAYaEeTCH fj.

MNepBas rpynna tectoB Oblna cnepytowasn. AMnaMTyaa o, B BbipaxeHun (15) BbiGupa-
Nacb PaBHOW yCTIOBHOMY Mpeaesy BbIHOC/IMBOCTU CTa/IM O, = O, U PaCCMaTpMBanCh YeTbipe
pexuma Harpyxenus: () o ,=1,0,,=11%(2)o,,=110,,=12;(3)0,,=12,0,,=13;(4) 0,,=13,
O,, = 1,4. [py 3TOM B KaXXAOM M3 PEXMMOB Harpy>XeHne ¢ NepBon amnanTyaon nponssBogu-
NoCb TPeTb BPEMEHWU OT MOJTHON AONTOBEYHOCTU: ¢, = tf/ 3. OnbITHble gaHHble [7] npeacTas-
NEeHbl Ha pUC. 24, N3 KOTOPOro BMAHO, UYTO BCE YETbIPe pexXmma npakTUYeckn He MEHSIoT
AO/ITOBEYHOCTb — 9KCMEPUMEHTa/IbHbIE 3HaYeHUS NPEeAebHOV aMNIUTY /bl HANPSXKEHWIA O,
B 3aBMCMMOCTM OT YMC/a LMKIOB (OTMEeYEeHbl YePHbBIMU KPY>XXKaMM) MPaKTUYECKM N0XaTCs Ha
KpuByto Benepa Harpy>XeHus ¢ ogHor amnantygoi. MNpoBeaeHbl pacyeTbl MO COOTHOLWEHUSAM
(16). Ha puc. 26 npegcraBneHbl 061acTn pa3Butmua AeekToB, KPMBbIE YCTANIOCTM MO YPOBHSAM
AeeKTHOCTM 1 KpMBas YCTaNoCTM MO MakKpopas3pyLLUEeHUIO, KOTopas NMpakTUYeckn coBrnagaet
C KpUBOI Ha puc. 1. Ha puc. 26 onbITHbIE TOYKM C pUC. 1 NpeacTaBneHbl KPy>XKamu, a B Cydasnx
TECTOB Npu HarpyXeHuu (15) (¢ puc. 2a) pombukamu.

Ga,ca’z,KrlMMZ Cas%, 5 MIla
3 PaN
- (= CHMMETPHYHOE HAIDYKeHHe
wmp=s TECT I
%
300 1 l}.
N
N .
~
Ba ——
200 4 Ty il -t--“
UE
T R R A TTT| MW U111 M A wwwrT| N’N[GaZJ 100 - : . -+
9
10 0 10 0’ IgN, 1gN(o, ,)
a 6

Puc. 2. ina 0,25 % yrnepoancron ctanu:

@ — OMbITHbIE AA@HHbIE MO YCTaNIOCTV C OAHOW aMNIMTYAON O (MOIble KPYXKK) M Npu 6/104HOM
Harpy>eHun ¢ amnnTyAow O, (CNNOLWHbIE KPYXKK) B 3aBUCUMOCTU OT YMCa LIMK/IOB MO BTOPOM
yactoTe; 6 — KpYBbI€ YCTaNOCTN MO YPOBHAM Ae(EKTHOCTM U MO MaKpPOPa3pPYLLEHMUIO U ONbITHbIE
AaHHbIE NP aMNANTyAe O (CM/IOLWHBIE KPYXKKWM) U MPY GI0YHOM Harpy>XXeHWu (nosibie pOMGHKHM)

BTopas rpynna tectoB nponssoamiack B 06patHOM NOPSAKe K NepBon rpynne. A umex-
HO, paccMaTpuBanock HarpyxeHue (15), o, = 0, B cneaytoLimnx Hyetbipex pexumax: (1) o, =11,
o,=% (2)o,=12,0,=1103)0,,=13,0,,=12;(4) 0,,=14,0,,=13. [lpn 3TOM B Kaxaom
pexume C nepBoOn aMnIMTYAOM BENOCh HarpyXXeHne aBe TPeT BPEMEHM OT MOJSIHOW AOMTro-
BeYHOCTU t, = 2tf/ 3. OnbITHbIEe AaHHble NpeacTaBeHbl Ha pUc. 3, U3 KOTOPOro BMAHO, YTO B
3TOW rpynne Ao/roBe4YHOCTb, B LLe/I0OM, MEHbLUE (OTMEeYeHa Cr/IOLLHbIMU KPY>XKaMu), 4eM npu
Harpy>eHun ¢ OAHOK aMNNTYAOW (OTMEYEHbI MOMbIMU  KPY>KKaMK).
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Puc. 3. OnbiTHbIE AaHHbIe No ycTanoctu ansa 0,25 % yrnepoancron ctany B KOoOpAaMHaTax: amnamtyaa
0, (Mo/ible KPY>KW) B 3aBUCUMOCTM OT YMC/Ia LUMK/IOB U ANs 6/104HOrO HarpyXeHus amnnavtyaa o,
(cnnowHble KPY>KKK) OT YnCa LUMKIOB NO BTOPOW YacToTe

2

PacueTbl no mogenun no cooTHowweHmam (16) npeacTtaBneHbl 415 Pa3HbIX PEXUMOB COOT-
BETCTBEHHO Ha puc. 4a, 6, B, . 13 puc. 4a BUAHO, 4TO 06/1aCTU pa3BUTUA AePEKTOB N KPUBbIE
yCTanocTn No ypoBHAM AeEKTHOCTUN AN9 NepPBOro pexuma n ogHOYaCTOTHOrO CUMMETPUY-
HOro Harpy>eHus (puc. 3) npakTuyeckn copnagator. O6e KpuBble yCTanoCcTu Mo Makpopaspy-
LEHWIO N306paXKeHbl CBETION KPUBOM, OMbITHbIE AaHHbIE MPU HArPy>XeHUW OAHOM aMnnTyapl
O, NpeAcTaB/ieHbl Kpy>XXKamu, Mpu NepBoM pexume oTMeyeHbl 3Be3404koi. Ha pwuc. 46, B, r
npeacTaBfieHbl 061acTn pa3BUTUA AeDEKTOB N KPUBbIE YCTANOCTU MO YPOBHAM Ae(EKTHOCTH
B C/lydae BTOPOro, TPETbEro 1 YETBEPTOro PEXMMOB COOTBETCTBEHHO. CBeTnasa KpuBas ycra-
NOCTN NO MaKpPOPa3pPYyLUEHUIO COOTBETCTBYET C/lyvato O/IOYHOIO Harpy>XeHud, a nyHKTMpHas
KpuBasi — KpmBasa yCTanoCTW Npu Harpy>XeHun ¢ ogHOM aMnnunTygon. OnbITHble TOYKU Mpu
COOTBETCTBYIOLMX pexumax npeacraBneHsl 3se3go4kamm. M3 pucyHKoB BUAHO, YTO B 3TUX
CNy4vasix KpmBble YCTanocTn Ana 6/104HOI0 Harpy>XeHUsa pacrnosiaratoTca HUXe.

G.,0 MlIla
a’ 3,29
c Mlla
o a2’
o0 A
™~
S 300 1
300 ™ q
™ auy
200 4 T | LS T
— -“w ] :-.-
il
100 . - ---%-D 100 4 6 8 10
IgN, IgN(s,, ) lgN(Ga,Z)
a 6

55



5, ,»Mlla a2’
a.,? A
§ . 300 % '
so0 N\ 3
NIRRT | N~ i
NN
NN TR LI
N TN T - N Nayyy
41T [ T 200 + Ry
200 N ] L
L =L
0 2 6 8 . N(-(;- 10) 100 & —— - M;D
N, 5 IgN(s, )
»
B r

Puc. 4. O6nactn pa3Butna aeekToB, KpMBbIe YCTanoCcTu
no ypoBHAM gedekTHocTn 0,25 % cTtann n akcrnepumeHTasnibHble faHHble
MNP YeTbIPex PeXUMax Harpy>eHnsi COOTBETCTBEHHO B KOOPAVHATaxX: MpeAe/bHas aMnInTyaa o_, B
3aBMCMMOCTM OT YMC/a LIMK/I0OB MO BTOPOW YacToTe

3AK/TIOMEHUE

AHanuns mnsnyeckmx 3aKOHOMEPHOCTEN Pa3BUTUA XPYMNKOro YyCTasiloCTHOro paspylue-
HUSA MPUBOANT K HEOOXOAMMOCTM €ro paccMatpmBaTb KakK pasHOMacwTabHbIM CryyalriHbIN
CTaguHbIY NPOLECC NPOXOXAEHUS OnpeaeieHHbIX CTPYKTYPHbIX YpoBHeW. B gaHHoOW paboTte
NpoLECC XPYNKOro paspyLlleHnsa nccrienyercs nocienoBaTe/ibHO Ha MUKPO- (BBOAUTCA Tpu
MUKPOYPOBHSA AeheKTOB), ME30- N MAaKPOYPOBHSX (BBOAUTCA ABAa MaKpPOYPOBHSA AehEKTOB).
3anncbiBaeTCs CUCTEMA PEKYPPEHTHbIX OMpPeaensiowmx COOTHOLIEHUIA ANS BEePOATHOCTU
paspyLlleHns Ha KaXaoM YPOBHE C MCMO/b30BaHMEM MHTErpanbHOro onepartopa unebep-
Ta — Wmunara. CTpodatcsa KpvBble yCTanoCTn MO YPOBHAM AeEKTHOCTM M MO 06pa30oBaHMIo
MaKpoTpeLlnHbl-nnaepa (kpueas Benepa) onsg ogHOYaCTOTHOrO CMMMETPUYHOIO Harpyxe-
HWS, COCTOSILLLErO N3 KOHEYHOro ymcna 6/10K0OB pa3HbiX aMnauTya 1 uncen umknos. Jaetca
anropuTM HaxoxgeHusa 6a30BbixX (OYHKUWIA MOAENM MO AaHHbIM CTAHAAPTHbIX YCTANOCTHbIX
NCNbITaHMA NPU OAHOYACTOTHOM OCEBOM HArpy>XeHun € y4eTOM pe3ynbTaToB PU3NYECKNX UC-
CNnefoBaHui NO PasBUTUIO XPYMKUX TPELLMH.

lNpoBogAaATCca pacyeTbl MO MOAENM NPU OAHOYACTOTHOM HAarpy>XeHun, COCTOSALEM U3
AByx 6nokos, ansa 0,25 % yrnepogucton ctanu. [NepBbii TECT BKAOYAET YeTbIipe pexuma: C
BO3pacrTatoLlel (Ha 10 %) BTopor amMnnTygon, AeicTBytoLler 2/3 4ONrOBEYHOCTHU, B KaXX4OM
pexume n Bospacrtatowmnmm (Ha 10 %) amnantygamum OT pexunMa K Pexmnmy, No OTHOLLUEHUIO K
YC/TOBHOMY mnpegeny BeIHOCAMBOCTM cTanu npu 107 umknos. Bo Bcex cnyyasx nosy4yeHo, 4to
AO/ITOBEYHOCTb MPU BCEX YEThbIpEX peXxmnmax onpefensercs no Kkpusor Benepa onga 6onb-
wen aMnanTyabl.

BTopoii TecT BKOUAET peXnMbl Harpy>XeHnm B o6paTHOM Nopsgke K NepBOMYy TecCTy.
Ana Kaxporo pexunma CTPOSTCsa KpUBbIE YCTanoCTu N0 YPOBHAM AeeKTHOCTU. [ony4yeHo,
4YTO B 3TUX C/yYasx (Mpu HaArpy>XeHnax BHavasne ¢ 60/blUen amnanuTyaon 2/3 BpeMeHun) umeet
MECTO YMEHbLUEHNEe AO/ITOBEYHOCTH MO CPAaBHEHMUIO C ONpeaesieHHOoM No KpuBon Benepa npwu
3TOM amMnnuTyae (MakCumasnbHO, B CpefHeM, B TPU pas3a), UTO TakXe NoaATBep>XKAaeTCs pe3y/b-
TaTamMu OMbITOB A/19 9TOWN CTasnu.
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YOK 621.77

PA3SBUTUE TEOPUM NOMEPEYHOW NMPOKATKU U
TEOPUMN PASPYLLEHUSA METAJ1/10B
NP1 NI1ACTUHECKOM TEHEHUU

I. B. KoxxeBHukoBa, 2B. 9. LLlykuH, 'C. C. fly6eHel

' ®U3MKO-TEXHNYECKUIA MHCTUTYT HaumnoHanbHoM akageMumn Hayk benapycn,
r. MuHck, Pecnybnuka benapycb
2Benopyccknin HaLMoHa bHbIi TEXHUYECKUIA YHUBEPCUTET,
r. MuHck, Pecnybnuka benapycb

Pa3Butbl acriekTbl Teopum 06paboTKM META/I/I0B AAB/IEHNEM B PA34E/1AX TEOPUM rorie-
PEYHOM MPOKATKK, ee rnoapasgesie Teopun nonepevyHo-K/IMHOBON MPOKATKM, (heHOMEHO/10-
rmyeckor 4eopMALMOHHON TEOPUMN PA3PYLUEHUS META/I/1A, SHEPrETUHECKOHN TeopUn Paspy-
LUEHNS MEeTa/1/1a NPV M/IACTUHECKOM TEYEHUU.

KnioueBble cnoBa: nnactmyeckoe AedopMMpOBaHMWe, MonepevyHas npokaTtka, rnonepeuy-
HO-KMMHOBAs NPOKATKa, MNIaCTUYHOCTb, TEOPUN PaspPyLLUEHNA METaI/IoB

DEVELOPMENT OF CROSS ROLLING THEORY AND
METALS FRACTION THEORY IN PLASTIC FLOW

G. V. Kozhevnikova, 2 V. Y. Shchukin, 'S. S. Dubianets

'Physical-Technical Institute of the National Academy of Sciences of Belarus,
Minsk, Republic of Belarus
2Belarusian National Technical University,
Minsk, Republic of Belarus

Aspects of the theory of metal forming are developed in sections of the theory of cross
rolling, its subsection of the theory of cross wedge rolling, the phenomenological deformation
theory of metal fracture and the energy theory of metal fracture during plastic flow.

Keywords: plastic deforming, cross rolling, cross-wedge rolling, plasticity, metals fraction theories
e-mail: fti@tut.by

OCHOBHbIMK 6€10PYCCKUMU NccegoBaTenamMmn nonepedHon npokatku (M) n none-
peyHo-knnHoBon npokatku (MKM) B.A. WykuHbim, '.B. KoxeBHukoson, A.O. PypoBuuem,
B.N. Cagko, B.A. KnywiHbiM 1 gp. npoBeAeHa maclutabHas nccnegoBaTtenibckaga paboTta: us-
y4YeHbl 3aBUCUMOCTU reoMeTpum o4dara gedopmaunm, KOHTaKTHbIX NMOBEPXHOCTEN, KUHEMa-
TUKU U OUHAMUKU NMPOKATKWU, TEUEHUS MeTanna npu naactmyeckon gedopmaummn, TEH30POB
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N 0eBMaTopoB AedopMaLmii M HaNPSKEHUI, CTPYKTYpPbl MeTanna, NAoTHOCTUM AUCIOKaLNiA,
3KCM/ayaTauMOHHbBIX CBOWCTB M3aenui, KoaddurumeHTa Nosie3Horo 4encTems oT napaMeTpoB
npouecca npokaTku [1, 2]. Benopycckumn nccnegosatenammn paspadoTaHbl 11 cnoco6oB no-
nepeyvHo-knmHoBon npokatku ([KI1), 7 akcnepuMeHTanbHbIX CMOCOOOB onpedenieHna nna-
CTUYECKUX CBOWCTB MeTaslsIoB M CriaBoB, co3gaHo 6onee 200 nsobpeteHuin, 6onee 500
TEXHONMOINI NPOKaTKK, onybsimkoBaHo 17 MoHorpaduii, B ToM yncne B Kutae u NepmaHum.
TexHonornyeckue npoueccol n o6opynoaHue MNKI1, pazpaboTtaHHble 6€M0PYCCKUMU cneuu-
anucrtamu, peannsoBaHbl B benapycun n Ha Tepputopum 6onee 4em ABYyX AECATKOB TEXHUYe-
CKM pa3BUTbIX CTpaH Mupa [2].

TEOPUSA MOMNEPEYHOMN NMPOKATKU

PaccmaTpmBaeTcsa npokatka 3aroTOBKM C OTHOLUEHWEM A/MHbI K AnameTpy 6onee AByX,
4yTO 06EecneyYmBaEeT B CPEAHEM ee CeYeHMn YCNoBUA NNOCKO-A4ehOPMNUPOBAHHOMO COCTOAHNSA
[3]. I3yueHbl napamMeTpbl NPOKaTKX ABYMS NAUTaMu, ABYMSA U TPEMSA BanKaMu U MPOKaTKK Tpy-
Obl. YCTaHOBMEHO, UTO nosie gedopmMaummn MOXeT ObiTb ABYX BUOOB: MPU CTENEHN obxatus &
MeHee 1,02 — MecTHOe none, Npu ctenenn obxaTtns 6onee 1,02 — ueHTpupoBaHHoe none. Mpu
MECTHOM Mnose gedopMaumm YacTULbl 3aroTOBKM BpaLLatoTCa BOKPYr OAHOIo LEHTPA, NMpu LIEH-
TPMPOBAHHOM MOSIEe — BOKPYI ABYX LIEHTPOB, OTCTOALLMX Ha ONpefe/IeHHOM PacCTOAHUN Apyr
OT Apyra B 3aBMCUMOCTUN OT CTEMEHM 06XKaTUs. DTO NMOSIOXKEHNE LIEHTPOB U PaCcCTOAHNE MeXay
Humn O,0, (pvc. 1a) onpeaenaet MUHUMYM MOLLHOCTM AethopMaLmm B MpoLecce NpokaTku.
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Puc. 1. YucneHHo nocTpoeHHoe none NuHum ckonbxeHnus (a) (& = 1,05, Agp = 20,46°), pacnpegeneHune
cpegHero HanpsxxeHnsa o/K Baones ocn 0Z (6), pacnpegeneHne KacaTe/lbHbIX HANPSXKEHWA T, , B ovare
nedopmaunn (B), Nolyd4eHHOE KOMMbIOTEPHbLIM MOAETMPOBAHNEM
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XKecTkune 06/1acTu BPaLLAOTCA Kaxaasa BOKpyr cBoero ueHtpa O, n O, ¢ yrnoBoW cKo-
pocTblo W. COOTHOLIEHME YINTI0OBOV CKOPOCTM BPALLEHNS W K IMHENHOW CKOPOCTU ABMXKXEHNS
MHCTPYMeHTa V|, onpefensercs BblpaxXeHnem:

i=w-H/2V,) )
rae i — KoahULUMEHT CKONbXeHUs; H — paccTosiHne Mexay UHCTpyMeHTaMu, MM; V), | — nnHew-
Hasi CKOPOCTb OBMXXEHUS MHCTPYMEHTa, MM/C.

NccnepoBaHns nokasann, YTO C yBeSIMYEHNEM CTEMNeHN o6XaTns yBenmunBaeTcs npo-
CKanb3blBaHWE 3aroTOBKWN MO UHCTPYMEHTY U KO3 MULMEHT CKOMbXEHNS, COOTBETCTBEHHO,
yMeHbllaeTca. Ha atom conctae MM nocTpoeH athhekT caMOyCTaHOBEHUS CUMT TPEHUSA: eC/n
B KMHEMaTMKe npouecca o6paboTKn MeTanna gaBNeHNneM CyLLLeCcTByeT napameTp, caMopery-
NNPYIOLWMACA B 3aBUCUMOCTM OT YC/10BUIA edOpMUPOBaHNS, TO OH CamMOyCTaHaB/IMBaETCS
B 3aBMCMMOCTW OT ycnoBuin gecdopmmpoBanma. NpumeHntensHo K M1 aTa 3aKOHOMEPHOCTb
dhopmupyetca cnegytowmm obpasom: npu MM KoapPULMEHT TPeHUA camoyCcTaHaB/IMBaEeT-
CSl 3@ CYET U3MEHEHUs MPOCKaNb3blBaHWA 3aroTOBKM MO MHCTPYMEHTY Tak, YTOObl MOMEHT
COMPOTUB/IEHNA BpaLLEHMIO 3aroToBKM OblNl paBeH MOMEHTY, CNOCOB6CTBYOWEMY ee Bpalle-
Huto [4]. JaHHaa 3aKOHOMEPHOCTb OrpaHMYeHa MakCMMasibHOM BENMMYNHON BO3MOXHOIO KO-
ahpmUMEHTa TPeHMSA, 3aBUCALLLEro oT TeMnepaTypbl AedopmMaLnm, COCTOAHUA MOBEPXHOCTH
MHCTPYMEHTa (LWndoBaHHbIN, hpe3epoBaHHbIA, C TEXHOMOMMYECKOW HaceuKoli), CBOCTB Ae-
dhopmmpyemMoro Tena.

B Halwmx nccnegoBaHMax MCNob30BaH KO3 UUMEHT TpeHns no MNpaHaTto:

M =T/K<T, (2)
roe T — HamnpsikeHue TpeHus; K — nnactnyeckasi NOCTOsIHHas Matepuana B 30He KOHTaKTa.

