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Strain Hardening of Low-Carbon Steel in the Area of Jerky Flow

Purpose. The aim of this work is to assess the effect of ferrite grain size of low-carbon steel on the development
of strain hardening processes in the area of nucleation and propagation of deformation bands. Methodology. Low-
carbon steels with a carbon content of 0.06-0.1% C in various structural states were used as the material for study.
The sample for the study was a wire with a diameter of Imm. The structural studies of the metal were carried out
using an Epiquant light microscope. Ferrite grain size was determined using quantitative metallographic techniques.
Different ferrite grain size was obtained as a result of combination of thermal and termo mechanical treatment. VVary
by heating temperature and the cooling rate, using cold plastic deformation and subsequent annealing, made it pos-
sible to change the ferrite grain size at the level of two orders of magnitude. Deformation curves were obtained during
stretching the samples on the Instron testing machine. Findings. Based on the analysis of stretching curves of low-
carbon steels with different ferrite grain sizes, it has been established that the initiation and propagation of plastic de-
formation in the jerky flow area is accompanied by the development of strain hardening processes. The study of the
nature of increase at dislocation density depending on ferrite grain size of low-carbon steel, starting from the moment
of initiation of plastic deformation, confirmed the existence of relationship between the development of strain harden-
ing at the area of jerky flow and the area of parabolic hardening curve. Originality. One of the reasons for decrease in
Luders deformation with an increase of ferrite grain size of low-carbon steel is an increase in strain hardening indicator,
which accelerates decomposition of uniform dislocations distribution in the front of deformation band. The flow stress
during initiation of plastic deformation is determined by the additive contribution from the frictional stress of the crys-
tal lattices, the state of ferrite grain boundaries, and the density of mobile dislocations. It was found that the size of dis-
location cell increases in proportion to the diameter of ferrite grain, which facilitates the development of dislocation
annihilation during plastic deformation. Practical value. Explanation of qualitative dependence of the influence of
ferrite grain size of a low-carbon steel on the strain hardening degree and the magnitude of Luders deformation will
make it possible to determine the optimal structural state of steels subjected to cold plastic deformation.

Keywords: ferrite grain size; dislocation; Luders deformation; strain hardening index; low-carbon steel
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Introduction

In the process of plastic deformation of metal
material, the interaction of moving dislocations with
defects at crystalline structure is accompanied by
their deceleration up to a complete stop. To resume
plastic flow, it is necessary to unblock dislocations,
which becomes possible only due to an increase in
resulting stress. In the literature this phenomenon is
called strain hardening [1, 14]. To assess the degree
of development of strain hardening processes, vari-
ous techniques are used based on the analysis of
deformation curves [7, 16]. In appearance, the de-
formation curves of metallic materials are divided
into two types: with and without the area of jerky
flow. At the area of jerky flow, the propagation of
deformation is extremely inhomogeneous and pro-
vided due to the growth of deformation bands [9, 2].
In absolute terms, deformation degree in such
a band coincides with the length of jerky flow area
on the deformation curve. Such deformation in the
literature is called Luders deformation. Deformation
on section of jerky flow ends when the entire work-
ing part of the specimen is deformed by the amount
of Luders deformation. In the case of second type
of flow, the deformation curve has no section of
jerky flow [13]. In this case, after the appearance of
the first signs of plastic deformation, the area of uni-
form strain hardening immediately begins [3,10].
Regardless of the type of the deformation curve, the
level of mobile dislocations density must be suffi-
cient to maintain conditions for the continuity of
deformation propagation. On other hand, already at
the stages of appearance of the first signs of plastic
deformation as a result of interaction of moving dis-
locations with defects at crystalline structure, it be-
comes necessary to constantly compensate for the
continuous decrease in the number of mobile dislo-
cations. In this case, the growth rate of dislocation
density is determined by the structural state of alloy
and the size of main structural element [1]. For sin-
gle phase alloys and low carbon steels, the main
structural element is grain size.