BriepBble YMCNEHHBbIM METOAOM MOCTPOEHO KOPPEKTHOE Nosie MMHUIA CKOMNBXEHUS NP
I, o6ecneunBatoLee onpefeneHmne Bcex napaMeTpoB KMHEMATUKM U AMHAMWKK npoLuecca.
Teopua npouecca NpoKaTkM CO3A4aBanMCb C UCMO/b30BaHMEM METOLOB BepXHerpaHU4YHOoM
OLEHKM, MONEN NIMHUIA CKOMbXEHUA, KOHEYHbIX 3/1EMEHTOB C NMPUMEHEHNEM KOMIMbIOTEPHOW
TEXHUKWN, NMTaHNPOBAHUS 3KCMEPUMEHTa, TEH30PHOI0 WUCYUCMEHUSA, TEOPUM BEPOATHOCTU U
ps4a aKCcnepuMeHTanbHbIX METOAOB.

lNepexoq oT NNOCKOW NPOKAaTKN K Ba/TKOBOW, TakK XXe KaK M OTHOCUTE/IbHOE YMEeHbLUEHMEe
AvameTpa Basika NMpuUBOAAT K CHMXKEHUIO HOPMasibHbIX KOHTAKTHbIX HaNPAXEeHU U K pPoCTy
pacTArMBaoLLMX TMAPOCTAaTUYECKMX AAB/IEHUI Ha OCU U, KaK CNeacTBMe, NOBbILWEHNIO BEPO-
SATHOCTM BCKPbLITUSA MOSTIOCTM Ha OCK 3arOoTOBKM.

lMNepexoq oT ABYXBaNKOBOW MNPOKATKM K TPEXBa/IKOBOM COMPOBOXAAETCH POCTOM HOp-
MasIbHbIX KOHTAKTHbIX HAMPSXXEHUA 1 CHUXKEHNEM PaCTArnMBatoLMX TMOpoCcTaTuYecKnx gasre-
HMUA Ha OCWN 3aroTOBKM W, KaK CNefcTBMe, YyMeHbLUeHNeM BEPOATHOCTN BCKPbLITUSA MOMOCTM Ha
ocu 3arotoBkMm [5].

MeTopn nonen NMHUIA CKOMbXEHUA U 3KCNEePUMEHTalbHbI MeTo[ Myapa NMoKa3bIBaloT,
yTo Npwu NN Hapy>XHble CoM MeTas/la CMELLLAIOTCA B HanpaB/ieHUn ABUXXEHUA NHCTPYMEHTOB
OTHOCUTE/IbHO BHYTPEHHUX C/TIOEB 3arOTOBKM.

YCTaHOBMEHO, YTO MakCuMManbHasa MHTEHCUMBHOCTb CKOPOCTK gedopmMaumn caBura Ha-
6ntopgaetcs BO6MM3M KOHTAKTHOW MOBEPXHOCTN B MECTe BXoAda MeTasnfa B odar gedopmaunu.
lNpwn 3TOM, BCNeacTBme TOro, YTo MeTasll MOBEPXHOCTHbLIX CMTIOEB 3@ OA4MH 060POT 3aroTOBKM
ABaXAbl NPOXoauT XecTkue obnactn 6e3 gecopmaumun, a metans oceBom o61acTn NOCTOSAH-
HO AedOopMMNPYyETCSH, HaKOoMeHHble fedhopMaLnm Ha OCK 3aroTOBKU U B MOBEPXHOCTHOM C/ioe
CON3MEPUMBI.

TEOPUS NOMNEPEYHO-K/TMHOBOW MPOKATKU

Cxewma ocywectneHua MNKIN nokasaHa Ha puc. 2.
Ot gpyrux npoueccos MKl BbIrOAHO OT/IMYAET BbICOKUIA KO3 MULNMEHT NCNOIb30Ba-
HWS MeTanna, BO3SMOXHOCTb MOJIHOM aBTOMaTM3aumMn npolecca, MakcumanbHoe npuénunxe-
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HMe NpoKaTaHHOW AeTanu K NpoduIo N3genmsa, LWMPOKNEe TEXHONOrMYyeckme Bo3MOXHOCTH,
BbICOKasA CTOMKOCTb MHCTPYMEHTA, HU3KWNIA YPOBEHb LUYyMa, OTCYTCTBUE MCTOYHMKOB BUOPOKO-
nebaHuin gna 6onbunHcTBa cnoco6oB [MKI [6]. Mo skoHomuyHocTu MKIT npeBocxoanT WTaMm-
MOBKY Ha MOJIOTax, Mpeccax, KOBOYHbIX MalLMHaXx.

IlonBrxHas
IUINTA

3aroroska

HenonBrkHas
IUIUATA

Puc. 2. Cxewma lMKIT1

Mepebin nateHT no MKl noasunca B Nepmanum B 1879 roay [7], nepBas peannsaumsa
MK B NpOMbILLIEHHOCTM COCTOSAI0CH HAMHOTO nMo3xe: B 1949 rogy A.®. banuH BHegpun MK
B BUHTOBbIX Kasinbpax Ha [[opbKOBCKOM aBTo3aBoae. B benapycu nccnegosaHns n peanusa-
umto IMKIT Havanu B 1965 rogy B 6a3oBoii na6opatopun OM/ MUHCKOro TpakTOpHOro 3aBoja
B. 4. LyknH n B .M. MaxHay. Ha atoT MmomeHT 0 npouecce MKl 6bina nHchopmaumsa ToMbko O
TOM, 4YTO MNPOLLEeCC BO3MOXEH M BCE €ro napamMmeTpbl noadupatoTca Metogom npob 1 owmnboK.
C 1969 roga uccnepoBaHuem [KI HaunHaeT 3aHMMATLCA PUSNKO-TEXHUYECKUIA UHCTUTYT
Axkagemun Hayk BCCP.

YctaHoBneHo, uto IMKI1, Tak xe kak u I, MoXeT ObiTb C MECTHbIM U LIeHTPUPOBAH-
HbIM NonamMu gedopMaum — C BpaleHNEM BOKPYr OQHOIMO UKW ABYX LLEeHTPOB B 3aBUCUMOCTH
OT MMHMMYMa BO3MOXHOW MOLLHOCTK npouecca. BeligensatoT ctaumoHapHyo 1 HectaumoHap-
Hyto ctagum [KI, a TakKe B 3aBMCMMOCTM OT TEMNEPATYPbl NPOoLEeCcca PasnyaloT ropadyto
(T =1000-1250 °C), Tennyto (T = 400-800 °C) n xonogHyto (T = 20-100 °C) TMKTI1. N3y4yeHsbl
cnocoObl MKl Hekpyr/biXx MONEPEYHbIX CEYEHNN, BKOYas KBagpaTHble U NPAMOYrofibHble,
MK Tpyo6.

[NokazaHo, 4TO HaMpsXXeHUd B ovare gedhopMaum NU3MEHAITCS OT COKUMAOLWMX B 30HE
KOHTaKTa 4O pacTarmBatolmx B 0OCEBOM 061aCTh 3aroTOBKWU. BennunHa aTnx HanpsaXxeHuin B
3HAYNTENTbHOM CTEMEHM 3aBUCUT OT FEOMETPUN MHCTPYMEHTA (yrnia Hak/mioHa 60KOBOWM Fpanu a
M yria 3aoCTpeHnsa 3 KTIMHOBOIO MHCTPYMEHTA) U cTeneHn obxatma 6. Hanps>keHne B Nces-
AOXEeCTKMX 06/1acTax ovara gedhopmaummn Ha NOpSAAOK MEHbLUE, YeEM B OCHOBHOWM 30He o4yara
pedopmaumn. NonyvyeHHaa MHpopMaLKMa okasanacb HE3aMEHUMOM Ad onpeaeneHns ycno-
BUI pa3pyenna metanna npu MK B Buae BCKpbITUA NONOCTU B OCEBOW 06/1aCTU.

BeepneH B Teopum o6paboTkax METas/IoB AaB/ieHMEM HOBbIN NapaMeTp — Koadhduum-
€HT MONE3HOrro0 AeCTBMA NPOoLECCa; MpeanoXeHa rmnoTesa, Yem Hke KoahnumeHT nones-
HOroO AelCcTBMA npoLlecca, TeM Bbllle KavyeCTBO MOKOBKMW, Tak KakK M30ObITKM 3aTpaymBaeMoni
3HEPrMn PacxoayTCa Ha yNydlleHne Ka4yeCcTBEHHbIX NokasaTesien Mmetansna.

CoszpaHbl 1 nccnegoBaHbl KoMnbloTepHble mogenn npoueccos (KM, BnepBble pas-
paboTaHa KOMMblOTEPHAdA NporpamMma MpPOrHO3MPOBaHUA CTPYKTYpPbl MeTanna U BENUYUHbI
YCMOBHOW NNOTHOCTM Aucnokaumn B 3aBnucnumoct ot napametpos [MKI1. Co3gaHbl HayyHble
ocHoBbl [NKI MeTannoB 1 cni1aBoB OrpaHNYEHHON NIaCTUYHOCTU. M3yUYeHbl BOMPOChl FeoMe-

62



TPUM KOHTaKTHbIX M CBOGOAHbIX MOBEPXHOCTEN ovara AedopMaumnn, KUHEMATUYECKUX U AMHa-
MU4Yeckux napameTtpoB npoLecca MK, pecypca N1acTMYHOCTU NPOKAaTaHHbIX U3aenuii.

MokaszaHo, YTO CyLLLEeCTBYET YeTblpe rpynmbl NOrpeLlHOCTeR, BMUAIOLWMX Ha (POPMUPOBa-
HMe TOYHOCTU NMpPOoKaTaHHbIX AeTanewn: cydaiHble, cucTeMaTUdeckne nepemMmeHHble, cucTtemas-
TUYECKME MOCTOAHHbIE U TeXHOMorndYeckne norpewHoctu. OCHOBHOE BIMSIHME HAa TOYHOCTb
OKa3blBalOT (hakTopbl: KosleGaHne MexaHW4eCcKMx CBOMCTB MaTepuasioB MOKOBOK, pa3bpoc
TemnepaTtypbl Harpesa, koneGaHne pasMepoB UCXOOHbIX 3aroTOBOK, KoieGaHue CU TpeHus
npu NpokKaTke, U3MeHeHne TemnepaTypbl CTaHa U MHCTPYMEHTa B npoLlecce 1ux paboTbl, U3HOC
NHCTPYMEHTA, NOrPeLlHOCTb N3FOTOB/IEHNA NHCTPYMEHTA M ero Hasagku, NorpeLlHocT op-
Mbl FOTOBOIO U3AENNSA: UICKPUBIEHME OCU, OTKITIOHEHME OT KPYI/IOCTU CeYeHusa 1 ap.

DPEHOMEHOJTOIMM4YECKAA OE®OPMALIMOHHAA TEOPUA PA3PYLLEHNA
METAJI1A NMPU NNTACTUYECKOM TEMEHUU

CornacHo gaHHOW Teopuu paspyLleHre MeTannaa npu nnactmyeckon gedopmaunmn Ha-
CTynaeT nocse AOCTMXKEHNS HAKOM/IEHHbIMK AedopMaLnsaMm CBOEro NpeaenbHOro 3Ha4YeHUs
Npp- DTO MpefenibHOe 3HaYeHMe 3aBUCUT OT CPeAHero HanpsxeHus o/K 1 3Ta 3aBUCUMOCTb
Ha3BaHa AMarpamMMon MaacTUMYHOCTW. [NpeaenbHOe 3HaYeHWe HaKOMMEHHbIX AedopMaumnii
Ap TAKXe 3aBMCUT OT TemnepaTtypbl U CKopocTu aedopmaumu. MNoBpexaaeMocts MeTania
HEeNMHEeNHO CBA3aHa C HaKon/eHHbIMKU AedopMaLnaMu.

Noka3aHo [4], YTO 3aBUCMMOCTb NMPeAebHOr0 3Ha4YeHUs HaKOMNEHHbIX gedopMaumi
Npp OT HANPSAXEHU HOCUT GO/lee C/IOXHbIV XapakTep: OHa NpeacTaBiseT Co60M NOBEPXHOCTb
naacTmyHocTn (puc. 3):

A, = flolK; 3I5(T, ) /K), (3)

rae o/K — cpegHee HanpsxeHue; 3/J,(T ) /K — napameTp TpeTbero nHBapmnaHTa TeH3opa Ha-
NPAXEHNN.

54

Puc. 3. NoBepxHOCTb NIAaCTUYHOCTM B KOOpAMHATax Nep — o/K — 3JJ5(T, )/K

YCTaHOBNEHO, YTO Mpefe/ibHoe 3HaYeHne HakomM/ieHHbIX Aedopmaumini A, B 3Ha4u-
TENbHOW CTEMEHU HENMMHENHO 3aBUCUT OT BMAa gedopmaummn: MOHOTOHHOM OgHOHanNpaB/ieH-
HOMN, MOHOTOHHOM pa3HOHanpaBeHHON 1 HEMOHOTOHHOW pa3HoHanpaBAEHHOW:

Q=InA,/InN,.,
roe Q — nokasare/ib yBe/IMYeHMs M1acTMYHOCTU Pas/indHbIX BUAOB Aedopmaumu; A n A

— npeaenbHble 3Ha4YeHUA HaKOMMEeHHbIX p,ecpopmau,mﬁ pa3nnyHbIX ee BUOOB.

(4)

NP2
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M3meHeHne TemMnepaTypbl HarpeBa 3aroToOBKM MOXET NpMBOAUTb K (0a30BOMY N3MEHE-
HUIO CTPYKTYPbl MeTanna, YTo B 3HAYNTE/IbHON CTEMNEHU U3MEHSET ero naactuyeckne CBowm-
cTBa. [1o aTon NpuymMHe MeTansibl C USMEHEHHOW CTPYKTYPOWN cnefyeT paccMaTpuBaTth Kak Ma-
Tepuan ¢ USMEHEHHbIMW MIaCTUYECKMMN CBONCTBAMM.

lNnactuyeckne cBOMCTBa MeTasna ONMCbIBAOTCA HOPMasrbHbIM 3aKOHOM pacnpegene-
Hua [Taycca, 4TO NO3BOAET HAM PAacCUYMTbIBATb HE TO/IBKO PECYPChbl MIAaCTUYHOCTU, HO U Be-
POATHOCTb paspyLUeHuns.

MNpenencHble 3HaYeHWA HaKOMMEHHbIX AeopMaumnn A, onpeaenseTca sKcneprmeH-
TanbHO. MeToabl UCMbITaHUS MOTYT OCYLLECTBAATLCS B paMkKax pas/inyHbiX BUOoB gedop-
Maunun. Hamm pazpaboTaH pag HOBbIX CNOCOOOB MCMbITaHWI nnactndecknx ceoncts [2]: MM
obpasua B YyCnoBUSX MIOCKO-gecopmmpoBaHHoro coctoanua (2D); MM guckoobpasHoro
o6pasua (3D); meTogoM paBHOKaHasIbHOrO Yr/ioBOro NpeccoBaHua [8]; pacTaxeHne nucTo-
BOro KpectoobpasHoro obpasua; rmoka fimcra; pactaxeHne nucra 6e3 obpasoBaHns LLen-
KW; pacTsXXeHUE N1UCTa C KOHLEHTPATOPOM HamnpsiXXeHUi. Pecypc nnacTMYHOCTU TakXXe MOXeT
onpenensarbCsa 3KCNepuMeHTanbHO PU3NYEeCKMMN MeTogamMnu: METOLOM U3MEPEHNUS MNOTHO-
CTVM MaTepwuarna; PeEHTTEHOBCKMM METOLOM 3a CHET U3MEHEHMUA NSTIOTHOCTN ANCIOKaLNA.

9HEPTETUHECKAA TEOPUA PASPYLLUEHUA METAJT/IA
NP1 NI1ACTUHECKOM TEHEHUU

Kputepuin paspyLlleHns B JaHHOW Teopun hOpMyINPYETCS creqyowmm obpa3om: pas-
pyLleHne MeTansa npomcxoguT B MaTepuasnbHOM TOUKe MeTasnla Npu ee ABUXEHUM B ovare
nedopmaumnv BAO/b NIMHWM TOKa B MOMEHT, KOTAa /loKasibHasa paboTta Aedopmaunmn A fo-
CTUrHeT npefenbHoW BennunHbl A . TlpefenbHas nokanbHas pabota Aedopmaumns A o
3aBUCUT OT: HaMPSXKEHHOIrO COCTOAHMSA; TeMMNepaTypbl HarpeBa MeTanna (MN1M cCoCToAaHnA 6e3
HarpeBa); a30BOro COCTOAHNS MeTana, KOTOPOE MOXET UBMEHATLCHA C USMEHEHNEM TEMMe-
paTypbl HarpeBa; Buaa gedopmaumn: ogHOHarnpaBneHHOW, pa3HoHanpaBneHHOW, MOHOTOH-
HOW, HEMOHOTOHHOW; CKOPOCTK AedhopmaLnm.

Kputepuin paspyLleHmsa B 3TOM Clydae 3anuLeTcs:

A ZA L (5)

JlokanbHasa pabota gedopmauunmn npeacraBnaetr coboi oanH U3 MHBAPUAHTOB CUMMe-
TPUYHOIO TEH30pa YETBEPTOrO PaHra, Noly4eHHOro NyTeM YMHOXEHUA CUMMETPUYHOIO TEH-
30pa HanpsXXeHWih BTOPOro paHra Ha CUMMETPUYHLIA TEH30p Aedopmaunm BTOPOro paHra,
npW yCNOBWUK, YTO rNaBHble OCU 060X TEH30POB NapannefnbHbl. CornacHo 3akoHaM hU3nKn
nokanbHasa paboTa gedopmaunm — 370 NPOM3BEAEHME HANPSAXEHNA Ha AedhopManmio, KOTO-
pble ABNAIOTCA CMMMETPUYHbIMU TeH30pamMu BToporo paHra. C gpyroi CToOpoHbl paboTta fe-
dhopmMaLmm —3TO HE BEKTOPHAaS, a CKansipHas BenmunHa. B 310l cBSA3M OHa MOXET ObiTb paBHa
OOHOMY U3 TPEX MHBAPMAHTOB MOJTYYEHHOI O TEH30pa. B ntore cosgaBaemas sHepretnyeckas
TEOPUS paspyLUEeHNS MOXET peasin30BbIBaTbCA MO ABYM CLIEHAPUSIM:

— YNPOLLEHHOMY, NPU KOTOPOM CUYMTAETCSH, YTO COCTaBAAOLLME NIOKa/IbHOM paboThbl Ae-
hopmaLmmn, He y4acTBylOLME B NPOLECCe pa3pyLUEHNS, COCTaBAOT ONpeaesieHHbIi NOCTO-
SAHHbIA NPOLIEHT K paboTe paspyLLeHus. B aTom criydyae Kputepmem paspyLleHnsa MOXeT CTaTb
BCS1 /lokanbHaa paboTta gedopmManmmn, YTo yrnpoLlaeT HeoO6XogMMbIEe pacyeThl;

— BO BTOPOM cnyyae, 6onee CoXHOM, HeoOX0ANUMO U3 BCEW NoKanbHOW paboThbl Ae-
dopMaLmmM UCKNIOYNTL ee CoCTaBnaoLlmMe, HanpaBleHHble Ha OPMOM3MEHEHNE, TeHePUpPOo-
BaHMe Tenna, yMeHblUEHNE Pa3MEPOB 3EPEH N CO34aHNE HOBbIX UX rPaHuL,.

PesynbTathl pacyeTta npenenbHOn nokanbHomW paboTel gedopmaunm o6pasLoB 13 cra-
n 45 npu MMM B ycnoBmax NNoCKo-4eOpPMUPOBAHHOIO COCTOAHMSA NOKa3aHbl puc. 4.

YCTaHOB/IEHO, YTO 3HEpreTnyeckas Teopusa paspyLLleHnsa MeTasna npu naacTuyeckom
TeYeHUN KOPPEKTHO OMMChbIBAET paspyLleHns MeTasnia B YC/I0BUAX MI0CKO-4eOpMMPOBaH-
HOro cocTosaHUs (puc. 4).
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Puc. 4. 3aBMCHMOCTb NpefenbHON NToKanbHON paboTel Aedopmaunn A’
() (e}

OT HaNPsAXeHun ?1+73 n Temnepartypbl Harpesa T o6pa3uoB 13 ctanun 45 nipu MM

B YC/TOBUSX NIOCKO-A2(POPMUPOBAHHOIO COCTOAHUSA:
1-T=1000°C;2-T=100°C;3-T=1200°C

OBOPYOBAHUE U TEXHOJ1IOI' MU NOMEPEYHO-K/ITMHOBOW NMPOKATKU

[1NOCKO-KIMHOBBIE CTaHbl NPEBOCXOAAT BasIKOBbIE MO TOYHOCTM NPOKaTaHHbIX MOKOBOK,
HO YCTynatoT MM MO NPOU3BOAUTETBbHOCTH.

OTU HAH benapycu nponssBoauT N/I0CKO-K/IMHOBbIE CTaHbl XOPOLLEro KayecTBa, CTaHbl
c Yy ana menkocepunHoro nNpousBoacTBa M nateHtyet B benapycn n Kntae texHonoruo
MKl HoBOro nokoneHus, obecrneynBaloLLyto yBeMYEHNe pecypca N1acTMyHoOCTn 6onee Yem
Ha 50 % [9, 10]. Beicokas To4HOCTb NOKoBKM Npu MKl no3BonsgeT NMKBMAMPOBaTb NpucyLLme
NHbIM TEXHOIOMNAM AOMOMHUTENbHbIE ONepaLnn OTPE3KM KOHLEBbLIX OTXOA0B M NMPaBKK OCH,
KOTOPble NPOU3BOAATCA NOC/1e NnacTnyeckoro oopmonsmeHeHuns. C uenbto yBennmyeHns pe-
Cypca nacTMYHOCTM Ha OCU U3AE/NS, 3aroTOBKY CO CTOPOHbI 060MX TOPLIEB CXMMAIOT OCe-
BbIM YCU/IMEM, KOTOPbIM CO3at0T B TOPLEBbLIX YAaCTAX 3aroTOBKM CXXMMAlOLLLEe HanpsXeHue
MeHbLUe npefena TeKy4YecTu maTepuana n B NPOKaTaHHOM 4aCTu 3aroTOBKW CO34aloT pacTs-
rMBaloLLEee HanMpaXeHne MeHbllue npefena TekyyecTu, a BpalleHne 3arotoBKM Npu npokar-
Ke MpUHyanTeNbHO TOPMO3AT MOMEHTOM CU/1, MEHbLUMM MOMEHTA CW/ BPALLEHUS 3arOTOBKM.
LUnnuHgpuyeckyto 3arotoBky 1 (puc. 5) ¢ AByMSA TOpLEBLIMUM y4acTkaMu 2 U MpoKaTaHHbIM
yyacTkoM 3 0eopMUpPYIOT KMHOBbLIMU MHCTPyYMeHTamn 4. GopMon3MeHeHne maTepuana
NMPOU3BOAAT B ovarax gedopmauum 5. 3arotoBky B MOMEHT MPOKAaTKW CXKMMAlOT cuion F,
NnocpeacTBOM MNyaHCOHOB 6. KNIMHOBbIE MHCTPYMEHTLI 4 Npu NpoKaTke co34atoT MOMEHT CU
Mg, BPALLEHUS 3aroToBKM 1. [lyaHCOHbI 6 CBSi3aHbl C YCTPOWUCTBOM TOPMOXEHUst (He mno-
Ka3aHO), KOTOPOE 3a CYET CU/ TPEHUA MeXay nyaHCoHamMu 6 1 3arotoBKOM 1, TOPMO3UT ee
MOMEHTOM Cun TopMoXeHust M. . BO3HNKHOBEHME CXUMAIOLWMX HAaNPsixXeHuid B o6nactu 2
3aroToBKM YMEHbLUAKT pacTarvBatoLlme HanpsaxXeHma B odarax gedopmaumm 5, a TopMoxe-
HWe 3aroTOBKM TPAaHCOPMUPYIOT HANPSAXKEHUS B CKMMalOLLMe, YTO yBENnUYMBaeT pecypc nna-
CTUYHOCTM Ha OCUK 3aroToBKM He MeHee, YyeM Ha 50 %

4 4
1 2 3 2
FY FY
— —E\ - - =
M M... POIM... /M
6 5 5 6
4 4

Puc. 5. Cxema npouecca MKl HoBoro nokonenua crtaHos MK
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MeTtogbl MOBBbILWEHUA pecypca MIaCTUMHOCTUM MNpPOKaTaHHbIX AeTanen noneped-
HO-K/TMHOBOW MPOKAaTKOM:

— ONTMMM3aLMSa KOMMbIOTEPHbIM MoAaenmpoBaHnem napametpoB KM (a, B, &, T) ansa
yBENMNYEHNSA pecypca NNacTUYHOCTY;

— OCeBO€e CXaTue TOPLEB 3aroTOBKM U TOPMOXEHME €€ BpalleHMa Npu npokaTtke ans
YMEHbLLEHUS PacTArMBatOLLMX HaNPSXXEHNN B OCEBOW 061aCTX 3aroTOBKMY;

— MKl B o6nactn Temnepatyp ¢asoBoro nepexofa gecdopMmpyeMoro metanna ang
yBEIMYEHNSA €ro N1acTUYHOCTK cBblwe 49 %;

— MponyckaHMe UMMYMbCHOro Toka Yepes3 3arotoBky npu MK gna noBbiweHWa nna-
CTUYHOCTM MeTanna ao 14 %;

— YMEHbLUEHNE pa3MEpPOB 3epHa B 3aroTOBKE METOAOM WMHTEHCUBHOW M1acTUYECKO
pedopmaumm [8] ansa ocywectsneHns MNKI B pexmnme CBEpPXNIaCTUUHOCTW.

PA3PABOTKA TEXHOJTOI'MA MOMEPEYHO-K/TMHOBOW NPOKATKU OETAJIEA C
BbICOKUM 3AMNACOM MJIACTUYHbIX CBOUCTB

BaroHHasa ocb (puc. 6) aBnsgeTca ogHoOM U3 Hanbonee OTBETCTBEHHbIX AeTanen xenes-
HOOOPOXHOrO TPAHCMOPTa, K KOTOPOW NPeabaBaOTCS XeCcTkme TpeboBaHUA No ee HagexX-
HOCTW, TaK KaK ee MoJsIoMKa NMpu ABMXKXEHUM Noe34a ConpsXxeHa C Hen30eXHOM KaTacTpodoii.

6

Puc. 6. YepHoBas BaroHHas ocb (a) U MCXxoAHasa 3arotoBka (6)

PaszpyleHne BaroHHOW OCK NMpu 3KCn/lyaTaunm HOCUT YCTasrlOCTHbIA XapaKTep MU HacTy-
naeT Npu HaNpPsXXEeHNAX MeHbLUNX Npeaena TeKyyecTn Matepuana.

NccnepoBatenamn paspaboTtaHa texHonorua MKl yepHoBoW BaroHHom ocu. [laHHas
TeEXHONoOrns obecnedynmBaeT Camytlo BbICOKYHD MPOM3BOAUTENBHOCTL — Ao 120 ocen B uac,
MEHbLUME MPUMNYCKN U AOMYCKU, MO3BOMSET UCKIIOUYNTL HaMYyCKM Ha MOKOBKY M B UTOre no-
NYYnUTb MUHUManbHbI pacxod MeTanna, 4to B utore obecneymBaeT MUHUMAasbHYO TPyoOEeM-
KOCTb TOKQPHOIO TOYEHUNSA YNCTOBOMW BarOHHOW OCH.

CraH lNKI gna npokatky OCK BbINO/HEH C ABYMS MOABMXXHBIMU MAAUTAMN U MIOCKUMMU
WHCTPYMEHTaMu, 4to obecneymBaeT 60/51ee BbICOKYK TOYHOCTb MOKOBKN N MPAMOIMHEAHOCTb
OCM NO CPaBHEHWNIO C MHbIM 060pyAOBaHNEM, B TOM YMC/e BankKoBbIM cTaHOM. CTaHbl C M/io-
CKMM MHCTPYMEHTOM MO OTHOLLEHUIO K BasIOBbIM TakxXe o6ecrneudnBatoT CHUXeEHne cebecton-
MocTn ocen o 10 %. YHepHoBasa BaroHHast OCb M3roTaB/IMBAETCA 3a OAMH pabounii Xxo cTaHa.

CroirikocTb nnockoro mHctpymeHTta Kl cocTtaBnseT, BkAOYas MPOMEXYTOYHbIE pe-
MOHTBI, He MeHee 500 000 oceli, UTO CHMXKAET AO/O CTOMMOCTU MHCTPYMEHTa B MPOU3BOA-
CTBEHHbIX 3aTpaTax o 1,7 %. Pabota ctaHa NOMHOCTbLID aBTOMATU3MPOBaHa M AOMyCcKaeTcs
ero KpyrnocytoyHasa pa6orta. TexHonoruga [NKIMN o6ecneunBaeTt Hanbonee BbICOKYIO yCTasiocT-
HYO MPOYHOCTb BarOHHbIX OCEN. DTO ABNAETCS CneacTBMeM 0Co6eHHOCTel Hanps>XXeHHo-ae-
hopMnpoBaHHOro coctosaHusa npm MM [9, 1].

3AKJ/TIOMEHUE

benopycckue nccneposaTeny ABAAIOTCA OAHUMWU U3 NIMOEPOB B MUpPe B UCCMefoBa-
HUM KU peanusaumm odopypoBaHusa n TexHonoruun lNKI. Mmn paspaboTtaHbl Knaccmyeckas
Teopusa [N n Teopua IMKI1, ycoBeplueHcTBOBaHa heHOMeHo1ormdeckaa gedopmaumMoHHasa
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TEeopusi paspyLleHns mMeTanaa npu naacTM4eckoM TeYeHuu, BnepBble Co34aHa KOppeKTHas
aHepreTmyeckas Teopua paspyLleHns MeTanna rnpu n1acTM4eckomM Te4YeHun B yCTIoBUAX Mo-
CKO-0eOpMMPOBAHHOIO COCTOSHUSA. YCTaHOB/IEHO, YTO YBEe/IMYEHMe B o4vare gedopmMaumm
CXKMMaAIOLLMX HAMPSXXEHUIA CHUXKaeT NNIOTHOCTb AMcrokaumin B matepmane. CoBMeCTHO C npo-
deccopom B.M. Ceranom n3obpeTeHo YyCTPONCTBO MHTEHCMBHOW MNiacTuyeckon gedopma-
LMK, NONOXMBLUEE HaYano UCcnedoBaHUsaM HOBOIO pasfgena Teopun o6paboTKn MeTasn/ioB
AaB/1eHneM — MHTEHCUBHOM NiacTUYeckon gedopmManmn.

NofaHa 3agBKa Ha MaTeHT HOBOro nokoneHusa texHonoruu MNKI1, obecneumBatoLlee
yBenM4yeHne pecypca niacTMYHOCTM NMpoKaTaHHbIX Aetanei 6onee 4yeM Ha 50 % 3a cuet go-
NOMHUTENBHOIO CXKaTUa o4ara gedopmaunmn. Pa3BuTbl acnekTbl TeOpum 06paboTKM MeTanioB
faBneHveM B pasgenax teopuu MM, ee nogpasgene teopun NKI1, dheHOMeHONOrnYyeckom
aedopmaLMOHHON Teopun paspyLLleHna MeTasia, IHePreTM4YecKor Teopum paspyLLeHnsa me-
Tanna npu na1acTM4eckoM Te4YeHun.
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METO/Abl OBPABEOTKW BbICOKOYT JIEPOAUCTOW NMPOBOJIOKU
N METAJITOKOPAA NMPABUJ/IbHO-PUXTOBAJIbHbIMU
YCTPOUCTBAMU

20. 0. Xogocosckasg, 'tO. J1. Bo6apukuH, '1O. B. MapTbaHOB

"ToMenbCKnii rocyaapCcTBEHHbI TexHunYeckuii yHnsepcutet um. M. O. Cyxoro,
r. Fomenb, Pecnybnnka benapycb
20A0 «bM3 — YKX «BMK>», r. XXno6wH, Pecny6nuka benapycb

Ha oTkioHeHne OT NMpsIMO/IMHENHOCT MeTa/1/I0OKopAd B/IMSET ypOBEHb M pacrpese-
JIEHMNE OCTATOYHbIX HAMPsKeHUA. O[HUM 13 3¢hhEKTUBHBIX CTOCO60B CHUXATL OCTATOYHbIE
HAnpsixxeHWus: B META/I/IOKOpAE SB/ISETCS UCMO/Ib30BAHNE 3HAKOMNePeMeHHOro u3rnéa me-
TanokopAa. MNpeacrasieHa cxeMa 3HaKOMNepPeMeHHOro M3rnéa MeTasi/iokopad Ha Aeghop-
mupyroljem posvke. lNponsBeneHa oUeHKA B/INSHUS HO OTK/IOHEHWE OT MPSIMO/IMHENHOCTHN
C/IOXKHOM KOHCTPYKLMM META/I/TIOKOPAA ANAMETPA AE€HOPMUPYIOLErO PO/IMKA C MOMOLLbLIO
KPUTEPUS KOMI/IEKCHOM OLeHKM. [peacTaB/ieHbl pe3y/ibTAaTbl KCMEPUMEHTA, MO/TyYEeHHbIE
1Py U3roTOB/IEHMM META/IZTIOKOPAA C MCMO/Ib30BAHUEM AehopMUpytoLLmMX posnkoB. Onpege-
J1eHbl ANAMETPbI AEHOPMUPYIOLMX PO/TUKOB, O3BO/ISIIOLUME CHU3UTL OTK/IOHEHWE OT rPsIMO-
JIMHEMHOCTM META/I/TOKOPLAQA C/TIOXKHOM KOHCTPYKLIMM.

KnioueBblie cnoBa: NpPoOBO/IOKa, MeTan/ziokopnd, aKBMBA/IeHTHble OCTAaTO4YHble HAMNpPAXeHUd,
KPUBU3HA, OTK/IOHEHME OT NPSAMOSIMHENHOCTH

METHODS FOR HIGH-CARBON WIRE AND STEEL CORDE
PROCESSING WITH STRETCHING DEVICES

20. Yu. Khodosovskaya, 'Yu. L. Bobarikin, 'Yu. V. Martyanov

"Gomel State Technical University named after P. O. Sukhoi,
Gomel, Republic of Belarus

20JSC «BSW — management company of «<BMC» holding»,
Zhlobin, Republic of Belarus

The deviation from the straightness of the steel cord is affected by the level and distri-
bution of residual stresses. One of the effective ways to reduce residual stresses in the steel
cord is the use of alternating metal cord bending. A scheme of alternating metal cord bending
on a deforming roller is presented. The influence of the diameter of the deforming roller on the
deviation from straightness of the complex design of the metal cord was assessed using the
criterion of a comprehensive assessment. The results of the experiment obtained in the man-
ufacture of steel cord using deforming rollers are presented. The diameters of the deforming
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rollers are determined, which make it possible to reduce the deviation from the straightness
of the metal cord of a complex design.

Key words: wire, steel cord, equivalent residual stresses, curvature, deviation from straightness

'e-mail:bobarikin@outlook.com, you_rock@tut.by
2 e-mail:gsp.icm@bmz.gomel.by

B npouecce cBMBKM MeTan/iokopaa TOHKas MpPOBOIOKa, MPOXOAA Yepe3 MHOXECTBO
PONNKOB, HAXOAUTCHA B C/ZTIOXXKHOM HaNpPsXEHHO-AehOPMUPOBAHHOM COCTOAHMU. [1pn 9TOM Ha-
NPSAXXEHHO-AePOPMNPOBAHHOE IKBMBANEHTHOE COCTOSIHME METAN/IoKopAa HepaBHOBECHOE.
Takoe coCTofHME Crnoco6CTBYET BO3HMKHOBEHMIO OCTATOYHbIX HAMPSXEHUM BHYTPU MPOBO-
NOK MeTannokopaa.

OcCTaTOYHbIMU UM TEXHONOMMYECKMMMN HA3bIBAIOT HAMPAXEHUs, CyLLECTBYIOLWNE B KOH-
CTPYKUMM MW B OTAE/bHbIX €€ 3/IeMeHTax Mpu OTCYTCTBUN BHELLUHUX CUMOBbLIX, TEMOBbLIX U
ApYyrmnx Bo3genctBuii. B TexHnke ana o603HaYeHUs OCTaTOUYHbIX HanpsXeHWNn UCMOoNb3yIoT
TaKXXe Ha3BaHWA TEXHO/IOMMYECKNX MPOLLECCOB, NOC/1e KOTOPbIX OHU MPOSABASAIOTCS: CBApOY-
Hble Hanps>XeHWs, 3aKasio4vHble HaNpPs>XeHUs, AedopMaLMOHHbIe, HAaNPSXXEeHUA NPaBku Un
otaenku npogykumm [1, 2]. OctaTouHble HanpsXeHUsa ABMAAITCSA CNeACTBUEM HEPaBHOMEPHO-
CTU BHYTPEHHUX gedopmauunii B NpoBoOnoke [3]. DTN HaANPSXXEHUS BAUSAIOT HA TEXHONOMMYe-
CKme CBOICTBa MeTanniokopaa [4]. PactarmBatowme octatouHble HaNPs>XXeHUA B MOBEPXHOCT-
HbIX C/109X OCOOEHHO BpeAHbl ANa MeTaniousgennii, paboTatoLmx Npu 3HaKOMepPEMEHHOMN
Harpyske, Tak Kak Takme Hanps>XeHUs CNoCOOCTBYIOT YCTaioCTHOMY pa3pyLUEHMIO (yCTanocT-
Has TPELUMHA, Kak NpaBu/io, 3apoXaaeTca Ha NoBepXHOCTU nsgenuq). ObpasoBaHue ocTa-
TOYHbIX HAMPSXXEHUA NMPU PasfIUYHbIX TEXHOMTOMMYECKMX NpoLeccax NPONCXOANT Pas/INYHbIM
o6pa3oM. B ocHoBE 1X BOSHUKHOBEHUSA OObIYHO fieXaT HeobpaTUMble 06 bEMHbIE USMEHEHUSA
B matepunane. OgHMM 13 Hanbonee TUMUYHbIX MPOLIECCOB ABMSAETCA BO3HUKHOBEHME OCTa-
TOYHbIX HAMNPS>XXEHW B pe3ynbTate npeaBaputenbHOW naactnyeckon gedopmaumn. C du-
3MYECKON TOYKN 3PEHUs 0Opa3oBaHME OCTaTOYHbIX HaNpPsXEHWM nocne naacTMyYeckon ae-
hopmMaLmm CBA3aHO C HEO6PATUMbIMU (OCTATOYHBIMU) U3MEHEHUAMN OO bEMA. DTN USMEHEHMA
06beMa, OCTaloLLNECH NOCE CHATUS Harpy3Ku, U BbI3bIBatOT OCTATOUHbIE HanpsXxeHus [1].

AHanu3 Npofo/bHbIX OCTaTOUYHbIX HANPSXXEHWI B NPOBO/IOKE NOKAa3bIBaET, YTO pacTs-
rMBatoLLMe HanpPsaXeHNa HAXOAATCH B CepALeBrHe, a CKMMaloLMe HanpsSXXEeHNa — Mo KpasaMm.
JTto6oe n3mMeHeHne napamMeTpoB MPOBO/IOKU, BKIKOYAA KPUBU3HY UM CMIMPasbHOCTb, MO eé
ANVHE NpuBEAET K USMEHEHMIO BHYTPEHHUX HANPSAXEHW MPOBOIOKUN. ¥ CTAHOB/IEHO, YTO 3Ha-
KonepeMeHHas gecopmaumsa N3MeHseT BHYTPEHHNE HANPs>KEHUs, CyLecTByoWmne B MaTe-
pvane oo gedopmaunun. BenmumHa n pacnpegeneHme BHYTPEHHMUX HANPSAXEeHWN, CyLLeCTBYIO-
LMX MOC/e MPaBKMW, 3aBUCAT OT KOHCTPYKUMK AehopMaLMOHHON cnuctemsl [5].

CdopmnpoBaHHbie B NpoLecce BOMIOYEHNS OCTaTOUHbIE HaNpPsXeHUsa — oanH u3 dak-
TOPOB, ONpeenalLMX TakMe XapakTepPUCTUKN MeTa/iIokopaa, Kak yCcTasioCTHas NPOYHOCTb,
CK/IOHHOCTb K pefiakcaunmn HanpsxxXeHn, OTKNOHEeHME OT NPSMONIMHENHOCTU. MeTanokopa v
TOHKas MPOBO/IOKA, NpeAHa3HavYeHHas A9 U3roToBNEeHUSA MeTal/lIokopaa, OTHOCATCA K rpyn-
ne METU3HOM MPOAYKLNU, OT KOTOPOW TPeBYyeTCHA HU3KMN YPOBEHb OCTATOYHbIX HAMPSXKEHUNA.
OcTaTouHble HanpsXeHUa B MeTa/llIoKopAe B TeYEHNE MPUMEPHO CEMU CYTOK MEPEexXoasT B
naacTMyeckyto gedopmMaunio METaNIOKOPAa, YTO NPOSABAAETCA B U3SMEHEHUM Ayrn npormba
(yBENMYEHUM OTK/TOHEHNSA OT MPAMOSIMHENHOCTM) MeTaNIoOKOPAa NPU ero PasMoTKeE C KaTyLu-
KW nepeg UCnosib30BaHNEM.

B coBpemMeHHOM METU3HOM NPOM3BOACTBE BAUSHME AMaMETPa POMKa Npu 3Hakonepe-
MEHHOM M3rnbe Ha OTKIOHEHME OT NMPAMOSIMHENHOCTM MeTannokopaa, 0CO6EeHHO CNOXHbIX
KOHCTPYKLMIA, HEJOCTaTOYHO U3YYEHO.
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Llenb: nccnepoBath BMSHME AnaMeTpa Posivka Npu 3HakonepeMeHHOM n3rnée metan-
NIoKOpAa C/TOXHOM KOHCTPYKLMM Ha ero OTK/TOHEeHWEe OT NPAMOSIMHERHOCTMU.