Purpose

The aim of this work is to assess the effect of
ferrite grain size of low carbon steel on the devel-
opment of strain hardening processes in the area of
nucleation and propagation of deformation bands.

Methodology

Low-carbon steels with a carbon content of
0.06-0.1% C in various structural states were used
as the material for the study. Samples for the study
were a wire with a diameter of 1 mm. The structur-
al studies of metal were carried out using an Epi-
quant light microscope. Ferrite grain size was de-
termined using quantitative metallographic tech-
niques. Different ferrite grain sizes were obtained
as a result of combination of thermal and thermo
mechanical treatments. Varying the heating tem-
perature, cooling rate, using cold plastic defor-
mation and subsequent annealing, made it possible
to change the ferrite grain size at the level of two
orders of magnitude. The strain hardening charac-
teristics were determined from the analysis of ten-
sion curves plotted in logarithmic coordinates.
Strain curves were obtained by stretching the sam-
ples on an Instron type testing machine at a strain

rate of 10 s,

Findings

The strength properties of most metallic mate-
rials near the grain boundaries of matrix are ap-
proximately of the same order of magnitude as
compared to the perfect crystalline structure [3].
On other hand, dependence of the applied stress on
activation of a certain dislocation slip system and
the structure of grain boundary itself indicate the
development of complex structural changes upon
its overcoming. On this basis, for single-phase al-
loys, the grain size (d) is considered to be the main
structural element that determines conditions for
the initiation and propagation of deformation.

For low-carbon steels, this characteristic is the
ferrite grain size (Fig. 1). It was found experimen-
tally that with decreasing d, the resistance to the
onset propagation of plastic deformation increases.
Based on the analysis of deformation curves of
low-carbon steels (Fig. 2) and generalization of
experimental data on the change in resistance to
small plastic deformations(c,) (Fig. 2) and yield

stress (o) on the ferrite grain size (Fig. 3) obeys
to the relation [11]:

1
or=0,+k, -d 2, 1)
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wherec; is some initial stress, k, is the slope co-

efficient. Depending on the loading conditions and
investigated processes of plastic deformation, the
value of o; is quite often identified with the fric-
tion stress of crystal lattice [7], stress increase due
to the presence of impurity atoms in the alloy [9],
crystal lattice defects caused by embedded atoms
[3], flow stress, and the yield point of a single crys-
tal [1]. The value k, characterizes the stress inten-

sity from accumulation dislocations at slip plane
near the grain boundary [11]. According to the re-
sults of these works, the fulfilment of relation (1) is
confirmed; however, significant difficulties arise in
explaining the nature of dependence o; and k, on

the structural state of steel. For example, the data
[7] indicate absence phenomenon of pile-up dislo-
cations near grain boundaries in alloys with a
body-centred crystal lattice. In [5], it is believed
that the k, quantity is not constant, and according
to the results of [6] the exponent at d is not equal to
(-0,5).

Based on the generalization of indicated re-
search results, it is proposed to divide the value o;
into components:

)

— athermal and o] — thermal compo-

nents. The value of o is a rather complex charac-

teristic that determines dependence of o; on tem-

perature, chemical composition of alloy [6], rate
and degree of plastic deformation [7] according to
the ratio:

T E
G, =0; +0;,

E
i

where c

X
o] = oubp®® + a,ubd ! + a—33 ()

bag
where p is the shear modulus, b is the Burgers
vector, p is the total density of dislocations, A is

the distance between the particles (precipitates) of
the second phase, x, a,, a,, o4, o, is constants.