CnoXHble KOHCTPYKLUMM MeTan/iokopAa COCTOAT U3 HECKOJIbKUX C/IOEB, YacTo UMetoT
[OOMOTHUTEbHbIN CepAEYHUK U MOTYT ObITb CBUTbI U3 NPAAEN, KOTOpble NPeacTaBAaloT co00ii
MeTannokopa 6onee NPoOCToi KOHCTPYKLMM.

CxeMa 3HaKonepeMeHHOro nsrnéa MeTtan/iokopaa Ha poinke npeactaBneHa Ha puc. 1.

Puc. 1. Cxema 3HakonepeMeHHoro narmba
MeTan/iokopaa Ha posivke, rae R, — paauyc
HanpaBALEro povka, R, — paanyc posimka
obpaTHOM aethopmMaumn, A — coparMeHT
MeTannokopga nepeg nsrmbom Ha HanpasBASoLWLEM
ponuke, b — dhparmeHT MmeTannokopaa ¢ M3rnoom
Ha HanpasnsawLweM ponunke, B — pparmeHT
MeTannokopaa Mexay HanpasAsioLwmMM POSIMKOM
n PO, I —hparmMeHT MeTannokopaa c M3rnéom
Ha posike obpaTtHoro gencreng, 1 — pparmMeHT
MeTannokopaa nepeq HaMOTKOM Ha KaTyLUKy

Hanb6onee BaXHOW B M3y4YEHUM ABAAETCA 30Ha 06paTHOro nusrmba Metansiokopga Ha
aedopmupytoLLemM ponnke.

B npouecce cBMBKM MeTan/okopaa Ha NMpOBOJIOKY AENCTBYIOT pacTarnsatolme, Kpy-
TAWMe 1 nsrnbatolme HanpsaxXeHna n geopmaumn. DKBMBANEHTHaa gehopmaunsa aBnseT-
Csl NpuBeAeHHoOW gedopmaumen ans oueHKN NoaHoro gedopmMaumMoHHOro BO3AenCTBUS Ha
NMPOBOJIOKY MNPV CBMBKE B KaHATHOM MalUMHe. [1o TpaekTopun CBMBKU NpeayCMOTPEHbI 30HbI
6onbLnX gechopMaunii MPOBOIOKM MO CPAaBHEHUIO C OCTasIbHbIMW 30HAMWN KaHATHOM MaLUMHBbI.
B Takmnx 30Hax 1 Npon3BOAATCA 3Tanbl CBMBKU MPOBOJIOK B METAN/I0KOPA, NpU4éM gedopma-
LMA NPOBOTIOK MOXET OCYLLECTBAATLCA B Pa3/IMYHbIX HanpaBneHnsx. OgHako B a6COMOTHOM
BblpaXXeHNM CyMMapHas sKBMBaneHTHaa gedopmauma Bcerga Bospacraet. uametp metan-
NOKOpAa, paspbiBHOE yCUINE N OpYyrne CBOMCTBA 3aBUCAT OT MPOBOJIOK M PACMONOXEHNSA UX
B MeTannokopae.

Ncnonb3oBaHne ahdekTa 3HAKOMEPEMEHHOIrO n3rnba MeTan/iokopaa Ha posiMke ne-
peonpenensier KapTMHy KOHTaKTHbIX B3aMMOAENCTBMA NPOBOIOK B METaANI0OKOpAe. 3TO Bbl-
pa)kaeTcs B CMELLEHNM TOHEK KOHTaKTa Mexay NpoBO/IOKaMM B KOHCTPYKL MM METaN/I0Kopaa.
JononHnTenbHO N3MEHSAOTCA 3HAaYEHMSA N pacnpefeneHne 3KBMBANEHTHbIX OCTAaTOYHbIX Ha-
NPS>XXEHU B NpoBoOsiokax MeTansokopaa. CyMmapHblii adhheKT 3HaKONEPEMEHHOIO 1M3rmba
MEeTan/IoKopAa Ha PO/IMKE OLLEHMBAETCA KPUTEPUEM OLLEHKM MPSMO/IMHENHOCTM METANTOKOP-
pa Sg [6,7].

NocnepoBaTenbHOCTb pacyéTta kputepus Sg nmeet BuA:

_6,-60,—

£G, !.100% (1)

' c,—1
eA, = %-100% )

i
raoe o, — 9KBMBa/IeHTHbIE HanpsiXeHnsa usrnoa, Mra;
A, — OCeBOVi CABUI TOYEK KOHTAKTa MPOBOJIOK B METa/I/IOKOPAE Npw U3rnée, M.
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Sg, =+Jec] +eA? -0, (3)
rae Sg, — CKansapHoe 3HaYeHne CyMMbl OTHOCUTE/IbHbIX MSMEHEHWUI HaMnpsXeHuid 1 nepeme-
LLLEHWNA.

[No meTogy nokanbHOM oNTMMU3aunm MYHKUMK 3HaYEeHne dhyHKLnK Sg(R) B TOUKE ONTU-
MasnibHOro AMaMeTpa posmKa AOSMHKHO NPUHUMAaTb MUHUMa IbHbIE 3HAYEHUS:

Sg(R) — min. (4)

CornacHo pacyértam kputepua Sg onTuManbHbIM gMaMeTpoM aethopMUpyrowero po-

aMKa Ona MeTannokopaa CNOXHOW KOHCTpPyKUMn Ha npumepe 3+8x0,26HT asngaetca gua-

meTp 37—39 MM. AHaMOrMYHO PaCYETHbIM CNOCOOOM MOTyYeHbl ONTUMasbHbIE AMaMeTpbl Ae-

dhopmupytoero ponuka: ana metannokopga 3+9x0,25HT — 38—40 mm; onga metaniokopaa
1+5x0,40HT — 56-58 mm; gna metannokopga 2x0,30SHT — 43-45 mwm;

PE3Y/IbTATbl 3KCNEPUMEHTA A1 PA3/INYHbIX KOHCTPYKLIMA METAJIJTOKOPOA

[ns noBbIWEHNA KOHKYPEHTOCMNOCOOHOCTM BEM0PYCCKOro MeTaniokopaa Ha Mupo-
BOM pbiHke Ha OAO «BM3 — ynpaBnstowasa komnanma xongmHra «<bMK» noctosaHHO BegeTcs
paboTa MO MOBbILWEHWNIO MPOYHOCTHLIX CBOMCTB MeTan/okopaa 3a cyeT 60/5iee NosHOro uc-
NMOMb30BaHMA pecypca XapakKTepucTtMk matepmana. B npouecce otpaboTku TEXHOMOMMN U3-
rOTOB/IEHMA MeTaokopAaa Oblo onpefeneHo, YTo Ansa obecneyeHnss MMHMManbHOro ypoB-
HS OTK/IOHEHMS OT MPSAMOSIMHENHOCTN MOCNE pefakcaunm HanpPsaXXeHnn B NpoLecce CBUBKU
MeTannokopaa HeobxogMMO UCMOMb30BaTh AedopMupytowme ponuku. [na Habopa cratu-
CTUYECKUX AaHHbIX Obl/la NPOBEAEHA OLIEHKA N3MEHEHNS XapaKTEPUCTUK NMPU N3rOTOBIEHUN
MeTannokopaa KoHcTpykumin: 3+9x0,25HT, 3+8x0,26HT.

Taén.
OueHKa xapaKTepucTUK MeTasi/IokopAaa KOHCTPYKLIMKU B NMpoLecce penakcaumm

[aHHble CyT. 3 cyr. 7 cyrT. 14 cyr.
nacrnopTa penakcauun | penakcauum | penakcauum | penakcaumm
KoHcTpykumsa | AnameTtp | o 'S § 0§ § 0§ § 0§ § 0§ §
meTanso- ponuka, %q} e gq} e gq} e s gq} e s gq} e s
kopaa wi | 0T 8¢l 2F| 8% 235|882 88| 2F 8¢
c 9| 55| e8| 55 8 658|655 B b5
sg| e|sg| e|sg| elsg| elsg| &
3+9x0,25HT 38 0,75 10 |-142| 194 |-142 | 26,4 |-125| 30,8 |-1,58 | 36,6
3+8x0,26HT 44 0,88 | 10 0 32,8 |-0,08]| 43,9 0] 39,4 | 0,08 | 42,8
3+8x0,26HT 38 0,75 | 16,7 |-0,25| 38,6 |-0,38 | 30,8 |-0,08| 36,7 |-0,04 | 33,3

M3 paHHbIX Tabn. cnegyeT, 4TO B MpoLECCe peflakcaumm oCTaToYHOEe Kpy4YeHue ms-
MEHANOCb B OTPULATENIbHOM HamnpaB/eHN, NPUYEM OCHOBHOE U3MEHEHME MPOUCXOANMIO B
TeUYEeHne NepBbIX CYTOK, a NpK NocneayoLel BblaepXKe NpakTMYeckn He naMmeHsnock. do-
NOMHUTENBHO ObINIO U3roTOBAEHO 5 KaTylek MeTannokopaa KoHCTpykumm 3+8x0,26HT ¢ umc-
nonb3oBaHneM gedopMUpyoLLEro posnka gnametpom 38 mMm. MImetowmnecs gaHHble no gyre
npornéa CBMAENbCTBYIOT O MOSTIOXNTENBHOM BAIMSIHUN MCNO/b30BaHUS posiMka obpaTHOM ae-
hopmaumm gnameTpom 38 MM Ha CBOMCTBaA MeTa/l/lIokopaa Ans No/yYeHUn nyYLlmx pesyrbra-
TOB B CPaBHEHMN C UCMO/Ib30BAHMEM PO/NKa ANamMeTpom 44 MM.

ONna opyrnx KOHCTPYKLUNIA MeTaniokopaa 6bi/iv NonydeHbl cnegyowme pesynbratbl:

— 1+5x0,40HT c npuMeHeHMem gechopMupytoLero ponvka gnametpom 58 mm: cpegHee
3Ha4YeHne OCTaTOYHOr O KpyYeHus rno naptnam popmmposanocs: - 0,25 + 0,05 06. BennumHa
CcTpenbl npornéa He npeBblwana 40 mm;
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— 2x0,30SHT ¢ npumeHeHneM e opMmpyoLLErO poniMkKa agnameTpoM 44 MM: oCcTaTou-
HOe Kpy4yeHne MeTannokopaa U3MEHANOCh B NpoLecce penakcaumm B TeHeHUe nepBbiX Cy-
TOK, MPU 3TOM U3MEHEHME OCTaTOYHOro KpyyeHus coctaBuno 1,15 06 B MMHYCOBOM HamnpaB-
nenumn. Ctpena npornba MeTanokopaa U3MeEHsANachb Nocsie CyToK penakcauum Ha 9,5 mm,
JanbHelilee M3MeHeHMe B TedeHne 14 CcyTok Mpoxoauno MeHee UHTEHCMBHO. K TpuauaTtu
CyTKaM penakcaumm ctpena nporvba metansiokopaa B cpegHeM coctaBunia 62,9 MM, UTO Ha-
XOAMNOCb Ha ypoBHe cepuiiHoro metannokopga 50-70 mm;

BblBO/bl

lNpoBegeHa 3KCnepuMMeHTaslbHas OLEeHKa M3MEHEHUSI XapakKTepPUCTMK MeTannokopaa
npu M3roToBneHuun. MNonyyeHHble pesysbTatbl CBUAETENBCTBYIOT O MOMOXUTENBHOM B/IMAHUN
0ehopMUPYIOLWLNX PO/IMKOB Ha MPSMO/IMHENHOCTb METa/l/IOKOPA B Mpouecce penakcauuu.
PacuéTtHble anaMeTpbl 4ehopMUPYIOLLLErO POMKa AN YMEHbBLUEHNSA OTKIOHEHNSA OT NPAMOSIU-
HEerNHOCTM MeTaNNoKopAa CNOXHOM KOHCTPYKLNK, MO/yYEHHbIE PaCYETHBIM METOAOM, SKCMNepu-
MeHTanbHO anpobupoBaHbl. NoaTeepxaeHa Hanboblaa 3 HEKTUBHOCTb POSIMKa PAaCHETHOrO
anametpa 38 MM /151 YMEHbLUEHMWSI OTK/TOHEHUS OT MPAMONIMHENHOCTN MeTaNNTIoKopAa CIOXHOM
KOHCTpYyKUmMn 3+8x0,26HT no cpaBHeHUIO ¢ ApyrMMK AnamMeTpamm AeOopMUPYIOLLLEro PosnKa.
AHanornyHo noareepxaeHa ahPekTMBHOCTb PACUHETHbLIX AMAaMETPOB AehOPMUPYIOLLNX POK-
KOB A9 METaNTIOKOPAOB KOHCTPYKUMA : 3+9x0,25HT, 1+5x0,40HT, 2x0,30SHT.
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YK 621.771

TEOPETUYECKOE N 3KCNMEPUMEHTAJIbHOE UCC/TEAOBAHUE
NAPAMETPOB ACUMMETPUYHOI'O NMPOLIECCA NPOKATKHA
CTA/IbHOM NOJ10CHI

L. . Wanaesckuii, A. B. KoxxeBHukoB, tO. B. InaTtoHoB,
A. C. CmupHoB, K. I. KopenuHa, . A. KoxxeBHUKOBa

YepenoBeLukuin rocygapCTBEHHbIA YHUBEPCUTET,
r. Yepenoseu, Poccuiickaa ®epgepauma

B pa6orte npeacTasB/ieHbl pe3y/ibTATbl MCCIEA0BAHMS MPOLECCA ACUMMMETPUYHOMA Mpo-
KATK1 MeToAaMU MATEMATNYECKOrO MOAE/TMPOBAHUST CTPYKTYPHbBIX M 3HEPrOCU/IOBbIX NApPa-
METPOB MPoLeccd, KOHEYHO-3/IEMEHTHOIO MOAE/IMPOBAHUS B cpeae Deform v HaTypHOro Mo-
A€/IMPOBAHMS] HO /1A60PATOPHOM CTAHE.

Llensimu nccriegoBaHUS SIB/ISI/TNCh!

— OLleHKa TpebyeMOoro ypOBHS SHEPIro3ATPAT HA BEAEHNE MPOLIECCA MPOKATKM B ACHMME-
TPUYHOM oYadre AehopMAaLiM B CPABHEHUM C MPOLECCOM B CUMMETPUYHOM OYare;

— OLEHKA CTPYKTYPHbIX NAPAMETPOB TAKOro 04ard v B/IMSIHUS HO HEro yC/10Buii Beae-
HWSI TEXHO/TOMMYECKOIro MPOLecca;

— OL/eHKA (hopMbI M PA3MEPOB 3€PHA B MUKPOCTPYKTYPE rOTOBO M10/10ChI.

18 co3aaHns pas/iMyHbIX YC/IOBUIA HA BEPXHEN N HUXHENH MOBEepPXHOCTSX PACKATA B
ouare geghopmMaumm B UCC/I€40BAHUN MCMO/Ib30BA/INCh BA/IKM C GOYKAMM PA3HBIX ANAMETPOB,
KOTOPbIM 3040711 OAMHAKOBYIO YI/IOBYK CKOPOCTb OTHOCUTE/IbHO OCel nx BpaLyeHus. Bcreg-
CTBUE PA3HOCTU AUAMETPOB GOYEK HUXKHEINO U BEPXHEIr0 PAGOYMX BAJTKOB, YC/I0OBUS HAIPYXKe-
HUS, TAKUM OGPA30M, HO BEPXHE!N U HUXKHE! MOBEPXHOCTSIX [10/10Chl CO34AHbI PA3/TUYHBIMA.

[Mony4yeHbl aHAIMTUYECKMe ¢hopMy/ibl, ONPEAENAoLUMe HaNGoIee BAXHbIe NapaMeTpbl
npouecca. 3Ty 3aBUCUMOCTH MO3BO/IN/IN ONPEAe/INTs 3AKOHOMEPHOCTH BJ/IUSIHWS YC/TI0BWIA
MPOKATKN HA 3HEPrOCU/IOBbIE U CTPYKTYPHbIE XAPAKTEPUCTUKN ACUMMETPUYHOIrO o4ara Age-
opmaymn. Hamboree CyLeCTBEHHbIM, MHTEPECYIOLMM (haKTOPOM 34eChb SB/IS/IACh Be/-
YMHA 3HEepPro3aTPAT HA BeJEeHMe TeXHO/IOMMYEeCKOro npoueccd. YCTaHOB/IEHO, YTO (haKTOP
ACUMMETPUN HECYLLIECTBEHHO B/INSIET HA 3HEPro3ghheKTUBHOCTb MPOKATKU.

[Morny4yeHHbIe pe3y/ibTaTbl MPOBEPEHbI C TOYKU 3PEHMS JOCTOBEPHOCTH MyTeM MoAe-
JIMPOBAHMSA nipoLecca B cpege Deform, ntoru 1akoi npoBepKu MoATBEPAN/IN MO/TyHYEHHbIE
pe3y/ibTaThI.

lMpeacraBieHbl UTOrM OMbITHOM MPOKATKM CTA/IbHBIX 06PA3L0B HA /1A60PATOPHO-PO-
MbiLLieHHOM cTaHe «400» MNAO «CeBepcTasib» B BA/IKAX C PA3HbIMU ANAMETPAMU GOYEK
BEPXHEro U HUXHEro BA/IKOB A/151 OLEHKU PacrpeneneHns (hopMbl M PA3SMEPOB 3€pPHA M0
BbICOTE CEYEHMSI FTOTOBOW M10/10Chl.

[Morny4yeHHbIe pe3y/ibTAaThbl MOryT ObiTb MCIO/1b30BAHbI /15 PA3BUTUSI TEOPUMN JINCTOBOW
MPOKATKN M MPAKTUYECKOrO OMpeaesIeHNs HanGoIbLLIEeN AOMYyCTUMONM PA3HOCTM ANAMETPOB
6oyek paboymx BA/IKOB, M0/lyHEeHHOU B pPe3y/ibTaTe UX nepeLuimOBKY, HA AEHACTBYIOLMX
CTAHAX XO/104HOM MPOKATKMN C y4ETOM AKTUBHOIO C/10S.

75



KnioueBble cnoBa: acMMMeTpunyHaa XosioaHaqa rnpokartka, odar ,El,erOpMaLlVIVI, IHeprocunno-
Bble NnapamMeTpbl

THEORETICAL AND EXPERIMENTAL STUDY OF THE PARAMETERS
OF THE ASYMMETRIC STEEL STRIP ROLLING PROCESS

D. L. Shalaevsky, A. V. Kozhevnikov, Yu. V. Platonoy,
A. S. Smirnoy, K. P. Korepin, I. A. Kozhevnikova

Cherepovets State University, Cherepovets, Russian Federation

The paper presents the results of a study of the asymmetric rolling process by the meth-
ods of mathematical modeling of the structural and energy-power parameters of the process,
finite element modeling in the Deform environment and full-scale modeling on a laboratory mill.

The objectives of the study:

— assessment of the required level of energy consumption for conducting the rolling pro-
cess in an asymmetric deformation zone in comparison with the process in a symmetrical zone;

— assessment of the structural parameters of such a focus and the influence of the con-
ditions of the technological process on it;

— assessment of the shape and size of the grain in the microstructure of the finished strip.

To create different conditions on the upper and lower surfaces of the roll in the defor-
mation zone, rolls with barrels of different diameters were used in the study, which were given
the same angular velocity relative to their axes of rotation. Due to the difference in the barrel
diameters of the lower and upper work rolls, the loading conditions are therefore different on
the upper and lower surfaces of the strip.

Analytical formulas are obtained that determine the most important parameters of the
process. These dependences made it possible to determine the patterns of the influence of
rolling conditions on the energy-power and structural characteristics of an asymmetric defor-
mation zone. The most significant, interesting factor here was the amount of energy consump-
tion for the conduct of the technological process. It has been established that the asymmetry
factor does not significantly affect the energy efficiency of rolling.

The obtained results were verified in terms of reliability by modeling the process in the
Deform environment, the results of such a check confirmed the results obtained.

The paper presents the results of experimental rolling of steel samples on the labora-
tory-industrial mill «400» PJSC «Severstal» in rolls with different barrel diameters of the upper
and lower rolls to assess the distribution of the shape and size of the grain along the height of
the section of the finished strip.

The obtained results can be used for the development of the theory of sheet rolling and
practical determination of the largest allowable difference in the diameters of the working
roll barrels obtained as a result of their regrinding in operating cold rolling mills, taking into
account the active layer.

Keywords: asymmetric cold rolling, deformation zone, power parameters

e-mail: avk7777@bk.ru; shal-dmitrij@yandex.ru
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BBEAEHUE

AcnmMeTpMYHas NpokaTtka CTasibHOW MOI0Chl B 4aHHOM MCCNeAoBaHNN paccMaTpuBaeT-
CH KaK TEXHOMOMMYECKN NpoLecc naacTnyeckon gedopmanmm nosocoBOro Matepurana, ocy-
LLleCTBASEMbI BpaLlaloLLMMUCA BanKaMun, AnameTpbl 604eK, COCTOAHNE MOBEPXHOCTEN UM NO-
IOXXEHWE OCEeN KOTOPbIX OT/IMYAOTCA APYr OT Apyra. B pe3ynbTrate 3TOro okpy>Hasi CKOpOoCTb
OBVKEHUNS MOBEPXHOCTEN BEPXHENO N HMXKHEro o6pabaTbiBalOLLErO MHCTPYMEHTa, Koadhhunum-
€HTbl TPEHNSA B o4vare gedopMaLnmn Ha HUXKHEN N BEPXHEN ero rpaHsax 6yayT pasnnyHbl.