Fig. 1. Structure of low carbon steel after various heat
treatments. Magnification:
a— 800, b — 2000, c — 2500
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Fig. 2. Deformation curve in logarithmic coordinates

For single-phase metals and low-carbon steels,
for which the influence of second phase particles is
insignificant, and the role of second and third
terms can be neglected, relation (3) takes form of

Orowan's equation (c=a-p-b-\/p ) [1].

o,MPa | ‘ |
400 - e

2 L»

100 é/*/;/

0

0 3 6 9 o5 mm oS
Fig. 3. Influence of ferrite grain size by ratios (1),
for o, (1), yield stress (2) and ultimate strength (3)

of low-carbon steel with 0.06% carbon

Thus, the contribution of thermal component to
the values; for low-carbon steels can be signifi-

cantly simplified and reduced to dependence on the
dislocation density present in metal. A significant
variety of the structural state of metallic materials
is reflected in the conditions of the plastic flow
initiation. Depending on the type of crystal lattice,
under loading, metallic materials can have a jerky
flow area, or the development of the processes of
uniform strain hardening is immediately observed.
As follows from the analysis of numerous ex-
perimental data, relations at type (1) are equally
successful both for steels with and without a yield
area, for describing the yield stress and flow stress
up to the ultimate strength (Fig. 3, curve 3). At the

same time, a contradiction arises when using the
same equation to describe the strength characteris-
tics of metal with a different structural state. In-
deed, a single mechanism is used to describe the
behaviour of steels with different degrees of plastic
deformation [4]. However, depending on the de-
gree of plastic deformation, the mechanism has
certain differences. For example, for steel with
a yield point, the onset of flow is due to the for-
mation of slip bands from generation of disloca-
tions by the boundaries of ferrite grains [1]. While
at absence of a physical yield point, development
of slip is associated with the work of other sources
of dislocations [7]. As for the absolute values o;

and k, , the differences found may be associated not

only with the test conditions and chemical composi-
tion of the steel, but with differences in the initial
structural state. For technical iron and low-carbon
steel, in the range of ferrite grain sizes from 40 to
3,6, achange in k, from 18.2 to 22.2N/mm?32 was

found [8]. Moreover, at the same time, with a suffi-
ciently accurate coincidence between the calculated
relation (1) and the experimental values of yield
stress on ferrite grain size, the fulfillment of this
dependence may be violated when d is replaced by
the substructure parameter [1, 7]. Thus, for technical
iron and low-carbon steel with subgrains sizes of
0.5-7.0p, to explain the nature of dependence of

yield stress on d relation of the type (1) [8] was
used, in which k, is presented as a quantity de-

pendent on dislocations density in subgrains. The
exponent at d can also differ from the traditional
value (—1/2), reaching the value (-3/4) [1].

Thus, characteristics of resistance to small plas-
tic deformations for low-carbon steel are fairly
well described by relation (1), when the role of the
main structural element is assigned to the ferrite
grain size, and other influences are minimal. With
an increase in the dislocation density in the area of
formation of the first signs of plastic deformation,
the inevitable processes of their redistribution
caused the development of an alternative method
for determining the quantitieso; and k. The pro-

posed technique is based on the analysis of defor-
mation curve. As a result of extrapolation of the
area of uniform strain hardening of the CD section
(Fig. 1) to zero plastic deformation, according to
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[15], the obtained value o, was equated toc; from
relation (1).

This identification is based on the concept of
practically identical conditions for the appearance
of the first signs of plastic deformation and rather
close absolute values. According to the proposed
method, after replacing o;by o,, and k, by ky,
relation (1) takes the form:

1
- 1.4 2
or =0, +ky -d 2.

(4)
Considering that:

1

Ll 472 L1 _S1—6Gp
or —0,=k;-d 2, kf =———

1
d 2

In contrast to o; and k, from relation (1),

(4a)

quantities o, (Fig. 2) and ky (Fig. 4) are depend-
ent on the ferrite grain size. Comparative analysis
of the two methods for determiningo; and k,

showed both coincidence in absolute values and
their identical essence [15], and fundamental dif-
ferences [1], up to inconsistency [8]. In fact, these
techniques are based on several different mecha-
nisms of plastic flow development at the initial
stages of metal loading. In one case, it is the mo-
tion of free dislocations, in the other — it is un-
blocking or nucleation of additional dislocations
upon deformation. Thus, the indicated methods for
estimating parameters of deformation initiation and
the initial stages of its propagation should be con-
sidered as complementary to each other [8].
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Fig. 4. The dependences ki -d~%° — (#) and

k& -d™%® _ (m) on the ferrite grain size
of low-carbon steel

It follows from above analysis that when the
first signs of plastic deformation appear, resulting
changes at internal structure in the metal are by
their nature quite close to changes as a result of the
development of strain hardening processes. Indeed,
the evolution of dislocation structure during plastic
deformation gives reason to believe that the devel-
opment of strain hardening processes is observed
already from the moment of appearance of the first
signs of irreversible mobile dislocations. Detailed
studies of changes in the dislocation structure on
the ferrite grain size of low-carbon steel made it
possible to determine two fundamental positions.
First, these are rather close values of the subgrains
size in comparison with the size of the dislocation
cell of the deformed metal [1]. Second, the disloca-
tion density at the beginning of the plastic flow is
inversely proportional to the size of the ferrite
grain. Taking into account the Orowan relationship

of o, ~ f(Jp) and o; = f(1/\[d) according to
(1), for the initial stages of plastic flow, we will
write:

px (5)

1
4

The use of relation (5) makes it possible to as-
sess the role of strain hardening processes at the
stages of nucleation and propagation of defor-
mation bands. Indeed, as shown in [9], the defor-
mation into the front of Luders band with a width
of A varies from =0 to ¢_ (Fig. 5).

e
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Fig. 5. Distribution diagram of the magnitude of plastic
deformation along the Luders band front (&, is the
Luders deformation, A, is the width of band front
in units of grain size)
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Considering that a certain amount (a) of grains
is laid along the length, the gradient of deformation
by the front of strain band will be:

de _ &
dr a-d

whereg, is the Luders deformation.

(6)

In essence, the value of g—; should depend

not only on the initial dislocation density, but also
on the magnitude of its increment during the for-
mation of the deformation band. According to the

Orowan relation [9], the local strain rate (é) is
generally estimated as follows:

e=p, -b-k-v 0

where p, is the density of mobile dislocations, b

is the Burgers vector, k is the geometric factor,
which is equal up to 1, and v is the velocity of

dislocation movement. Compared with (7), & can
be represented in terms of 3_; for the front of de-
formation band:

: de
e=V, H

where v, is the speed of movement in the front of

the deformation band. Assuming that v, cannot be

greater thanv , for the initial conditions of propaga-
tion of plastic deformation, the following relation
should be satisfied:

: (8)

V=V 9)

Equating (7) and (8) with each other, taking in-
to account (6), finally obtain that for the formation
of a deformation band of ¢ _in steel with a ferrite
grain size (d), the required density of mobile dislo-
cations:

__ &
a-b-d’
where a is the number of ferrite grains that fit on

the width in the front of the deformation band. It
was found experimentally [9] that the quantity a

Pm (10)

isactually a variable characteristic. It depends on
the size of ferrite grain and can range from one to
several d. The maximum value of a does not ex-
ceed 3. On this basis, one should take into account
the existence of a certain gradient density of dislo-
cations at transition from the peripheral sections in
the front of the deformation band to the volumes of
metal that have already undergone Luders defor-
mation. The theoretical concepts of a continuous
change at density of dislocations inside individual
grains during the formation in the front of defor-
mation band (Fig. 6, a) have not received practical
confirmation [12]. In fact, from the distribution
analysis of etching pits in individual ferrite grains,
it was found that dislocations within one grain are
distributed almost evenly. Thus, the density of dis-
locations inside an individual grain, during the
formation in the front of the band, should be con-
sidered constant without gradients at distribution.
As a result, structural changes at metal, within the
front of deformation band, will be determined by a
discrete change in density of dislocations at transi-
tion from one grain to another (Fig. 6, b).

/

Fig. 6. The scheme of structure in the front of defor-
mation band with a continuous distribution of disloca-
tions within individual grains (a) and at a constant dis-

location density (b) according to [10]

On this basis, development processes of strain
hardening of metal at the propagation region of
deformation bands have a discrete character. The
resulting conclusion has a certain applied value.
An example is the results of the development tech-
nology for obtaining alloys with ultra-fine grains
and the search for areas of their further use [1]. In
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general, development of strain hardening processes
during propagation of deformation bands presup-
poses an inevitable increase in deforming stress.
Based on this, the increase in deforming stress af-
ter completion of jerky flow should depend on the
value of ¢ .

To estimate the indicated increase of stress the
equation [9] was used:

Gzoc-u-b-\/g.

After substituting (10) into (11), we obtained
a relation for estimating the stress required for the
formation of a deformation band nucleus in a sin-
gle-phase alloy or low-carbon steel:

;s
o, =aub ﬁ

The fulfillment of dependence (12) and the
possibility of using it to describe the stress increase
at the yield point is confirmed by experimental
data for most low-carbon steels [9, 12]. Thus, at
the moment of completion in the section of the
jerky flow, a certain number of dislocations is al-
ready present in metal, which, depending on d, can
be estimated from (12). At same time, the data in-
dicating the lack of unambiguity at nature of influ-
ence of the ferrite grain size on characteristics of
the work hardening of low-carbon steel in the indi-
cated section of the deformation curve deserve
some attention. In addition to a significant number
of works showing an increase at coefficient and
rate of strain hardening with an increase in d [1],
there are data indicating a deviation from this ratio
[8].

One of the explanations for these deviations at
fulfillment of (1) is the absence of influence from
substructure parameters in the initial state of low-
carbon steel. As a confirmation of the above provi-
sions, let us evaluate the hardening effect at region
of deformation band formation depending on the
ferrite grain size of low-carbon steel using relation
(12). After substitution of experimental values ¢, in

(12), for specific grain sizes of low-carbon steel fer-
rite in different structural states (Fig. 7, a), taking
u=82260 MPa, b=2.48-10""mm,a=2, a =0.3,
the calculated results (o, ) are shown in Fig. 7, b.

(11)

(12)

EL
0.065

0.055
0.045

0.035

0.025

0.015

49 69 89

109 d,u

c1,MPa
25

20 /
. yral
10

. 1’4 2

0

1
0 5

10 15 20

25 AG,MP

Fig. 7. Influence of ferrite grain size on steel with
0.06% C on g, — (a). The relationship between the cal-

culated stress at the end of yield area ( &, ) according to
(12) and obtained experimentally ( Ac ), where

Ac=0,—-05, 0,,and oy, respectively, are the flow

stress at the end and the beginning of the yield area (b).
For structural states of steel:

1 — isothermal transformation at a temperature of 550°C, de-
formation by drawing by 25-90% and annealing at 680°C,
1 h; 2 — martensite quenching and tempering at 680°C, 1 h;

3 — normalization

Comparative analysis between the calculated
by (12) values of the stress increase at the section
of jerky flow (o) and determined from the tension

curve (Aoc), indicates a fairly good agreement
(Fig. 7, b), with a maximum difference between
them no more than 5%. Thus, the observed in-
crease at dislocation density during propagation of
the deformation band should be considered as con-
firmation of the fact of development of strain hard-

CreativeCommonsAttribution 4.0 International
doi: https://doi.org/10.15802/stp2021/236291

© |. O. Vakulenko, D. M. Bolotova, S. V. Proidak,
B. Kurt, A. E. Erdogdu, H. O. Chaikovska, K. Asgarov, 2021

71


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec tpancnopry. Bichuk J{HiponeTpoBcbKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOTrO Tpancnopty, 2021, Ne 2 (92)

MATEPIAJIO3HABCTBO

ening processes. Indeed, if return to the analysis of
deformation curve (Fig. 2), then extrapolated part
of the curve (BC) can be considered as a kind of
continuation of the CD section region of homoge-
neous strain hardening.