Bonpoc acMMMeTpMYHOM NPOKATKM C Hay4YHO-TEXHUYECKOM TOYKM 3PEHUA MHTEPECEH,
T. K. OH MMeeT MeCTO ObITb NPU BEAEHUN TEXHOIOMMYECKOro NpoLecca Ha HeMpepbIBHbIX CTa-
HaX, Korga BEeNM4YMHbI NepewnmgpoBKn 604YKM OOHOIrO U3 BANKOB B KNE€TU HAMHOIO 60/bLue
aHanornM4yHOro napameTpa Apyroro Basika. Takxke gaHHbIA TEXHOMOrMYeCcKnii npouecc, Bepo-
ATHO, 06/1agaeT 60/bLUMM BO3MOXHbBIM MOTEHLMNANOM C TOYKN 3PEHUSA BO3MOXHOCTM yrpaB-
NEeHNS MUKPOCTPYKTYPOM FOTOBOM MOMOCKI U ONTUMU3aLMKN NMapka pabounx BaskoB.

Npo6embl TEXHONOIMM N pacyeTa napaMeTpoB Npouecca aCCMMETPUYHOW XO04HOM
MPOKaTKN PAacCMOTPEHbLI B PSiAe POCCUACKUX U 3apyOeXHbIX Hay4HbIX TPYAOB, B Nnepunognye-
CKUX N3[aHnsIX, CnpaBoYHMKAX U MOHOrpaguax.

B yue6HOM nocobum [1] npeactaBieHbl OCHOBOMOIaratoLme 3aBUCMMOCTM Mexay napa-
MeTpaMu aCUMMETPUYHOM NPOKaTKN N 3aKOHOMEPHOCTU MpoLiecca.

BnusaHmne paccornacoBaHus CKOPOCTEN BaNKOB Ha MapaMeTpbl TEXHO/I0MMYECKOro npo-
LLecca TakXXe paccMoTpeHo B paboTtax [2, 3]. B nccnegoBaHusx npogeMOHCTPUPOBaHO NOBbI-
LeHne BENUYNHBI MHTEHCUBHOCTU AedopMaLnm U CHUXKEHNE YCUNUA NPOKATKK Npu yBennye-
HWUM paccornacoBaHMa NapaMeTpoB BPALLEHUS HUXKHENO M BEPXHEro pabounx Bankos.

B matepuanax pa6or [4, 5] npov3BeaeH aHan13 BAUSHUS aCMMMETPUYHOM NPOKATKK Ha
pa3mep 3epHa U MexaHn4eckmne CBONCTBa Noaoc U3 cnaasoB u IF-ctanu.

ACMMMETPUYHbBIA MPOoLECC NMPOKaTKK 3a CYeT MPUMEHEHUA Pas3/IMYHbIX CKOPOCTEN Bpa-
LLEHNST BEPXHENO N HMXXHEro pabouynx BasKOB TakXke sBNSETCS afibTEPHAaTUBHBIM CNOCOO0M
YNyYLWTb FEOMETPMUIO NMOMOCKI, YTO OTMeYaeT psg aBTopoB [6—9]. Takxe B paborte [10] goka-
3aHO0, YTO UCMO/b3YysA aCMMMETPUYHYHO MPOKATKY MOXHO N3MEHUTb HamnMpsXXeHHOo-AehopMUpo-
BaHHOe COCTOSIHME MPOKaTbIBAEMOro MeTania n Takum 06pa3oM MUCKIIOUUTL Hebnaronpuar-
HbI N3rnd nepegHero KoHLUa nosockl.

B n3BeCTHbIX Tpydax yaensercsa TakXKe BHMMaHMe BOMPOCY 3HEepProCu/ioBbIX Napame-
TPOB MpoLecca aCMMMETPUYHON npokaTku. B paboTte [11] nyTem MogennpoBaHUs XONOLHOW
MPOKaTKM CTanbHOWM MOOCHI B Basikax C pa3HbIM AMnamMeTpoM 604YKM MpoaHanM3mpoBaHbl Be-
NNYMHBI MIHTEHCUBHOCTN AedopMaLMii, a Takxke onpefeneH Kputepuin paspyLlieHmna Kokpod-
Ta — J1atama. YCTaHOB/EHO, YTO C YBE/IMYEHNEM PA3HOCTN AMaMeTPOB BaslKOB YBE/IMUYNBAET-
Cl HepaBHOMeEPHOCTb AeopMaunmn B 06bEME NPOKaTbIBAEMOW NMOOCHI.

NMOCTAHOBKA 3AAYA

NHTepec K UccrefoBaHMIo NpoLecca aCMMMETPUYHOM NPOKAaTKM B AaHHOM paboTe Bbl-
3BaH HEOOXOAMMOCTbIO CHUXEHNS N3OepPXEK Ha NPOU3BOACTBO XOMOAHOKATAHOro MpoKaTa.
OQHUM M3 NyTen pelleHns TaKoW 3a4a4n Kak pa3 MOXeT OblTb COBMECTHOE NMPUMEHEHMUS pa-
60UMNX BA/IKOB C 60UYKAMM, UMEIOLLIMMMN Pa3HOE KOMMYECTBO NepeLLTMgpOBOK U, COOTBETCTBEH-
HO, UMEIOLLNX Pa3Hble AnaMeTpbl 3TUX GoYeK.

MpoGeMHbIMM BONPOCaMn, KOTOpble Obl/iM MOCTaB/EHbl B paMKax UCCNedoBaHns, AB-
NANUCH:

— oleHKa TpeByeMoro ypoBHS aHeprosaTtpaT Ha BefeHne npoLecca NpoKaTku B acUM-
MEeTPUYHOM o4are AedopMaLnmn B CPaBHEHMM C MPOLIECCOM B CUMMETPUYHOM o4are;

— OLleHKa CTPYKTYPHbIX MapaMeTpoB Takoro o4yara;

— oLeHKa hopMbl M Pa3MepPOB 3epHa B MUKPOCTPYKTYpPE roTOBOWM MO/MOChI.
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[na TeopeTtnyeckoro uccregoBaHms npouecca aCMMMETPUYHOM NPOKATKKU NpeacTaBu-
1 Ha puc. 1 cxemy Takoro oyara gedopmaumu.

Kak crnegyeT U3 gaHHbIX CXeMbl pUC. 1, HeEMTpanbHoe ceveHne ByaeT pacrnosaraTbCcsa He
nepneHanKynapHO K OCU MPOKATKN, Kak 3TO MMeeT MeCTo OblTb NpU BeAeHNUN CUMMETPUYHOIO
npouecca. [laHHbIM ¢hakT cornacyercs € yXe U3BeCTHbIMU AaHHbIMWU, N3/T0XEHHbLIMW, Hanpu-
mMep, B yuebHoM nocobum [1].

30HA omnep eXXeHnsA
IIacTH49eCKoro

y4acTKa o4ara
Aed opMammn

v cropoHa 604KM BepxHero Banka (Meubmero Auamerpa)

tone‘::.nn tynpz 1
onep _ _ _ I} ;

a/2 Pynp2
t np2
y tonepan "
HeATPanbHO® BTOpOIl YOpyrHil y4acToK
ceyeHne ogara JepopmMamnn  Hanpas/seHUe NPOKaTKU

CTOpOHa 60uYKM HUIKHEro Banka (60nbwero AHCMG‘I‘QBI

30Ha OTCTaBaHHA
nepBbIil yIpyrmii  MIaCTHYECKOro
Y49acToK odara Y9acTKa odara
e op Marm e op Marpm

Puc. 1. CTpykTypHaa cxemMa 0gHOro n3 BapMaHTOB aCMMMEPUYHOro o4vara gedopmMaunm:

T, n T, — nonHoe nepeaHee 1 3aiHee HaTAXEHUE MOMOChI B KNeTw, Pyopt Porer Ponep Pympz — CPEAHEE
KOHTaKTHOE HOpMaslbHOE Hanps>xeHune B 1-i ynpyroi, oTCTaBaHUs N1acTUMYeCKOoro y4yacTka,
onepexXeHns NNacTMYecKoro y4acTtka, 2-i ynpyro 3o0Hax COOTBETCTBEHHO; t .t |t |t _—

ynp1’ “otct’ “onep’ “ynp2
CpefHee KOHTaKTHOEe KacaTeslbHOe HanpsaXeHue B 1-i ynpyroi, oTCTaBaHUs M1acTUYeCKOro y4acTka,
OnepexXeHns NIacTMYeckoro y4acTka, 2-n ynpyrom 30Hax COOTBeTCTBEHHO; /, L, I, |, —anvHbl
y4acCTKOB o4ara gecopmaumm COOTBETCTBEHHO 1-ro yrnpyroro, 30Hbl OTCTaBaHUA U ONepeXeHns
nI1acTMYeCcKoro y4yacTka; a/2 — yron 3axBaTa, 3 — yroa mexay nNaoCKOCTbIO KOHTaKTa No/ocChl U Baska
1 FOPU3OHTANIbHOW OCbO CUMMETPUKM NOI0ChI HA BTOPOM YMNpYyrom yyacTke

C uenblo HaXOXAEHMA ypaBHEHWI pacyeTa KOHTAKTHbIX HANPSXKEHWI Ha MOBEPXHOCTAX
B3anMMOAENCTBNSA MOMOChl B ovare gedopmaumm ¢ 604KaMm HUKHENO N BEPXHErO paboumx
BasIKOB, KakK 3T0 M Obl/10 CAeNaHO paHee Ans criyydas CMMMETPUYHOW NpokaTku [12], coctaBum
N PEeLININ CUCTEMY N3 3-X YPaBHEHUI NS KaXaoro yyactka odara gecdopmaunu:

A) ona ynpyrux y4acTkoB:

— YpaBHEHME YyNpyrocTy;

— ypaBHEHMNE paBHOBECKSA y4YacTKa Nosochl;

— ypaBHeHMe 3akoHa AMaHTOHa — Ky/loHa, Bblpa)katoLero CBA3b HOPMasibHbIX 1 Kaca-
TeNbHbIX HANPAXeHU Yepe3 KO3 ULIMEHT TPEHUS;

B) ona nnactMyeckunx y4acTKoB:

— ypaBHeHMe nnactnyHoctn Tpecka — CeH-BeHaHa;

— ypaBHEHNE paBHOBECKSA y4YacTKa Nosochl;

— ypaBHeHMe 3akoHa AMaHTOHa — Ky/loHa, BblpaXkatoLero CBA3b HOPMasibHbIX 1 Kaca-
TeNbHbIX HANPAXEHU Yepe3 KO3 DULIMEHT TPEHMS.

lNonyyeHHble TakuM o6pa3oM hopMy/bl ANS OLEHKN SHEPrOCUMIOBbLIX NapaMeTpoB B
aCMMMETPUYHOM o4vare gedopmanim C OAHUM HERTPaNbHbIM CEHYEHNEM OKa3asiMCb MAEHTUY-
HbIMW paHee M3BECTHbIM, NpeacTaBNeHHbIM B paboTe [12].
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Mpw 3TOM peLLeHns CUCTEM YPaBHEHNN OTHOCUTEIBHO CPEAHNX HOPMasibHbIX HanpsaXe-
HUIM AN KaXaoro yyactka odara gedopmalmm No3BOMUIM OLEHUTb OeACTBYIOWNE Ha BepX-
HUM N HUXHUIA paGoyne BasikKu PasHOro AMaMeTpa KOHTAKTHble AaBNeHUs 1 CUMy NpoKaTKu.
Tak, nocnegHne ykasaHHble NapaMeTpbl, BO3HMKAKOLWME Ha NMOBEPXHOCTU GOYKM BEPXHEro
pa6oyero Bajska, onpeaenunn nyTem noAcTaHOBKU B MOJTyYEHHbIE BbIPaXeHUa anameTpa
604UKM BepxHero pabo4ero Basika, Ha MOBEPXHOCTN BGOYKUN HUXKHEro — AnameTpa 60UKN HNXK-

Hero BaJsika.

dopmynbl ANA pacyeTa HEKOTOPbIX CTPYKTYPHbIX MapamMeTpoB UCCeQyeMoro oua-
ra npeacrtaBfieHbl B Tab. 1, Ana pacyeta HEKOTOPbIX SHEProCUNOBbLIX NapameTpoB [12] — B

Tabn. 2.

Ta6n. 1

dopmyrbl AN OLLEHKN HEKOTOPbIX CTPYKTYPHbIX MapaMeTPoB oyara gecopmauum

MapameTp

®dopmyna

Yron Hak/ioHa
HeuTpanbHOro
cevyeHmna Y

(/OI'Iep.HVDKH - /onep.aepx )

Y =arctg

H.HNXH

— AJZINHA 30HbIl ONnepexXeHNAd B KOHTaKTe 60YKN HUXKHETO
— AJ/IMHA 30Hbl OrnepexeHnd B KOHTAaKTe

onep.sepx
604KMN BepxXHero Basika M MoJsiocChbl, hHHmKH — TOJ/IlLMHA NOoJsioChbl B
TOYKe nepexoga 30Hbl OTCTaBaHUA B 30HY OnepexeHund Ha 60ou4ke

roe/

onep.HxH

Basnka u nonocol; /

[nvHa 30HbI
onepexeHus Ha
BepxHeM Banke /

onep.sepx

HV>KHEro Basika
—h+Ah,,.)
2- tg(aaepx ,/2) ’

/ _ (hH.Bepx

onep.eepx
raoe hH sepx TO/IWMHA NOJTIOCbl B TOYKeE Nnepexoaa 30Hbl OTCTaBaHNA
B 30HY onepexeHnd Ha 60ouke BepXHero Basika, ClBepx/2 — No/1oBUHA
yrna 3axsaTta 604KN BepXHero Basika U nosiocChbl; Ah4ynp — BeJIM4YMHa

ynpyroro BOCCTaHOBNEHUNA 4acCTW TOJIWUHBI NMO/1OCbl HA@ BTOPOM

Pa3Huua B gnnHe
30H OMNepexeHns Ha
H>KHEM N BEPXHEM

Basikax

onep.HUXH onep.eepx

l

onep.HWxH -

ynpyrom yyacrtke
—h+Ah,,.) ~
2: tg (aHI/DKH ,/’/2)

/ _ (hH.Hl/I)KH
_ (hH.aepx - h1 + Ah4ynp )
2-tg (aBepx /2)

ornep.sepx
MHaekc «<Bepx» OTHOCUTCHA K COOTBETCTBYIOLLEMY MapamMeTpy BEpX-
Hero Basika, <HWXH» — napamMeTpy HUXXHEero Banka.

MN3MeHeHne TONWMHBI
nonockl Ha 1-M ynpyrom
y4yacTtke Ah1y

hi—1 ’ OQ)//EH,

ch,. — COMpOTUB/IEHNE NMAacTUYeckomn gedopmaumm matepmnana

MN3meHeHue TONLWMHbI
MONOChl Ha 2-M
yNpyrom yyactke Ah2y

h, - %/En
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[nnHa BTOpOro

ynpyroro yyactka /,

nE nE

p

1-v2 1-v2

Cymma gnuH

ynp

rnepBoOro ynpyroro D
—L2Ah + X2
W NI1acTM4eckoro 5 AT

y4acTKOB /1ynp + /2ynp
MHA ovara
A X, tX +Xx

Aecopmaumm | T Znn 74
OnvHa nepsBoro Ahy o (X + X,
ynpyroro yyacrka / Ah, +Ah,,

OnnHa nnactnyeckoro
yyacTka /
nn

D
1fé’Ah, + X2 =X,

TaHreHcobl yrnos
a/2 v B (puc. )

Ah +Ahy, A

ynp 2ynp

2(x,+x,,) ’ 2x,

Be3pa3smepHble

Wigla2), wigB) EJE,-o,). (-

1+8,,(1-2/D)+ D> (5,_, —1)

o) qw_)/ Oy

S, +1
KO3thpULUMEHTDI,
Heob6xoauMble ona (o Dos 4+ E.
pacyeTa KOHTaKTHbIX 1,15E, i-1 o
Hanps>XXeHun u
TONLWMHBI MONOChI B 5, (1 +8,(1-2/D)+ D" (8, —‘I)j
NepBOM HelTpanbHOM 8_, 5,1
ceyeHun
_9_pug, L
1156, 7 o,
MNMpumeyaHue:

— COOTBETCTBYIOLLNI NapameTp ANst OLEHKN YC/TIOBUA Ha MOBEPXHOCTU BOUKN BEPXHErO UMM HUXKHErO

paboyero Banka, onpeaensercs ¢ y4eTom gnameTpa 310 604K,
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Tabn. 2

¢OpMyﬂbl Anga pacdeTa KOHTaKTHbIX HaI'IpH)KGHVIﬁ no y4yacCTtkaMm o4vara nedaopmau,vwl

Ha3sBaHue yyacTtka PacueTHas chopmyna p, Mla
MepBbIi ynpyruii p =156+t 8=1 _ Oi (D**"=1)-2InD]}
y4acToK 8. 8., +1{ (8., +1)8,_, 115E,
1150, b, . (148, (1-207)+D> (5,,-1)
30Ha oTcTaBaHuAa P2 = 8., h.—hD ?m 5., +1
N1acTMYECKOro yyacTka 5 1
o, D% |(h " h,
ovyara gechopmaunm it plag 1_1]— Zist _D¥ 4| 2D
1,156, N Y h,

30Ha onepexeHus Ps 5, hH—h;/Dl G4 9, 5, +1

NNacTMYeCcKoro yyactka S 8,41 5
o4ara gedopmaum _LD6f5_1 w11 A _(lj _[h_1
1156, (3 +1[h D h D

i

}
1156, h J|:Er| 5i1[1+8i(1—2D1)+D5'(8,—1)]_
)

BTopon ynpyrui
1L 5, -1 o, -
=115E 1 —+ : —— D** —1)-2InD
y4acToK o4yara Py n{a 5, +1H(5,-+1)5,» 1,15En]( ) ]}
aedopmaunm

i

CpefHee yaenbHoe o _r
faBneHve R

cl

j=4
P;X,
Jj=1

MpumeyvaHue:
— COOTBETCTBYIOLLMIA NapameTp, ASNCTBYIOLLNN Ha OOUKY BEPXHEro UM HUXHero pabovero Basnka,
onpepensaeTcs, UCXOAd U3 ee AnameTtpa.

Cwunbl NpokaTkn, AencTByoLME Ha 6OYKM BEPXHEIO U HUXXHENO pabounx BasKoOB, onpe-
OEeNaTca U3 npomsBefeHnsa COOTBETCTBYIOLNX 3HAYEHUI CPeAHEro KOHTaKTHOro AaB/eHunsa 1
ONVHbI ovara gedopmaumu.

Tpebyemble MOLLHOCTM NpMBOAa Paboymx BasIKOB MOXHO OLLEHUTb TakXXe Mo MeTOAMKE,
npeanoXeHHow B pabore [12].

[na npoBepKu AOCTOBEPHOCTM Pe3ybTaTOB pacyeTa SHEeProCUIOBbIX U CTPYKTYPHbIX
napaMeTpoB aCMMMETPUYHbIX O4aroB Aeopmaunii, NoyHYEHHbIX C MOMOLLBbIO NMpeacTaBieH-
HbIX Bbllle hopMy/, NMPOBEM MoAeNnpoBaHue npouecca B cpege Deform.

B npenpoueccope Deform 66111 co3gaHbl MOAENM NONOCHI, 6GOYEK BEPXHENO U HUXKHE-
ro BasikoB, AMaMeTPbl KOTOPbIX OTANYanMCh Apyr OT gpyra.

lNocTtaHOBKa 3agaym Gbina cnegyoLlas:

— MaTtepuan Nonockl — NaactTuyHbIi, ctanb 08nc no MTOCT 1050;

— BEPXHUI U HUXXHUI rpaHn obpabaTbiBatoWero MHCTPYMEHTA Oblfiv 3a4aHbl LUNUHOPK-
YECKUMU TeNnamm, UMUTUPYIOLWNMM 6OYKN BaSIKOB NPU NPOKATKE;

— KOMIMYeCTBO LWaroB pacyeTa Obl/10 onpegeneHo pasHbim 100;

— KO3(hPULIMEHT TPEeHUA AN Mapbl «BafiOK-3aroToBka» 3a4ann Ha OCHOBe (hopMy/ibl
pyoesa paBHbiM 0,07 [13];

— Yr/10Bbl€ CKOPOCTM BpALLEHUA BEPXHErO N HMXHErO BasIKOB UCMO/Ib30BaNN OANHa-
KOBbIMU;

— coyeTaHMa AnameTpoB 604YEK HUXXHEMO N BEPXHErO BasIKOB, 4715 KOTOPbIX MPOBEAEHO
MoaenuMpoBaHue, NpeacTaB/ieHbl B Tadn. 3;
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— AN9A noaAep>XaHus rnonockl Npu 3ajade ero B BaslKU CO34ann Hanpasnsiowme, Ko-
3hhULMEHT TPEHUS ANNA Napbl «<HaNpaBAaloLas — 3arotToBka» Bblopanyu paBHbiM 0,01, 4ToOkI
MUHUMU3NPOBATL €€ B/ANSHNE Ha NapamMeTpbl TEXHOOMMYECKOoro npoLlecca

MNosnumoHnpoBaHne paboymx MHCTPYMEHTOB U AethOpMUPYEMON NONOCHI, NPUMEHEH-
HOe ANSA OUEHKWN CTPYKTYPHbIX N SHEPrOCU/IOBbLIX MapaMeTpoB HECMMMETPUYHOIO oyara ge-
chopmaumm, NokasaHo Ha puc. 2.

Hanpas/eHue BpaleHna

BEpXHero Banka

HanpasneHue BpaLLeHus
HUXKHEro Banka

Puc. 2. MNMo3nunoHmnpoBaHme paboymx MHCTPYMEHTOB 1 gedopmmpyemolii nonocel B Deform,
NMPUMEHEHHOE ANS OLIEHKM CTRYKTYPHbBIX 1 SHEPrOCUIOBLIX MApPaMETPOB HECUMMETPUYHOIO ovara AedhopMaLinm:
1 — 6o4ka BepxHero paboyero Basika, iuameTp KOTOPON U3MEHSAIN CO CcrieayloWnMm 3HaYeHNAMU
600, 595, 590, 570 MM; 2 — HMXHWI pabounii Banok anametpom 600 mMm, 3 — Monoca;

4,5 — HanpaBAsoLWne ¢ BXOAHON CTOPOHDI

Ta6n. 3
CooTHOLWEHNA AuaMeTpoB 604YEK HUXKHEIO N BEPXHEro paboumnx Basikos
N° BapuaHTa LnameTtp 604KM BepXHero Banka / anameTtp 604YKN HUXKHEro Banka, Mm
1 600/600
2 595/600
3 590/600
4 570/600

[Npu pacyeTte 3HEProCcMNOBbIX MAaPaMETPOB C MOMOLLbIO Bblle NPeAOXEHHbIX hOpMyn
n mogenupoBaHun B Deform TonwmHbl nogkaTta v NonoChl Ha BbIXOAe M3 BasIKOB 3afaBasu rno
AaHHbIM Tabn. 4 ana 1-n knetn HenpepbiBHOro 5-knetesoro craHa 1700 Xx0noaHOM NpoKaTKu.

Tab6bn. 4

PeXxum npokKaTKu cTasibHOM nosockbl TonwmHom 0,45 mm n wmpuHom 915 mm
(mapka ctanm 08nc) us nogkara TO/MWMUHON 2 MM

knetb N° L, m/c h, Mm €, %
1 4 1,4 30
2 6,25 0,98 30
3 10 0,66 32,6
4 16 0,475 28
5 17 0,45 5

OnbITHbIe NPOKATKW, Lie/flb KOTOPbIX Oblfla oueHKa POpMbl Y Pa3MepPoB 3epHa MUKPO-
CTPYKTYpbI MO BbICOTE ceyeHns nonockl, nposeaeHsbl Ha NMAO «CeBepcTtanb» Ha naéopaTop-
HO-MPOMbILLI/IEHHOM OAHOKNEeTeBOM cTaHe «400 CKM3», BHELHWIA BUA KOTOPOro npeacTaBneH

Ha puc. 3. mameTp GO4YKKN BepxHero Baska ctaHa coctaBui 406 MM, HUXHero — 418 mm.

82



McxopHble 3aroToBKM My OMbITHOM NPOKaTKe UMEeNn ToNWMHY 6 MM, AnvHy — 1300 mm,

Puc. 3. JlabopaTopHblii OQHOK/IETEBOI CTaH X0104HOM NpokaTkn «400»

PE3YJ/IbTATbl U UX OBCYXXAEHUE

Pe3yanaTb| pacyeTa sHeproCnnoBbIX NMNapamMmeTpoB aCMMMeTpPn4YHOro npouecca
MPOKAaTKM B COOTBETCTBUN C npeactaB/1eHHbIMN MCXOAHBbIMWN OAHHbIMW MpuBeAeHbl B
Tabn. 5-7. Bo Bcex BapnaHTax pacyeToB Mpun 3TOM CHUTAN, UTO 3aAHEEe HAaTAXEeHne
NO10Cbl OTCYTCTBYeET.

Tab6bn.5

PesynbTaThbl pacyeTa 3HepProcUIoBbIX NapaMeTpPOoB Nnpouecca aCMMMETPUYHO NMPOKaTKKU
Npu OTCYTCTBYIOLLEM NepeaHeM HaTAXXEeHUU NMonochbl

OTHOLWEHNE 40N 30HbI
CooTHoLeHne Ycunue npokaTtku, Tpebyemas onepexXeHns B KOHTakTe 604YKun
anaMeTpoB Go4ek pAelicTByiolllee Ha | MOLHOCTb NpMBOAa BepxHero pabo4ero Baska ot
BEPXHEro u BEPXHUI N HUXHUIA BEPXHEro v ONVHbI ovara gedopmauunm K gone
HUXKHEro paboumx paboune Banku, HMKHEro paboumx 30HbI ONEPEXEHUA B KOHTaKTe
BankoB, MM/MM MH/MH BankoB, MBT/MBT | 604ku HMUXHero pabodero Basnka
OT A/IMHbI o4vara gedopmaumm, 6/p
600/600 11.13/M13 0,1750/0,1750 0,4481/0,4481
595/600 11.04/11,13 0,1749/0,1750 0,4472/0,4481
590/600 10.94/1,13 0,1747/0,1750 0,4463/0,4481
570/600 10.57/1,13 0,1739/0,1750 0,4427/0,4481
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Tabn. 6

PesynbTaTbl pacyeTa 3HEpProcUIOBbIX NapaMeTPoB NpoLecca aCUMMETPUYHO MPOKaTKU

npu Be/IN4NHE nepegHero Hatda>XXeHus NosioChbl 50 kH

CooTHoLleHne
anameTpoB 6oyek
BEpXHEro n
HUXHEero paéounx

Ycunune npokatku,
pencreytoLlee Ha
BEPXHUIA N HUXKHWNIA
paboumne Banku,

Tpebyemaq
MOLLHOCTb NpMBOAa
BEPXHEro u
HUXHEro paboumnx

OTHOLIEHME [,0/N 30HbI
onepexeHns B KOHTaKTe 604KK
BepxHero paboyero Basnka ot
[A/IMHbI oYara aedopmMaunn K gone
30HbI ONEepPeXeHNs B KOHTaKTe

BasIkoB, MM/MM MH/MH Bankos, MBT/MBT 604K HMXKHero paboyero Baska
OT ANVHbI oYara gedopmaunu, 6/p
600/600 10,23/10,23 0,111/0,111 0,4777/0,4777
595/600 10,15/10,23 0,1110/0,111 0,4769/0,4777
590/600 10,07/10,23 0,1709/0,1M1 0,4778/0,4777
570/600 9,75/10,23 0,1103/0,11M 0,4732/0,4777
Taé6n. 7

Pe3yanaTb| pacyeTta sHeprocusioBbIX NapaMmeTpoB fnpoLecca aCUMMeTPUYHOM
NPOKaTKU Npu BeIMYUHe nepegHero HaTaXeHus nosockbl 100 kH

CooTHOLlWEHne
anaMeTpoB 604ek
BEpPXHEro n
HUXKHEro paboumx

Ycunune npokatku,
OencTByoLLee Ha
BEPXHUM N HUXKHWNI
paboune Banku,

Tpebyemadq
MOLLHOCTb NMprBoAa
BEPXHEro U
HMKHEro pado4mx

[ona 30HbI onepexexHuns B

KOHTaKTe BOYKN BEPXHETO

paboyero Banka oT O/IMHbI
ovara gecopmaumm / 4ONS 30HbI
onepexeHns B KOHTakTe 604K

Ba/sIKOB, MM/MM MH/MH Bankos, MBT/MBT HMKHEero pabo4ero Baska ot
ONVHbI oYvara gedopmaumu, 6/p
600/600 9.31/9,31 0,0946/0,0946 0,5117/0,5117
595/600 9,24/9,31 0,0944/0,0946 0,5111/0,5117
590/600 9,175/9,31 0,0942/0,0946 0,5105/0,5117
570/600 8,89/9,31 0,0934/0,0946 0,4841/0,5117

M3 aHann3a gaHHbIx Tabn. 5-7 cnegytoT BbIBOAbI:

— NPV YBENIUYEHUM HATAXEHUA MONOChl BAMSHWE hakTopa aCMMMETPUN (Pa3HOCTU B K-
ameTpax 604YEK HMXXHErO U BEPXHEro BasiKOB) HA pPasHuLy 40Nl ANMHbI 30Hbl ONEPEeXEHNSA
OT ANMHbI o4ara gedopmaunm B KOHTAKTE BEPXHENO N HUXXHEMO BA/IKOB YMEHbLUIAETCS, T. €.
CTPYKTypa o4ara gecopmMaumm npnbnmxaeTcs K CUMMETPUYHO;

— 3HAUUTENIbHOIO CHUXXEHWNSA dHepro3aTpaT Ha BeAeHMe npoLecca NpokKaTkm npu yBenu-
YEHUWN PA3HOCTM B AnameTpax 604EK HUXKHErrO N BEPXHErO BaSIKOB HE MPONCXOANT: HAUMEHb-
wee yMeHbLUeHne TpebyeMOon MOLLHOCTM Ha BeAeHMe npolecca NpoKaTky nNpu OTCYTCTBUK
nepegHero HaTaxeHusa coctaBmno 0,3 % B CpaBHEHUM C CUMMETPUYHbIM o4arom gecopma-
ummn, Hambonblee — 0,6 % B CpaBHEHUN C CUMMETPUYHbBIM Oo4arom gedopmMaunn ¢ nepegHum
HaTshkeHnem 100 kH;

— pasHuua B BENNMYMHAX YCUIUA NPOKATKKU, AEACTBYIOLMX HA BEPXHUA N HUXKHWUIA pabo-
4yme BasikW, Ha UCCNeOBaHHbIX pexuMmax gocturaeT 5 % OT yCunma Ha HUXKHEM Basnka.

Pesynbtathl MogennpoBaHusa npouecca B cpege Deform 6e3 mepegHero HaTsXeHud
NOATBEPANNN CAEMaHHble Bbille BbiBOAbI.

BnnaHne acMMmmeTpum npokaTku Ha pacnpegeneHve pasmepa 3epHa no TonwmHe no-
N0OCbl ONpeAesieHHOe Ha OCHOBE MeTanorpamuyeckmx NcCnegoBaHui Wangos, NOAroToB-
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NeHHbIX N3 06pa3L0B NO0ChI, NPON3BEAEHHOV Ha 1abopaTOPHOM CTaHE, MOXHO OLIeHUTb MO
OaHHbIM Ha puc. 4.

MeTannorpaguyeckmne nccrnegoBaHmsa Obinv BbINMOMHEHbLI C MOMOLLbIO MHBEPTUPOBaH-
HOro MeTannorpadguyeckoro mmkpockona Meiji IM 7530 ¢ nporpaMMHbIM o6ecrneyeHnem
Thixomet.

MNpencraBneHHble Ha puc. 4 rMCTOrpaMmbl AEMOHCTPUPYIOT HanmMyne acMMMeTpun B
pacrnpegeneHmn pasamMepoB 3epHa Mo TOJLMHE NO0ChI:

— Yy MOBEPXHOCTN MOMOCHI, KOHTAKTUPOBAaBLUEN C Ba/IKOM C MEHbLLUMM ANaMEeTPOM 60uY-
KN, UMEBLLUNM MEHbLLUYIO OKPY>XHYK CKOPOCTb MOBEPXHOCTU, B LWNdax npeobnagaeT 3epHO
pazMmepamu 13—18 MkM

— Y NOBEPXHOCTU MOMOChI, KOHTAKTUPOBABLLEN C BAJIKOM C 60/1bLUIMM MAMETPOM GOUKM,
MMEBLLMM GO/bLLIYIO OKPYXHYHO CKOPOCTb MOBEPXHOCTU, MpeobiaaatoLme pasMepbl KpUCTas-
noB coctaBunn 2,6—6,9 Mkm.

Takxe OblNo YyCTaHOBNEHO, YTO KO3 PULNMEHT aCMMMETPUN 3epHa Yy NMOBEPXHOCTU MO-
NOCbl, KOHTAKTMPOBABLLUEN C 60UYKON BasKa, UMEBLLIEN 60/bLLYI0 OKPYXHYIO CKOPOCTb, BbILLE
aHanormyHoro napamMeTpa y MOBEPXHOCTU MOJMOChI, KOHTaKTMpOBaBLUEA C OOYKOW Basika,
NMEBLLEIO MEHbLUYIO CKOPOCTb.
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Puc. 4. T'vcTtorpammbl pacnpegeneHms pasMmepa 3epHa no ToMWnHe:
a — Y BEPXHEN NOBEPXHOCTN NMOIOChI, KOHTAKTUPOBABLUEN C BAaSIKOM C MEHbLUMM ANaMeTPoOM 604KY;
6 — Yy HUXHEN NOBEPXHOCTU MOMOCHI, KOHTAKTUPOBABLUEN C BANIKOM C 60/1bLUMM AnaMeTpoOM 604KM

3AKTIOMEHUE

B paGoTe npeacTaBneHbl pesybTaTbl MCCIe0BaHMS NMpoLecca aCMMMETPUYHON Npo-
KaTKM MeTodaMn MaTeMaTMyeckKoro MoAeNMPOBaHUSA CTPYKTYPHbIX M 3HEProcUIoBbIX napa-
MEeTPOB MpoLecca, KOHeYHO-3/IEMEHTHOro MogenvpoBaHua B cpede Deform m HaTypHOro
MoAeNMPOBaHNA Ha naGopaTopHOM cTaHe. s co34aHuns Pas/IMYHbIX YC/IOBUIA Ha BEpPXHEN
N HUXXHER MOBEpPXHOCTAX packaTa B o4dare gedopMaumm B UCCeAOBaHUN UCMONb30BaINCh
Basikn ¢ 604KaMM pasHbIX AMAMETPOB, KOTOPbIM 3a4asiv OAMHAKOBYHO Yr/TIOBYIO CKOPOCTb OT-
HOCMTE/IbHO OCei UX BpalleHus. BcneactBne pasHOCTM AMaMeTpoB GOYEK HUXKHErO U BEPX-
Hero pabounx BasikKoB, YC/TOBUS HarpyXXeHus, Takum o6pa3oM, Ha BepPXHEN 1 HUXKHER noBepXx-
HOCTSIX MOJI0ChI CO3AaHbl Pa3/IMYHbBIMU.

B pe3ynbTaTe MccnegoBaHW Mofy4deHbl aHanutudeckne copmyrbl, onpegensiowme
HanGosee BaXHble 3HEeProcuIoBbIe NapaMeTpbl MpoLecca aCUMMMETPUYHOM NPOKATKM U CTPYK-
TypHble MapameTpbl o4yara gedopMaumm Npu AaHHOM crnoco6e NpoKaTKu. DTN 3aBUCUMOCTHU
NO3BO/IN/IM ONpPeAeNTb 3aKOHOMEPHOCTU BANAHUSA YC/TOBUIA MPOKATKM Ha SHEProCcU/IOBLIE U
CTPYKTYPHbIE XapaKTepPUCTUKM aCMMMETPUYHOro o4ara aecgopmaumn. Hanbonee cyuiecteex-
HbIM, MHTEpecyloLWMM (haKTOPOM 34eCh AB/ANach BEMUYMHA SHeprosaTpaTt Ha BeAeHue Tex-
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HO/1IOrMYECKOro npoLecca. YCTaHOB/EHO, UTO (DaKTOpP aCMMMETPUU HECYLLECTBEHHO BANSET
Ha dHeproaPeKTNBHOCTbL NPOKATKMU.

lNonyyeHHble pe3ynbTaTbl ObIIM NPOBEPEHbI NyTEM MOAE/IMPOBAHUS NpoLecca B cpeae
Deform, ntorn gaHHow NpoBepKN NOATBEPANAN MONYYEHHbIE Pe3y/bTaThl.

B pe3ynbTaTe onbITHOW NpoKaTKM CTanbHbIX 00pa3LoB Ha nabopaTtopHoM cTaHe «400»
B Basikax C pasHbIMM gnameTpamum 604YEK BEPXHErO M HUXKHEro BaslkOB NPOBeAeHa OLeHKa
pacnpegeneHuns opMbl U pa3MepPOB 3epHa Mo BbICOTe CeYeHMA FOTOBOW MOOCHI.

[NonyyeHHble pe3ynbTaTbl MOTYT ObITb MCMOMb30BaHbl A5 PA3BUTUA TEOPUN TMCTOBOW
NPOKaTKN M MPaKTUYECKOro onpeaeneHnsa Haubosbluen 4ONyCTUMOM pasHOCTU AnamMeTpoB
6ouek pabouunx BanKoB, MOSYYEHHONM B pe3ynbTate UX NepelMgoBKU, Ha AENCTBYHOLLNX
CTaHax XO/104HOW MPOKaTKN C yY4ETOM aKTUBHOIO C/10S.

MccnepoBaHme BLIMOMHEHO 3a c4yeT rpaHTta Poccuiickoro HayydHoro ¢oHga N° 23-29-00428,
https://rscf.ru/project/23-29-00428/
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YK 620.18

METOAbl OLLEHKU MAKPOCKOIMUYECKUX BKJ/TKOYEHUA B CTA/IN
B YCNTOBUAX METAJIJTYPITUYECKOI'O NMPEAMNPUATUA

J1. . LLlanoBanoBa

OTKpbITOE aKUMOHEPHOE 00LLecTBO «benopyccknii MeTaniyprmyeckmin 3aBog —
yrnpaBasaoLas KomnaHns xonguHra» «<benopycckasa metanyprmyeckasd KOMAaHUa»,
r. XKnobwH, Pecnyb6nvka Benapycb

CoBpeMeHHbIe crnocobbl MPOn3BOACTBA CTA/IM M CI/IGBOB HE AAOT BO3MOXHOCTH M0/1y-
YNTb METQA/I/T, HE COAEPXKALLYNIA HEMETA/I/TMHECKNX BK/TIOHEHNA. boibLuee v meHbLuee Kosu-
YeCTBO BKJ/TIOHEHUI CyLLeCTBYeT B /1l000M CTA/IN B COOTBETCTBUMN C €€ COCTABOM U YC/I0BUSIMU
npomnsBogcTBa. OCo6eHHO OrnacHbIMU 4J/151 KQYECTBA CTA/IM SIB/ISIFOTCS MAKPOBK/IFOYEHMS, KO-
TOPbIE NrPAtOT ONPEAEISIOLYIO PO/Ib MPY 3APOXKAEHUN PA3PYLLEHNS AETAIEN M KOHCTPYKLNA.
Y1bTpa3BYKOBOV KOHTPO/Ib META/I/10MPOAYKLMM MO3BO/ISET HAAEXHO 1 3(hhEKTUBHO MPOBeE-
PSATb KQYECTBO META/I/I0NPOoAYyKUMN. B kayecTtBe cpaBHUTETbHOrO MUCIbITAHUS Y/IbTPA3BYKO-
BO€ UCIMbITAHME M03BO/ISIET CAE/IATh BbIBOL O BHYTPEHHUX HECI/TOLLUHOCTSIX, C TOYKN 3PEHUS
MX MOJTIOXKEHMS, MPOTSXKEHHOCTH, PA3MEPOB M YACTOThLI. Hapsgy ¢ CMHE/IOMKOCTbIO 3TOT BiA
WUCIbITQHMS PEeAOCTAB/IIET BO3MOXHOCTbL ONPeAes1€HNS MAKPOCKOMMYECKOM CTEMNEHM YACTO-
Tbl CTQ/IM, O4HAKO HE MO3BO/ISIET M10/1y 41T MHPOPMALIMIO 00 MCTUHHbBIX PA3MEPAX BK/THOHEHMN
M MX XMMUYECKOM CcoCcTaBe. B HacTosiLee Bpems B 1a60paTopumn META/1I/I0BEAEHUNS MPOBOAUT-
cs anpobaymsi MpOrpPaMMHOro obecrneyeHuss As7151 OLE€HKN MAKPOBK/TIOYEHWI C Lie/1bIo roc/ie-
AyroLujero ncrio/ib30BAHUS B KOHTPO/IE rOTOBOM META/1/I0NPOAYKUMM, YTO MO3BO/INT CHU3NTL
3PhEKT «HesIoBEeHECKOro (haKTopa», BOSHUKAIOLEro Mpu BU3YA/IbHOM CPABHEHUN CTPYKTY-
Pbl METQ/1/1a C 3TA/IOHHBIMM LLKQA/IAMM, U MOBBLICUTE TOYHOCTb U3MEPEHMI

KnroueBble cnoBa: KauecTBo, MeTannorpauieckmin KOHTPO/1b, HEMETaNNIMYeCKne BKIoYe-
HUA, CCnefoBaHme, ybTPa3BYKOBOW KOHTPO/b, CUHUIA N3/1I0M, @HaIn3 N306paKeHnn

METHODS FOR ASSESSING MACROSCOPIC INCLUSIONS IN STEEL
IN METALLURGICAL PLANT

L. I. Shapovalova

Joint Stock Company «Byelorussian steel works — management company of
«Byelorussian metallurgical company» holding»,
Zhlobin, Republic of Belarus

Modern methods for production of steel and alloys do not make it possible to obtain
metal that does not contain non-metallic inclusions. More or less quantity of inclusions exists
in any steel in accordance with its composition and production conditions. Particularly danger-
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ous for quality of steel are macroinclusions, which play decisive role in initiation of destruction
of parts and structures. Ultrasonic testing of metal products allows you to check reliably and
efficiently quality of metal products. As a comparative test, ultrasonic testing makes it pos-
sible to make a conclusion on internal discontinuities in terms of their position, extent, size
and frequency. Along with blue fracture test, this type of test makes it possible to determine
macroscopic degree of steel purity, but does not provide information about true sizes of inclu-
sions and their chemical composition. Currently, Metallographic laboratory is testing software
for evaluation of macro-inclusions with the aim of subsequent use in control of finished metal
products, which will reduce effect of «xhuman factor» that occurs when visually comparing the
structure of metal with reference scales, and increase the accuracy of measurements.