In this case, as a result of formal substitutionof
the current values of deforming stress and values
of plastic deformation for the section of BC curve
(Fig. 2) into the ratio:

d_sz'(G_GO), (13)

de €
it is possible to evaluate the development of strain
hardening processes until reaching region with
parabolic hardening (CD, Fig. 2). For the region
beginning formation of the first deformation band
(point B in Fig. 2), the current value of deforming
stress should correspond to the valueo,, at ab-

sence of macroscopic plastic deformation (2). Af-
ter substituting indicated values into relation (13)
for point B at deformation curve, to obtain:

d_(S:m-(G—GO):m~O(14)
de € 0

Uncertainty in definition 3—6 according to
€
(14), after transformation takes the form:

do
de,c >0,

lim =m (14a)

e—>0

The fulfillment of relation (14a) confirms effect
from change of structure during the formation of
the embryo of band of the deformation on subse-
quent development of strain hardening processes in
the region with a developed substructure.

Originality and practical value

One of the reasons for decrease at Luders de-
formation with an increase in the ferrite grain size
of a low-carbon steel is an increase in strain hard-
ening coefficient, which accelerate decomposition
of uniform distribution of dislocations in the front
of the deformation band. The flow stress during the
initiating of plastic deformation is determined by
the additive contribution of frictional stress of the
crystal lattice, by state of the grain boundaries of
ferrite, and density of mobile dislocations. It was
found that the size of dislocation cell increases in
proportion to the diameter of ferrite grain, which
facilitates annihilation of dislocations during plas-
tic deformation. Explanation of influence of the
ferrite grain size of a low-carbon steel on the coef-
ficient of strain hardening and magnitude of
Luders deformation will make it possible to deter-
mine the optimal structural state of steels intended
for cold plastic deformation.

Conclusions

1. With an increase in the ferrite grain size in
a low-carbon steel, the decomposition likelihood of
uniform dislocations distribution into a structure
with a certain periodicity increases. This leads to
a decrease in Luders deformation.

2. Based on the analysis of structural changes in
low-carbon steel, the nucleation and propagation of
the deformation band is accompanied by the de-
velopment of strain hardening processes.
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Jedopmaniiine 3MillHeHHSI HU3bKOBYIJIELEBOI CTAJII B 00J1aCTi IepepuBYACTOL
Tedil