Key words: quality, metallographic control, non-metallic inclusions, ultrasonic test, blue frac-
ture, image analysis

e-mail: nmv.czl@bmz.gomel.by

BBEAEHUE

lNocTosAHHOE NnoBbIWEHNE TpeboBaHWN, NPeabABAAEMbIX K Ka4yecTBY MeTanna, Bbl3bl-
BaeT HeOOXOANMMOCTb COBEPLUEHCTBOBAHUA KOHTPO/A KayecTBa npoaykumn. K Hactoqawemy
BPEeMEHU O/19 aHa/Inm3a HeMeTalIMYeCKNX BKIIOYEHUI pa3paboTaHbl U LUMPOKO UCMOMb3YIOT-
CS Pa3NIMYHble MeTOoAbl, MO3BOMAOLWME C BOMNbLION TOYHOCTLIO ONpeaenTb CocTaB, CTPYKTY-
Py 1 cogepXxaHne HeMeTaI/IM4eCKNX BKTIOYEHUA B CTaNU U CnaBax Kak C BblAENEHUEM UX U3
MeTasnna, Tak U B TBEpAOM MeTasse.

K HemeTannmyecknm BKIKOYEHUAM OTHOCAT XMMUYECKNE COeiMHEHUA, obpasytoLmecd
B npouecce NpomnsBoOACTBa CTafien — Npu BbiNiaBke, pas/imBke.

OHM cyLLLeCTBEHHO BAUSIOT HA KAYECTBO CTa/IN U UX CBOWCTBA, B 3aBMCMMOCTUN OT MPUPO-
Obl COeQMHEHNN, X KONMYeCTBa, popMbl, Ppa3Mepa U XxapakTepa pacrnpegeneHus.

Bce HemeTanmyeckme BKIOUEHUS AENAT Ha 2 rpynnbl:

1) sHOOreHHble — coeanHeHus, obpasylolmnecsa B pesybTaTe XMMUYECKX peakLunin, B
npouecce BbIMNaBKW, PACKUC/IEHNA, PA3IMBKU U KPUCTaNIM3auum CrinTka,;

2) 9K30reHHble — 4acCTuLbl COeANHEHW, NONaBLUME B XWAKYIO CTaslb U3BHE, U3 LUMXThI,
hyTEPOBKU U T. A.

O6a BmMaa BK/IOYEHUI MOryT B3aMMOAENCTBOBATb APYr C APYrom, o6pasysa KOMMNIeKC-
Hble COeANHEHUSA C/TOXHOIo COoCTaBa.

Mo reomeTpuyeckon hopMe BKIOHEHUS MOTMYT ObiTb FOGYNsApHbIE (LWapoobpasHblie),
HenpaBwW/bHble (Yalle BCEro OCTPOYroO/ibHbIE), CTPOYEUHble (HUTeobpa3Hble), NAEHOYHbIE
(06bI4HO pacnonaralpLmecd No rpaHMLam 3€pPeH) N ToYeyHble.

Mo cTeneHn NNacTMYHOCTU BKIIOYEHUSA Pa3fensatoT Ha nnacTnuyHble, KOTopble npu Ae-
hopmaLmm XOPOLLO U3MEHSAIOT CBOK (DOPMY U BbITAMMBAIOTCA B CTPOYKM (CynbumaHble, nna-
CTUYHbIE CUMMKATbI), U XPYNKNE, KOTOPble MPU aHasiormnyHom o6paboTKe He BbITArMBalTCH, a
Apo0ATCS (FMHO3EM, KpeMHE3EM U T. 4.).

No xnmMmnyeckomy cocTaBy MPUHLMMN Kaccumkaumm BKIIOYEHN OCHOBaH Ha coaepxa-
HWUM OQHOIO N3 TPEX 3/IEMEHTOB, ABAIOLLMXCSA BPeOHbIMU MPUMECAMU B CTasn: Cepbl (Cybdu-
Obl), a30Ta (HUTpMAbl) 1 kncropoaa (okemapl) [1, 2].

AKTYAJIbHOCTb TEMbI

HemeTannmuyeckne BKMOUYEHUS yXyOLWAOT He TOIbKO MexaHuyeckne (MPoYHOCTb, Mna-
CTUYHOCTb), HO U APYr1ue CBOWCTBA CTa/N (MAarHUTHYHO NMPOHULAEMOCTb, 3/IEKTPOMNPOBOAHOCTb
M Op.), T. K. HApYLLAOT CM/IOWHOCTL MeTanna 1 o6pasytoT MNOMOCTH, B KOTOPbIX KOHLEHTPUPY-
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IOTCS HanpsXeHna B meTanne. Hanuumne KpynHbIX HeMeTaniM4ecknx BKKOYEHU BANSET Ha
YyCTa/noOCTHbIE CBOCTBA U3AEeNNi U3 CTanemn, a 3HaunT, U Ha 3KCM/yaTalunoHHbIe CBOMCTBA.

BkntoyeHua B cTanm MOryT UMEeTb BeCbMa pa3/IMyHble pa3Mepbl OT ANCNEPCHbIX BKJ/IO-
YEHWI, HEpPa3NIMUYNMbIX B MUKPOCKOM, 0O KPYMHbLIX BK/AOYEHWUR, BUOAUMbIX HEBOOPY>XXEHHbLIM
rnasom 1 MMEeLLNX NHOrAa NPOTAXEHHOCTb B HECKO/IbKO AECATKOB MUAIMMETPOB. [oaTomy
cnepyeT pasfinyaTb MaKpPOBK/IOYEHNA U MUKPOBKIOYEHMA. K MaKPOBK/TIOUYEHUAM MOXHO OT-
HecTn BkoYeHns pasamepom 0,8 MM 1 6onee, COOTBETCTBEHHO, BK/IIOYEHUA pa3MepoM Me-
Hee 0,8 MM, ABNAIOTCS MUKPOBKIOUEHAMM [3, 4].

MHorue nccnegoBartenu cumtatoT [5], 4TO TUMN BKIKOYEHUI He BNSIET HA MexaHn4Yeckme
cBowcTBa ctanu. Onpegensaowmm pakTopoM CHMUTAOT KPUTUYECKNI pa3mep BK/IIOYEHU, KO-
TOpPbI YCTAHOB/EH ANSt MHOMMX Matepuanos. [No-BManMoMy, ANA KaXAoh cTanu, cylectsyeT
KPUTUYECKWNIA pasmep BKTIOYEHUIA, 3aBUCALLNIA OT TUMa BKIOYEHUR, CTanu 1 npeabaBiaeMbIX
K Heli cBOICTB. bonee KpynHble BKIOYEHMA ONacHbl 419 CTanun, He3aBMCKMMO OT UX COCTaBa.
MUKPOBKNIOUYEHNS, pa3Mep KOTOPbIX MEHbLLE KPUTUYECKOTrO, He BeayT ceba Kak aedeKTbl.

Llenb pa6otbl

PaccMoTpeTb cyulecTBylolmMe MeToAbl OLEHKM MaKpPOBK/IIOYEHUA B CTanu, NpuUMeHs-
emble B ycnoeusax OAO «BEM3 — ynpaBnstowas komnaHua xonanHra «<bMK» (ganee — EM3,
npegnpuaTue).

3agaum uccnegoBaHusa

BHeopuTb MCMonb3oBaHMe MNporpaMMHOro obecnedyeHus gasa onpepeneHus sarpsas-
HEHHOCTM MeTas/la MaKpPOBK/TIOYEHUNAMMU.

METOANKU UCCJIEOBAHUA

YnbTpa3sByKOBOW KOHTPO/b

YnbTpa3ssykoBaa pgedekrockonua — meton, npegnoxeHHboin C. 9. CokonosbiM B
1928 rogy M OCHOBaHHbIA Ha MCCefoBaHUM NpoLecca PacnpoCcTpaHeHus yNbTPa3BYKOBbIX
konebaHuin ¢ yactotor 0,5-25 MI'Y B KOHTPOAUPYEMbIX U3AENAX C MOMOLLBIO cneunanbHo-
ro o6opyaoBaHMa — ybTPa3BYKOBOro npeobpasoBartens n aedekTockona.

YnbTpa3BykoBas 4ehEKTOCKOMNMA CaMblil pacrnpoOCTPaHEHHbIA U yHMBEPCabHbI METOA
HepaspyLLatoLLLEero KOHTPO s, NpeacTaBNAoLWLMA COB0N COBOKYNMHOCTb METOAOB Hepa3pyLua-
OLLLErO KOHTPONSA, UCMOMb3YIOLMX A9 HaXOXAeHUSa AeheKTOB B U3AE/INAX YNbTPa3BYyKOBbIE
BO/HbI. [Tpn noMoLm 4eheKTOCKOMNOB Nony4vaoT MHhOPMaLMIO B BUAE CBETOBbLIX, 3BYKOBBIX,
3MEKTPUYECKUX N OPYTUX CUTHAMOB O KAaYeCTBE KOHTPOMPYEMbIX geTanen, ys3nos un 1. a. lNo-
NyYEeHHble JaHHble 3aTEM aHaIM3UPYIOTCS, BbIICHAIOTCA (hOpMbl eDeKTOB, pa3mep, rybunHa
3aneraHns, n apyrme xapakTepuctmku.

OaHMM N3 cnocob0B YNbTPAa3BYKOBOIrO KOHTPO/ISS MAaKPOBK/IIOUYEHN SBAAETCS MeToq
NOrpy>XeHNs B UMMEPCUMOHHOW BaHHe (puC. 1) AN OLEHKN CTEMEHN MaKPOCKOMUYECKON Yun-
CTOThbl NpokaTa. bak ynbTpa3ByKOBOW YCTAHOBKM OCHAaLLEH ABYMS MOTOPU30BaHHbIMU OCAMMN
X 1 Y, a Takke OAHOM OCbio Z C MOTOPU3NPOBAHHLIM MPUBOAOM M MO3BONSET BbINOHATb
KOHTPO/b UMINHAPUYECKUNX, MNOCKUX N KONbLUEBBLIX AeTanen. C nomMoLblo ONuMOHanbHOro
BpaLlaTe/lbHOro MexaHu3ma, KOTOpblA MOXeT ObiTb peanv3oBaH B BMAe BpaLlatoLLerocs
ANCKa, POIMKOBOW OMopbl UM nepefHen u 3agHel 6aboK, MOXET BbIMNOMHATLCA KOHTPO/1b
LMANHOPUYECKNX aeTtanei. B kadecTBe y1bTpa3ByKOBOrO YCTPOWCTBA NCMOMb3YETCA MHOIO-
KaHanbHbIN gedektockon. NporpamMmmpoBaHne Npnoopa, a Takxke BeCb NPOLECC UCMNbITaHNUSA
OCYLLECTB/ISETCH Yepes NepCcoHasnbHbIi KoMMboTep. MIcnbiTaHMe NPOM3BOANTCA C UCMO/b30-
BaHMeM 06bI4YHOIr0 MOrpy>XHOro Aatymka. B kauecTBe KOHTaKTHOM cpefbl NCNOMb3yeTCs BOAa,
KoTOopas HaxoauTcs B pe3epByape. iccnegyemble getany NoOMeLLatoTCsa B HANO/IHEHHbIN BO-
[0 pesepByap Taknm 06pas3oM, YTOObl NpoBepsaeMble 30HbI MOSTHOCTLIO OKa3asincb B BOAE.
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Puc. 1. YnbTpa3BykoBada yctaHoBka UTS-750

Ona paHHOro Metoga KOHTpPoNns TpebyeTcst TulaTeNbHas MoAroToBKa MOBEPXHOCTU
NMPOBEPAEMOro U3genns, YTobbl Mexay Hel n NpnbopoM He ObIIo Manenwero BO3ayLWHOro
3a30pa. O6pasubl 419 nccnegoBaHni JOMKHbI 6biTb 06paboTaHbl HA TOKAPHOM CTaHKe Mnu
oTwndgoBaHbl. [ToBepxHOCTbL 06pasua 4o/MKHA ObiTb 06paboTaHHOM A0 COCTOAHMUSA LWEPOXO-
BaTOCTU He xyxXxe Ra = 2 MKM. Nocne o6paboTkm guameTp obpasua AO/KEH COCTaBAATb He
meHee 95 % ncxogHoro anameTtpa. He gonyckaeTtca npoBefeHMe NCbITaHuii Ha Heobpabo-
TaHHbIX MW 3a4YNLLEHHbBIX MPYTKax.

MNocne ynbTpasByKOBOIrO MCMbITAHUS B MMMEPCMOHHOW BaHHE, BbIABMEHHbIE BK/IOYe-
HUW4, NPEeBbIWAaoWME ONYCTUMbIE, OTMEYAIOTCS Ha MOBEPXHOCTM Npob (puc. 2). BeigsBneHne
HeMeTan/IMYeCcKnx BK/IOUYEHUN C Lenblo ganbHenlWero ux uccnenoBaHUs MpoBOaMTCA ny-
TEM NOC/1e40BaTE/IbHOrO CHATUA C/10S1 MeTasfla Ha NMI0CKOLW/INGOBAIbBHOM CTaHKe C LUarom
0,5 MM, HaUMHasa OT TOYEK, OTMEYEHHbIX Ha MOBEPXHOCTX NPOOHbI.

Puc. 2. BHewHnn Bua npo6 nocne nccnefoBaHus Ha yibTpa3BykKoBoW ycTaHoBke UTS-750

91



R Crextp-19 Cnextp29
2P

SEMHV: 10.00kV  WD: 15.0000 mm n VEGAU TESCAN T 7 T T

Viow Neld: 436.4 ym_Dat: BSE 100 pm 2 4 6

Date{midy): 411047 Kargopolova Pertomance in rancapase

MonHan ukana 1692 uMn. Kypcop: 0.024 (133 y|llonHan ukana 1405 umn. Kypcop: -0.073 (1 ui

XUMITIECKITIT -COCTAB - OKCHTHOM a3kl BRIIOUCHIA (B TIEpeCcUeTe Ha -OKCIIE ), %0

Hassaﬁuecnex...' Mg | Al | Ca | Fe | MTorM

[ Crexrp 1 1231 7298 1.95 1276 10000
Xumuyecknii-cynbhuiHoi - (Ga3s-BRIIOYCHH, %0

HassaHue cnekTpa | S | Ca [ Mn | VITOTH
[ cnexrp 2 4600 4833 567  100.00

q

Puc. 3. MukpoBk/itoueHue, BbiiB/IEHHOE MocC/ie UCC/e[0BaHNA NPoobl Ha YNbTPa3sBYKOBOM yCTaHOBKE
UTS-750

Makpockonuyeckun metog. Metoa «cuHero nsnoma»

Ona onpegeneHns cTeneHn 3arpAasHEHHOCTM MeTasi/la MakKpOBK/IOYEHUAMW B MeTan-
norpadcduyecknx nabopatopmax BM3 ncnonb3yoTca MakpoOCKONNMYECKMe MeToAbl, B paMKax
KOTOPbIX HEMETANNIMYECKNE BK/IKOYEHNS BUAHbI HEBOOPY>XEHHBIM M1@30M UM C MOMOLLBIO
Aynbl, KPATHOCTb YBENNYEHUA KOTOPOM He npeBbiwaeT X10. [Npn 3TOM yunTbiBaOTCS TOMBKO
TE BK/IIOYEHUS, O/IMHA KOTOPbIX paBHa 1 MM uin 6onbLue.

HemeTtannnuyeckne BKOYEHUSA, BbIAB/IEHHbIE C MOMOLLBIO MaKPOCKOMUYECKNX METO-
[AOB, BbIMSAAT KaK CTPOYKMU.

NapameTpamu, xapakTepPU3YIOWNMN HEMETA/I/IMYECKNE BKTIOYEHUS, ABMAAIOTCA UX 00-
Liee KOIMYECTBO, @ TakKXe UX A/IMHA UK TonwmHa. YTo KacaeTcs TMna, HUKakKmMx pasnvynii
MeXAy BK/IOYEHUAMM HET.

OfHMM 13 TaKNX METOAOB, BNSETCS METOA «CMHEro n3noma», OCHOBaHHbIN Ha onpege-
NeHNN OOLLEro KOMYecTBa M pacnpeaeneHnsa HEMETaI/IMYECKUX BKKOYEHN, BUOMMBIX Ha
MOBEPXHOCTN MPOAO/IBHOIO U3/10Ma.

O6pa3ey ona uUcnbiTaHUA NpeactaBnser cobon cpes, TonwuHa (Hanpumep, ot 5 go
20 MM) KOTOpPOro 3aBUCUT OT pPasMEPOB U3LENUA; MPU STOM TOJMLLMHA U3MEPSETCa naparn-
NenbHO NMPOAO/IbHOMY HanpaBEHUIO, @ OTOOP Cpe3a NPOBOAUTCS MOCPEACTBOM ropsaydern nm
xonogHowm peskn. B obwem, pekomeHagyemas TonwmHa coctansaet 10 mm.

Nocne Hopmanusaumm, ecnm 310 TpebyeTtcs, obpa3ey ANns UCNbITaHUA O/MKEH Haxo-
ONTbCA B OQHOM M3 CMIefyoLnNX COCTOAHUN:

— ob6paseL JO/MKEH ObITb HArPET ropsaAYnM BO3AYXOM Tak, UTOOblI HA MOMEHT Havana uc-
MbITaHWA METAsN/1 HAXOAWUICS Ha YPoBHe Temnepatypbl cuHeniomkocTtur (o1 300 go 350 °C), nnu

— obpaseLl, 4O/MKEH HAaXOOUTbCS B U3/TOM/IEHHOM COCTOSHMW MPU TeMAepaType oxnax-
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Jarollero Bo3agyxa, a Aea obpasua OOMKHbl B MOCNEACTBUM HarpeBaTbCs A0 TemnepaTypbl
CUHEro nsnoma.

PekomeHayeTcs BbITOUNTbL KaHaBKy ry6uHOM 0Kono 5 MM B LIeHTpe Ha OgHO 13 rnae-
HbIX CTOPOH (puc. 4). 9Ta KaHaBKa Hy>Ha A9 Toro, 4To6bl CMOCOO6CTBOBATL M3/TOMY UCMbITbI-
BaeMoro o6pasua.

Puc. 4. O6pasey Ansa UCnbiTaHUs METOAOM
«CUHEro U3nomas Puc. 5. MakpoBK/to4YeHUsA B U3/10Me

OueHka MaKpOBK/IIOYEHWI, UMEIOLLMX BN, CEPbIX MATOBbLIX CTPOYeEK (puc. 5), npoBoanT-
CS B 3aBUCUMOCTHM OT TpeBOoBaHU noTpedutens.

Hanpumep, B cootBetctBUM ¢ ISO 3763 npoBOANTCA KONMMYECTBEHHAA (MOCpPenCcTBOM
noacyeTta BK/IOYEHUN, C YY4ETOM UX O/IMHbI U TO/MLWMHBI) MIN KadeCTBEHHas (MOCpeacTBOM
cpaBHeHUs ¢ cepureit n3 10 KOHTPONbHbIX AnarpaMM) oLeHKa HeEMeTaIMYECKUX BKIKOYEHNIA.

B cootBetctBumn ¢ SEP 1584 n TOCT P 56299 paccumntbiBaeTcs KOa(hmUMEHT 3arpas-
HEHHOCTM CTanu, nokasblBaloWuii A0 NAOWaan M3/I0Ma, 3aHATON HeMeTanIMyeckumm
BK/IIOYEHUSAMN N ABAAIOLLMIACS YACIOBOM MEPOWN COOAEPXAHUS BK/IIOUEHWUN B CTaNW.

PE3YJ1IbTATbl 9KCNMEPUMEHTOB U X OBCYXOEHUE

[NoBblWeHNe TPebOBaHNN K KQYeCTBY rOTOBOW NPOAYKLUMN ABMAETCHA MOCTOAHHbLIM CTU-
MY/NIOM COBEPLLUEHCTBOBAHUA UHCTPYMEHTOB U METOLAOB OLIEHKM HEMeTaNIMYeCckux BKIo4e-
HUIN B cTanu. Tak, B nabopatopumn
mMeTannosegeHns BM3 gnga ouen-
KM MaKpPOBK/IOYEHUN MpUMeEHs-
eTCA cucTeMa aBTOMaTUYECKOro
aHanmsa wunlobpaxeHuin Thixomet
MACRO (puc. 6), koTopasa Mno3Bo-
NseT B aBTOMATUYECKOM peXuMe
NPOBECTU OLEHKY 3arpA3HEeHHO-
CTM  CTann  HeMeTan/IMyeCcKnmu
BK/TIOYEHMAMM C BblJayen oTyeTa.