Meta. OCHOBHOIO METOI0 POOOTH € OILIHKA BIUIMBY PO3Mipy 3epHa (pepuTy HU3BKOBYIIIELEBOI CTaJl Ha PO3BH-
TOK IpOIIeciB MedOopManifHOTO 3MIIHEHHS B 00JIACTi 3apOKCHHS 1 MOMUPEHHS cMyT nedopmarnii. Meroguka. Sk
Marepian Al OCHiKEeHHs Oynn Hu3bKOBYyTieneBi crani 3 BmicroM Byraento 0,06-0,1 % C B pizHOMY CTPYKTYp-
HOMY CTaHi. 3pa3kaMu I TOCIiKEHHS B3ATO ApiT niametpoM | MMm. CTpYKTYpHI ZOCIIIKEHHS METary 34iHCHEHO
3 BUKOPHUCTaHHAM CBITIOBOTO Mikpockona «EmikBanT». Po3Mip 3epHa GepuTy BU3HAUEHO 32 METOIUKOIO KiTbKiCHOT
Metarnorpadii. PisHuii po3mip 3epHa (epuTy OTpUMAHO B PE3yNbTaTi NOETHAHHS TEPMIYHHX 1 TEPMOMEXaHITHIX
00poOok. BapitoBaHHS TemmepaTyp HarpiBaHHsS, CXeM 1 IIBUIKOCTEH OXOJIOJKEHHSI 3 BUKOPHUCTAHHSIM XOJOIHOI
IUIacTUYHOI AedopMarii i MoJaabLIIoro BiNady X03BOJIMIO 3MIHIOBAaTH pO3Mip 3epHa (epuTy Ha piBHI JBOX MOPSII-
KiB 3HaueHb. KpuBi nedopmauii oTpuMaHo B pe3ynabTaTi po3TATyBaHHS 3pa3KiB Ha BHIIPOOYBaJbHIN MalllMHI THITY
«IHCTpOHY. Pe3yabTaTn. Ha ocHOBI aHaii3y KpHBUX PO3TATYBaHHS HU3bKOBYIJICHIEBHX CTANICH 13 PI3HUM pO3MipoM
3epHa (hepuTy BCTAaHOBJICHO, 1[0 3apPOJPKCHHS 1 MONIMPEHHS TUTACTHYHOI Jedopmaltii B 001acTi mepepruBIacToi Teuil
CYMPOBOJKYETHCS PO3BUTKOM MPOLECIB AeopMaliiHOro 3MiHeHHS. J{OCTiKEeHHS TPOIeCy MPUPOCTY TYCTHHU
JUCIIOKAIIl 3aJIeKHO BiJ po3Mipy 3epHa (epuTy HHU3BKOBYTJIELEBOI CTai BiJl MOMEHTY 3apOJDKCHHS IUIACTHYHOL
nmedopmarii miATBEPIUIO iCHYBaHHS 3B 3Ky MK PO3BUTKOM AedopMariifHoro 3MiHeHHS B 001aCTi IepepruBIACTOL
Tedii i 00xacTi KpUBOi 3 mapaboxiyanM 3MminHeHH:IM. HaykoBa HoBH3HA. OqHIEI0 3 IPUYNH 3MCHIIICHHS Jeopma-
uii JIromepca 3i 30UTBIICHAAM pO3Mipy 3epHa (pepUTy HH3BKOBYTJIEUEBOI CTali € 3pOCTaHHS IMOKa3HUKa aedopma-
LifHOTO 3MIIHEHHS, IO MPHUIIBUALIYE PO3MAl PIBHOMIPHOTO PO3MOILTY AUCIOKALiNA Y GpOHTI cMyru nedopmarii.
Hanpy»xeHHs Tewil mig 4ac 3apoJUKeHHs IUTACTHYHOI AedopManii BU3HAYAETHCSA aIUTUBHUM BHECKOM Bil HAIpY-
JKEHHsI TepTs KPUCTATIYHUX I'paT, CTaHy MEX 3epeH (epury i I'YCTUHHM PYXOMHUX IMCIIOKalid. Y CTaHOBJIEHO, IO
MPOTOPIIHHO AiaMeTpy 3epHa (Qeputy BiOyBaeThCs 301IBIICHHS PO3MIPY IUCIOKAIIHHOI KOMIpKH, IO MOJIETIIYE
aHITUIALII0 TUCTIOKAIH i yac mactuuHoi aedopmanii. [lpakruuna 3HaunMicThb. [1oscHEHHSs SKiCHOT 3aj1eXHOC-
Ti BIUIUBY pO3MIpy 3epHa ()epUTy HHU3bKOBYTJICLEBOI CTaji Ha IMOKa3HUK CTyIeHs AedopMauiiHOTo 3MilHEHHS
i BenmuuHy aedopmauii Jlronepca J03BOMUTH BU3HAYUTH ONTUMAbHUI CTPYKTYpHHUH CTaH CTaleH, sKi MiIaloTh
XOJIOIHIN TUIACTUYHIN gedopMariii.

Knrouosi crnosa: po3mip 3epHa Qepury; auciokaiis; nedpopmamis Jrogepca; mokazHUK AedopMaliitHoro 3Mii-
HEHHS; HU3bKOBYTJIEICBA CTaJIb
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