Becb  umkn  mnaMmepeHuii
BK/lOYaeT cnegylowme OENCTBUS:
BM3yasibHbI MOUCK Yy4acTka Wu3-
/IOMa, 3arpasHEeHHOro HemeTtan-
NINYECKNMU  MAKPOBKITIOUYEHUAMMU,
N3roTOB/IEHME NaHopaMbl y4acTka
Puc. 6. BHellHWi1 BUA KOMNNeKca NporpaMMHo-annapaTHoro  M3/1l0Ma C HavmGonbwnM  Gansiom

aHanv3a CTPYKTypbl MOBEPXHOCTM TBepAbIX Ten Thixomet 3arpsa3HEHHOCTU, HaAEHHbBIM NpK
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BM3yaslbHOM MOWUCKEe, pacyeT rpaHuL, BKIOYEHUR (puc. 7) n nogcyeT ux KondyecTea, Mamepe-
HMe naowaan M3ioMa, 06paboTKy MOMYyYEHHbIX JaHHbLIX U FTeHepupoBaHue oTyeTa [6].

Puc. 7. MakpoBKto4eHne B «CUHEM U3/TOME»

SEP 1584 MNa Ha ™ Ans MaKPOCKONMYECKMX HEMETA/UTMYECKHX BIUTIOUEHWH B CTanu

OTYET
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Puc. 8. OT4ET No oueHKe 3arpsa3HEHHOCTU CTaln MaKPOBK/TIOHEHNAMMN

CnepyeT OTMETUTb, UYTO OTHET hOopMUPYETCHA TaKMM 06pa3oM, YTO pe3y/bTaT BblgaeTcs
OOHOBPEMEHHO AN1s pa3HbiX METOAOB (MakCuMMasbHbln 6ans, CyMMapHas AnvHa v naowagb
BCEX BK/IOYEHUI, nogcyeT KoadhuumeHTa 3arpasHeHHOCTH), YTO CyLLEeCTBEHHO CcoKpallaeT
BPEMS UCMbITAHUA U CHUXAET BAUSAHME «4e/loBeHeCKOro hakropa.

BbiBoabl: MCrnonb3oBaHWMe aBTOMATU3MPOBAHHLIX METOAOB MeTaniorpauyeckoro
KOHTPOMSA NO3BOMAET CHU3UTb 3 eKT «HesioBeUeCckKoro oaktopa», BO3HUKAaOLLEero npu Bu-
3yaslbHOM CpPaBHEHUW CTPYKTYpPbl MeTan/a ¢ 3TafIOHHbIMU LLKaslaMn, a TakxXe MOBbICUTb TOY-
HOCTb U3MEepPEHUN.

NaHopaMHble MeTOAbl NCCNEefOBAHUA CTPYKTYPbl MaTeEPMAnoB aBAAOTCA 6e3anbTepHa-
TMBHbIM OyayUlMM COBPEMEHHOW MeTannorpagum n no3BoOMAAT FrAPMOHU3NPOBATL CTapble
TOCTbl, OCHOBaHHbIE€ Ha CTaHAAPTHbIX LUKasax, 1 COBPEMEHHbIE HOPMbI 3anagHblX CTpaH, Oc-
HOBAaHHbIE HA aBTOMATU3MPOBAHHbIX METOAAX aHasin3a n3obpa>eHun.

B HacToqauwee BpemMsa NporpaMmHoe obecrneyeHmne ans OueHKM MaKpPOBK/IIOYEHUN Npo-
xoauT anpobaumio B fabopaTtopum MeTanioBeeHUd C Lenbio nocnenyouero ncnosb3osa-
HUA B MCCnegoBaHMM meTannonpogykumm [7].
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ANALYSIS OF MICROSTRUCTURE AND MECHANICAL PROPERTIES
OF GH4169 ALLOY VIA CWR DEFORMATION
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In this paper, Cross wedge rolling (CWR) technology is applied to forming GH4169 alloy
rolled workpiece. The rolled workpiece is symmetrical stepped shaft parts with a maximum
cross-section reduction of 85 %. Based on CWR experiments and mechanical tests, the fol-
lowing conclusions are obtained: CWR technology can be used to form GH4169 alloy rolled
workpiece with characteristic of large cross-section reduction, and rolled workpiece has uni-
form microstructure and allowable central defect; Hardness in the surface of rolled workpiece
increases significantly resulting from the appearance of 6 phase during CWR deformation. &
phase hinders the growth of grain, generating the mechanism of second phase strengthening
and fine grain strengthening; The yield strength of rolled workpiece is slightly increased due
to grain refinement, while the tensile strength and elongation are significantly decreased due
to central defect or mixed crystal phenomenon.

Key words: Cross wedge rolling, GH4169 alloy, Hardness, Tensile properties

e-mail: petrenko@phti.by, jxliu21s@imr.ac.cn, mcheng@imr.ac.cn

INTRODUCTION

Cross wedge rolling (CWR) is a kind of metal plastic forming process, which has the ad-
vantages of high precision, high efficiency, high product consistency and materials saving. It
is widely used in practical production to manufacture shafts and stepped axles or preform for
the subsequent process. In effect, the flat CWR mill and roller CWR mill are predominant in the
usage of CWR equipment. The forming method of the flat CWR is: preheated billet is placed in
the feeding groove at the fixed bottom die, then the removable up die moves horizontally and
drives the billet to rotate and deform between dies, rolled workpiece is obtained finally.

CWR technology is not perfect, however, it also has some shortcomings. Rolled parts ob-
tained from this process may have surface spiral, neck shrinkage and central defect, the latter
is invisible and the most severe results. For the study of the mechanism of central defect, the
mainstream method is to extract the stress strain states of rolled workpiece in the process of CWR
by finite element simulation, and explain the formation mechanism of central defect, from the me-
chanical point of view. Yang [1] found the growth and coalescence of defect is related to the direc-
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tions of shear stress and tensile stress, confirming the forming angle has the greatest influence on
central defect among the process parameters. Zhou [2] systematically analyzed and compared the
influence of stress strain states on the central defect combined with simulation and experiment,
and drew a conclusion that the maximum shear stress has the greatest influence and the damage
mechanism of central defect is the joint action of cavity formation and shear failure. Based on anal-
ysis of stress strain states, some fracture criteria and property evaluation methods are innovated.
Zhou [3] and Pater [4] proposed the fracture criteria suitable for predicting the central defect in
CWR process. Cheng [5] presented a novel method using a disk-like sample to assess the work-
ability of metal during CWR process and give proper process parameters. The effects of material
microstructure and inclusion on central defect have also been studied. Zhou [6] suggested that
the macroscopic defect in the center of 20NiCr3H steel rolled workpiece are caused by the ap-
pearance of micro-holes around nonmetallic inclusions due to the different expansion coefficient
between nonmetallic inclusions and matrix at rolling temperature.

Central defect of rolled workpiece makes enterprises worry about the application of
CWR, limiting development and extension of this technology. Recent studies have found that
optimizing CWR equipment or changing the number of moving tools can mitigate the central
defect. Bulzak [7] observed that increasing the number of moving tool or changing the rolling
scheme, such as CWR with two moving concave wedges, may reduce the degree of forgings
defect, establishing the relationship of central defect and cross section ovalization of rolled
workpiece during CWR process. Pater [8], taking the same step axis as the research object,
compared the influence of two-roll and three-roll CWR on the mechanical parameters and
stress states of workpiece. The results showed that the main advantage of three-roll CWR is
that it can reduce the possibility of the central defect, whereas further improvement measures
are needed to solve the necking problem caused by the large broadening angle of the three-
roll CWR dies. Some researchers [9, 10] compared the warm CWR and hot CWR, the results
showed that the warm CWR could cause fewer central cavities. But the limitation of this field
is rolling force and torque of the warm CWR is about three times compared with hot CWR. The
above research provides new directions for the development of CWR, and also indicates that
the research of CWR needs to be further developed.

GH4169 alloy, with excellent comprehensive properties, is widely used in aeroengine
components [11]. However, the high deformation resistance, poor high temperature plasticity
and low thermal conductivity of GH4169 alloy make it have some shortcomings in the tradi-
tional deformation process, such as low production efficiency and large material loss. Based
on the characteristic of local deformation for CWR process, which is extended to the field of
difficult-to-deform metal forming. Chen [12] analyzed the deformation and central defect of
GH4169 alloy in flat CWR and obtained the result that both increasing the tool temperature
and decreasing friction all can avoid central defect. Gan [13, 14] compared the microstructure
characteristics of surface and center of rolled workpieces with different section reduction, and
suggested that the dynamic recrystallization mechanism of surface and center is different. By
analyzing the crystal orientation and texture type of workpiece, it is concluded that fine and
uniform microstructure can be obtained by increasing section reduction. Xia [15] simulated the
influence of process parameters and die geometry parameters on the microstructure uniform-
ity of rolled workpiece, and designed orthogonal tests to obtain the optimal parameters that
can make microstructure of rolled workpiece uniform. The above work is the main research
of GH4169 alloy in CWR. It can be seen that the microstructure and mechanical properties of
GH4169 alloy rolled workpiece processed by CWR have not been reported.

The aim of this paper is to explore the feasibility of applying CWR process to manufac-
ture GH4169 alloy rolled workpiece with large cross-section reduction, then further character-
ize the mechanical properties of rolled workpiece deformed by CWR.
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CWR EXPERIMENTS

This study investigates the CWR process for a rolled workpiece that is shown in Fig. 1,
which is manufactured from a cylindrical billet with a diameter of 27 mm. With respect to the bil-
let, its chemical compositions are listed in Tab. 1, and microstructure is composed of equiaxed
y matrix and dispersed carbides, as shown in Fig. 2.

@10.50

oot

Fig. 1. Drawing of rolled workpiece

Tab. 1
Chemical compositions of GH4169 alloy (wt, %)
Ni Cr C Nb Mo Ti Al Co Mn Si Fe
51.26 19.21 0.069 511 3.00 0.93 055 0.08 oM 0.20 Bal.
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Fig. 2. Initial microstructure of billet (a) transverse section; (b) longitudinal section

The experimental configurations and rolled workpieces are shown in Fig. 2. The exper-
iments were carried out on IM500 flat CWR mill developed by IMR CAS. Forming angle and
broadening angle of the dies are 40° and 2.5° respectively, and maximum section reduction in
the rolled deformation zone is 85 %.

The CWR experiments were carried out at rolling temperatures of 950, 970 and 1000 °C,
respectively, with rolling speed of 400 mm/s. The experimental process is preheated billet
held at rolling temperature for 30 min in resistance furnace was quickly clamped to the feed-
ing groove at the fixed bottom die, then the moving top die wedged into billet and driven it to
rotate and deform, finally workpiece was ejected, followed by air-cooling.

Central defect has been known to distribute along the centerline of rolled workpiece.
Wire cutting equipment was used to cut and sample along the central axis of rolled workpiece.
After mechanical polishing and chemical etching (HCI:H,O, = 1:1), the microstructure at differ-
ent regions in rolled workpiece were observed and analyzed by optical microscope (OM) and
scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS), the sam-
pling and observation positions are illustrated in Fig. 4.
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Fig. 4. Sampling and observation positions

MECHANICAL TESTS

Uniaxial tensile test at room temperature was carried out on the electronic universal
testing machine WDW —100 kN. The size of the tensile specimenis M10 — @ 5, sampled from the
center of billet or rolled workpiece, with one specimen prepared for billet and two specimens
prepared for rolled workpieces with rolling temperature of 950 and 1000 °C, respectively. The
mode of uniaxial tensile is quasi-static tensile and the tensile rate is 0.5 mm/min before yield
and 3.5 mm/min after yield.

The hardness measurement was carried out on the LM247AT automatic micro-Vickers
hardness test, applied load and held time were 100 g and 13 s, respectively. 5 points were
selected at each observation position of rolled workpiece for hardness testing.

MICROSTRUCTURE ANALYSIS

The rolled workpiece with allowable central defect was selected for microstructure anal-
ysis. OM images at different positions of rolled workpiece are shown in Fig. 5, and the obser-
vation positions are consistent with those in Fig. 4.

Fig. 5a, d display the region with the largest amount of deformation of rolled workpiece,
that is, the deformation region. It can be observed that the surface layer of the deformation
region has obtained a fine and uniform microstructure because of intense plastic deformation.
Dynamic recrystallization penetrates into the central area due to significantly plastic strain,
resulting in central microstructure also achieves uniform and fine effect. In Fig. 5c¢, f indicates
the non-deformation region of rolled workpiece. Because the holding time in the preheating
process before rolling is short, there is no obvious grain growth. In Fig. 5b and 5e represent
the transition region. The existence of the inclined step causes the surface grain orientation
of rolled workpiece to be distributed in a streamline at a 45° angle with the axis. However, the
central area is placed in the middle of the deformation and non-deformation regions, resulting
in @ mixed grain size phenomenon. Because the discrepancy of grain size between the two
regions is within the allowable range, the rolled workpiece is considered to be a qualified prod-
uct in this processing condition.
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Fig. 5. OM images at different positions of rolled workpiece

The OM images of the superficial and central microstructure in the deformation region of
rolled workpiece with different rolling temperatures are shown in Fig. 6. The grain size in the
surface is obviously smaller than that of in the center. According to Fig. 6a—c, in addition to de-
formed and broken carbides, uncertain banded phase appears in the surface, and the volume
distribution of this phase is obviously greater than that of the other two temperatures when the
rolling temperature is 970 °C. When the rolling temperature is 950 °C, larger central defect is
observed near carbides, whereas a small central defect appears at other rolling temperatures,
as represented in Fig. 6d—f.

In order to further confirm the banded phase in the surface area of the rolled deforma-
tion region, EDS analysis was carried out to analyze the surficial region of rolled workpiece
with rolling temperature of 970 °C due to the most banded phase content. The rectangular
region as shown in Fig. 7 is selected for regional scanning, in which the black rectangular re-
gion is the region with higher density of banded phase, and the white rectangular region is the
region without banded phase distribution, that is matrix microstructure. The scanning results
are shown in Tab. 2. According to the statistical results, Nb content is obviously higher in the
regions where banded phases gather than in the matrix, while there is no significant difference
in the content of other elements in the two regions. It is concluded that the banded phase
distributed in the surface of the deformation region in the rolled workpiece is & phase (Ni,Nb).

The reason for the appearance of 6 phase is that the surface of the high temperature
rolled workpiece is in contact with the dies at room temperature during the CWR process, and
the superficial temperature of rolled workpiece drops sharply. Under the synergistic effects
of the complex stress field, temperature drop and short-term large plastic strain, y” phase is
directly transformed into 6 phase, which is dispersed in the near surficial region. According
to the statistics of the metallographic results, the & phase precipitation area is about 800 um
away from the surface. In addition, the surface layer of workpiece is severely deformed by
CWR process, and the grain is broken to a small size. Precipitated & phase in the deformation
process hinders the grain growth, causing the grain size of the surface is obviously smaller
than that of the center.
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Fig. 6. OM images in the surface:
a—950 °C; b — 970 °C; ¢ — 1000 °C; in the center d — 950 °C; e — 970 °C; f— 1000 °C

Fig. 7. (a) SEM images of banded phase in the surface of rolled workpiece (b) EDS scanning regions

Tab. 2
EDS statistical results at different regions
Element Ra%j22)1 R(eAQti’oc;:)2 R?g,oc;f Rz‘ii,oozf R(eﬂi,o;:)S
Ni 58.32 53.74 55.79 547 56.69
Fe 18.87 20.45 20.55 19.88 18.68
Cr 20.21 22.93 19.85 22.97 22.87
Nb 2.60 2.88 3.81 2.45 176

HARDNESS

Fig. 8 shows the hardness test results of different positions in the same workpiece and
the same central region of different workpieces with different rolling temperatures, and test
positions are displayed as insets. The rolling temperature of rolled workpiece tested in Fig. 8a
is 1000 °C. Under this condition, there is only small defect in the central region. It can be seen
that, the hardness of each position of the deformation area is increased after CWR deforma-
tion, and the hardness in the surface is obviously higher than that of other areas. The reason
for this phenomenon is not only that there is no defect in the surface, but also that the pres-
ence of 6 phase hinders the gain growth generating the second phase strengthening and fine
grain strengthening mechanism.
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Fig. 8b shows the hardness test results of the same central region of rolled workpiece
with different rolling temperatures. It is worth noting that the test positions are not hit at the de-
fect directly. When the rolling temperature is 950 °C, the central defect of the rolled workpiece
are larger, and the corresponding hardness value is lower than that of the billet. When the roll-
ing temperature is increased to 970 or 1000 °C, the hardness in the center is similar to that of
the billet hardness, indicating that the hardness reduction caused by small defect after rolling
and the hardness enhancement effect caused by grain refinement will cancel each other.

360 360
—+— rolled workpiece
331
320 3204
g |- ;{u——-—_ e, w | E _’___.,.-310
Z 2 238
S 280 S 280
Z £
; Jest position, : Test position,
=] =+ Billct = N
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Position T (°C)
(@) (b)

Fig. 8. Hardness of (a) different positions in the same workpiece and (b) the same central region of
different workpieces with different rolling temperatures

TENSILE PROPERTIES

The fracture positions of the specimens are presented in Fig. 9a. The specimens ma-
chined from billet and workpieces with rolling temperature of 950 °C fractured in the middle
region, while the specimens of rolled workpieces with rolling temperature of 1000 °C fractured
near the clamping end. Fig. 9b displays the true stress-strain curves of specimens in three
states during the uniaxial tensile test. The variation of plots illustrated that the yield strength of
rolled workpiece is improved, but the tensile strength and elongation of rolled workpiece are
reduced significantly compared with billet. The increase of yield strength is the result of grain
refinement, whereas the cause of other phenomena is not clear.

In order to analyze the causes of the reduction of the tensile strength and elongation, the
longitudinal section of the fractures is obtained, shown in Fig. 10a—c. By observing the fractog-
raphies of billet, it can be observed that the defect nucleates around the carbide and expands
along the direction of load in the axial direction. While the fracture appears as shear fracture in
the radial direction, this is because the shear strength of material is less than the tensile strength.
Many large defects can be observed near the fracture of specimen machined from rolled work-
piece with rolling temperature of 950 °C. The main reason for the fracture of the specimen in the
middle position is the existence of large defects produced in the CWR process. Near the fracture
of specimen machined from rolled workpiece with rolling temperature of 1000 °C, the defect
nucleated at carbide spreads along the direction perpendicular to the load, unlike the extension
at the other two conditions. The reason is that the fracture appears near the clamping end, corre-
sponding to the position of rolled workpiece is transition region, both fine and coarse grains ap-
pear, and the defect is easy to expand along the grain boundary of mixed grain boundaries. The
cross-section fractographies are exhibited in Fig. 10d—f. The characteristics of the dimple verified
the accuracy of the above statement. The dimples of specimen machined from billet were uni-
formly distributed. Large defects were found in the specimen machined from rolled workpiece
with rolling temperature of 950 °C. And the dimple size was uneven in the specimen machined
from rolled workpiece with rolling temperature of 1000 °C.
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Fig. 10. The fractographies in uniaxial tensile test: longitudinal section (a) specimen machined from
billet, specimen machined from rolled workpiece with rolling temperature of (b) 950 °C and (c) 1000 °C;
transverse section (d) specimen machined from billet, specimen machined from rolled workpiece with

rolling temperature of (e) 950 °C and (f) 1000 °C

CONCLUSIONS

1. CWR technology can be used to form GH4169 alloy rolled workpiece with character-
istic of large cross-section reduction, and rolled workpiece has uniform microstructure and
allowable central defect;

2. Hardness in the surface of rolled workpiece increases significantly resulting from the
appearance of 6 phase during CWR deformation. & phase hinders the growth of grain, gener-
ating the mechanism of second phase strengthening and fine grain strengthening;

3. The yield strength of rolled workpiece is slightly increased due to grain refinement,
while the tensile strength and elongation are significantly decreased due to central defect or
mixed crystal phenomena.

This work was financially supported by the International Science and Technology Cooperation
Project in Liaoning Province of China (Grant No. 2022JH2/10700006), the National Key R&D Plan of Chi-
na (Grant No. SQ2018YFEO119600), and the Sino-Belarus Inter-Governmental S&T Cooperation project
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LWWenkyHoBa A.lO. | — 119
LLykumH B.4. 1l = 59
2ncbimoHT E.N. 1 — 305
AkyboBckasa C.B. Il — 274
AnkeBny C.H. Il — 282
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Hay4Hoe n3pgaHue
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OTUN HAH Benapycu.

CBnaeTenbCTBO O FOCYAapCTBEHHOW pernctpaunmn nsgaTens, u3rotoBuTens,
pacnpocTpaHuTens neyaTHbix n3gaHmin N°1/84 ot 13.11.2013.
CBMAEeTENbCTBO O FOCYAapCTBEHHOW perncTpaunmn nsgaTtens, n3rotoBuTens,
pacnpocTpaHuTens neyaTHbix n3gaHmin N°2/12 ot 21.11.2013 r.
yn. Akagemunka Kynpesuuya, 10, 220084, r. MuHck.



